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En el ámbito del presente proyecto se contempla la recopilación,

estudio y síntesis de información bibliográfica acerca del tema que

constituye su objetivo central: la incidencia de la contaminación

atmosférica sobre la calidad de las aguas subterráneas.

Esta labor se ha llevado a cabo mediante los procedimientos

habituales de consulta a bibliotecas, bancos de datos internacionales y

otras centros de documentación. Los aspectos a investigar son múltiples,

dado que se trata de una problemática compleja, en la que convergen y se

imbrican elementos diversos y a veces incluso dispares, que es preciso

integrar en el marco del objetivo propuesto.

Con esta perspectiva, la recopilación y síntesis bibliográfica se

planteó en base a tres grandes aspectos:

1. Problemática de la contaminación atmosférica . Comprende la información

relativa al origen, emisión , difusión y deposición de los contaminantes

atmosféricas. Su objetivo es evaluar la naturaleza y el volumen de los

mismos, así como los procesos en virtud de los cuales se produce su

salida de la atmósfera hacia la superficie terrestre.

2. Incidencia de la deposición de contaminantes atmosféricos. Los metales

pesados y los componentes ácidos de la deposición, son los principales

responsables de la amenaza que la contaminación atmosférica ejerce

sobre la calidad del agua subterránea. En tal sentido, la investigación

bibliográfica realizada ha puesto de manifiesto que, si bien existe

abundante información sobre la incidencia de estas productos sobre la

vegetación, suelos, aguas superficiales, flora y fauna acuáticas, etc.,

son escasísimas los datos acerca de sus posibles efectos sobre las

aguas subterráneas. Evidentemente esta circunstancia está relacionada

con el hecho de que el suelo y la zona no saturada, constituyen en

principio una protección eficaz frente a dichas sustancias, lo que
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justificaría esta focalización de la atención hacia medios más
vulnerables, donde sus efectos se manifiestan tan grave coma
espectacularmente (alteraciones de la vegetación debido a la lluvia
ácida, p. ej.).

No obstante este comportamiento como barrera frente a la contaminación
está fuertemente condicionado por factores locales, tanto intrínsecos

al propia medio como ajenos a éste. De aquí que, por ejemplo,
determinados tipos de suelos resulten mucho más vulnerables a la

acidificación que otros, debido a la ausencia en aquéllos de materiales
con capacidad de neutralización; o bien que, en caso de que persistan

fenómenos de deposición ácida sobre un área concreta, puedan llegar a
alterarse las propiedades del suelo favoreciendo la lixiviación de

determinados metales pesados.

3. Legislación sobre e fisiones. Este tercer aspecto completa el estudio

bibliográfico. Su objetivo es el análisis del tratamiento legal de esta
problemática en España y en el ámbito de la Comunidad Económica

Europea, así como su enfoque en la legislación de los Estados Unidas.

Su interés radica en el hecho de que estas normativas son responsables

de regular las aportaciones a la atmósfera de aquéllas sustancias que,

posteriormente y por efecto de la deposición, van a incorporarse al
suelo y eventualmente a las aguas subterráneas.



2.- PROBLEMÁTICA DE LA CONTAMINACIÓN ATMOSFÉRICA
------------------------------------------------
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2.1. - CONCEPTOS G2JERAi.FLS

El término "contaminación atmosférica" ha sido definido por el
Engineers Joint Council norteamericano , como la "presencia en la atmósfera
de uno o más contaminantes, tales como polvos, humos metálicos, gases,
nieblas, olores, humos , o vapores, en cantidades y de características y
duración tales como para ser perjudiciales para la vida humana -vegetal o
animal - o para las propiedades, o que interfieren excesivamente con el
disfrute confortable de la vida y de los bienes".

La Comunidad Económica Europea en su Directiva de 28/6/84 indica
que "se entenderá por contaminación atmosférica la introducción en la
atmósfera, por el hombre, directa o indirectamente, de sustancias o de
energía que tengan una acción nociva de tal naturaleza que ponga en
peligro la salud del hombre, que cause daños a los recursos biológicos y a
los ecosistemas, que deteriore los bienes materiales y que date o
perjudique las actividades recreativas y otras utilizaciones legítimas del
medio ambiente".

Finalmente, en el Anexo I de la Orden del Ministerio de Industria

de 18 de Octubre de 1976, publicada en el B .O.E. ns 290 de 3 de Diciembre
del mismo año , se define "contaminante de la atmósfera" como "partículas

sólidas o líquidas, vapores y gases, contenidos en la atmósfera, que no

forman parte de la composición normal del aire, o que están presentes en

cantidades anómalas".

De estas definiciones se deduce que la contaminación de la
atmósféra es una alteración de su composición, transitoria o perenne, con

efectos no deseables sobre las diferentes formas de vida de nuestro

planeta, o sobre los bienes y propiedades del ser humano.

Las principales fuentes de contaminación se centran en tres
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apartados fundamentales: transporte, combustión fija (generación de

energía eléctrica) e industria. A modo de ejemplo, las tablas 1 y 2

reflejan respectivamente y en valores porcentuales, la aportación de las

diversas fuentes y la distribución en función del tipo de contaminante

atmosférico correspondientes a los Estados Unidos.

A nivel general se admite que los cinco principales contaminantes

son: monóxido de carbono , óxidos de azufre, hidrocarburos, materia

particulada y óxidos de nitrógeno.

2.2.- CLASTFICACIÓI DE Tl1S C111<TA1IIAITRS

Los contaminantes atmosféricos pueden clasificarse en base a

criterios diversos: origen, estado físico, tipología, volumen de emisión,

efectos sobre el medio ambiente , etc. En el presente capítulo se hará

referencia fundamentalmente al estado físico o forma de presentación de

estas sustancias. Según este criterio se distinguen:

a. Contaminantes particulados.

b. Contaminantes gaseosos.

Ambos se describen en los siguientes apartados . Asimismo, un

epígrafe adicional se ocupa del origen de los contaminantes atmosféricos y

su clasificación en función de este factor. Dicha clasificación es de uso

generalizado, por lo que se ha considerado oportuno incluirla en el

presente capítulo.

2.2.1.- ESTADO FfSICO: COHTAHIYAITES PARTICULADOS Y GASEOSOS

A. COIT4IIIÁITES PAFTICOL/DOS

En función de sus dimensiones , la materia particulada se divide

en:



Fuente Contaminante % Relativo % Total

Transporte CO 77,2 51,4
Hidrocarburos 13,6
NOX 7,7
Aerosoles 0,8
SOX

100,0

Combustión fija soyX
55,0 15,7

Aeeroosoles 16,3CO 4,1
Hidrocarburos 2,0

100,0

Industria Aerosoles 366,4 14,1

18

Hix
ocarburos 133,9

N
100,0

Residuos sólidos CO 66,3 4,2
Hidrocarburos 16,8
Aerosoles

11,8
sox 1.7

100,0

Varios CO 444 14,6
Aerosoles 27,8
Hidrocarburos 22,9

SOOX 0,5
100,0

Total 100,0

TABLA 1.- CONTRIBUCION DE LAS DIVERSAS FUENTES DE EMT.SION A LA
CONTAMINACION ATMOSFERICA EN ESTADOS UNIDOS' (% en peso)

Contaminante Fuente % Relativo % Total

CO 53,8
Transporte 73,7
Varios 12,0
Industria 7,9
Residuos sólidos 5,2
Combustión fija 1,2

100,0

Hidrocarburos 53,0
13,3

Transport e
Varios 24,6
Industria
Residuos só lidos

2
4Combustión fija

100,0

Aerosoles
12,5

Industria
40,8

Varios
32,4

Combustión fija
20,5

Residuos sólidos
2,0

Transporte 2,0
100,0

SOx 11,9
Combustión fija 73,0
Indust ria 22,5
Transporte 3,3
Varios 0,6
Residuos sólidos 0,6

100,0
8 ,5

NOX
Transpo rt e 447,1

2,0Combustión fija 2,0Varios
Residuos sólidos 1,7
Indust ria 0,8

100,0

Total 100,0

TABLA 2.- DISTRIBUCION DE CONTAMINANTES EN FUNCION DE LAS FUENTES
DE EMISION EN ESTADOS UNIDOS1 (% en peso)

1 Fuente: Journal of A.P.C.A., 22,5 (1972)
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I. Iones

II. Materia suspendida

- Núcleos de Aitken

- Materia particulada suspendida

III. Materia sedimentable

El rango de tamafíos se extiende -excluyendo las dispersiones

groseras, nubes, niebla y gotas de lluvia- desde 6x10-6 a 1 xlOt de

radio.

J. - Iones

Partículas de tamafio inferior a 10-'µ portadoras de cargas

eléctricas. Pueden estar constituidas por moléculas gaseosas a

agrupaciones moleculares con un exceso o deficiencia de electrones

(iones pequeños, tamaño inferior a 10-3»), o por materia particulada

finamente dividida que ha perdido o ganado carga eléctrica (grandes

iones, comprendidos entre 10-3 y 10- 1 µ).

Los iones pequeños , encuadrados en la primera de estas categorías, se

forman por la acción directa de las radiaciones (solar, cósmica,...),

mientras que los grandes iones se producen bien por combinación de los

anteriores con las partículas de los aerosoles , o con las gotas de agua

en la atmósfera . Otros procesos generadores de iones son: combustión,

transporte de polvo en aire seco, fusión de metales y pulverización de

líquidos. Debido a esta diversidad de orígenes , la naturaleza química

de los iones resulta notablemente variada.

La concentración atmosférica de los iones presenta variaciones entre

las diferentes estaciones climatológicas: mayor cantidad en verano que

en invierno en el caso de los iones pequeños, y relación inversa para

los iones grandes . Asimismo a lo largo del día los valores máximos

corresponden al principio de la mañana, y los mínimos al inicio de la

tarde.
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La conductividad eléctrica de la atmósfera depende de su contenido en
iones pequefios , habiéndose observado que en zonas contaminadas su valor
es inferior al de zonas rurales y sobre el mar, como consecuencia de la
unión de los pequefios iones a la materia particulada y consecuente

sedimentación.

11.- Materia suspendida

Se distinguen dos grupos:

a> Núcleos de Aitken (o núcleos de condensación activos).

Su tamaño está comprendido entre 0,5x10-2 y 10-1g. Son responsables de
la formación de las gotitas que dan lugar a una nube . Asimismo, la
condensación del vapor atmosférico se ve favorecida por la presencia de
estas partículas sólidas extrañas , cuya superficie es humedecida por el
vapor.

Se forman en la naturaleza por evaporación del agua de mar pulverizada,
tormentas de polvo , actividad volcánica, fuegos forestales y
radiaciones alfa , beta, gamma o ultravioleta . Entre las actividades
industriales , los procesos de combustión son los principales
responsables de la formación de estas partículas. Su composición
química es diversa, predominando fundamentalmente compuestos orgánicos
y una serie de metales tales como cobre , manganeso y sodio.

La concentración atmosférica de los nucleos de Aitken sigue un ritmo

diario , incrementándose durante las horas del día y disminuyendo tras

la puesta de sol, hasta alcanzar un valor mínimo en las últimas horas

de la noche . En atmósfera urbana , los valores máximos coinciden con las

situaciones de aumento del tráfico rodado.

b) Materia particulada suspendida

Son dispersiones en un medio gaseoso o en la atmósfera de partículas

sólidas o líquidas (radio comprendido entre 10-' y l01)j ), que por
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poseer una velocidd de sedimentación muy baja permanecen suspendidas

durante mucho tiempo, siendo arrastradas lejos de su lugar de emisión

por las corrientes de aire. Este grupo, por tanto, está integrado por

los aerosoles.

Un aerosol se define como una dispersión de partículas sólidas o

líquidas de tamaño inferior a 10 0µ en un medio gaseoso . Dentro del

grupo de los aerosoles se distingue una serie de estados físicos, cuya

terminología inglesa es más amplia que la española . Son: dust, fog,

mist, smoke, fume y smog, y su traducción castellana no puede ampliarse

más que a cuatro vocablos: polvo, niebla, neblina a bruma y humo. En

base a sus respectivas definiciones técnicas, su equivalencia en

castellano sería la siguiente:

Dust: Suspensión de partículas sólidas generadas por manipulación,

machacamiento, molienda, impactación, agitación, pulido, detonación

y decrepitación de materiales sólidos orgánicos a inorgánicos, tales

como rocas, minerales, metales , carbón, madera y granos. Los polvos

no floculan, excepto bajo fuerzas electrostáticas, no se difunden en

el aire, pero sedimentan por la acción de la gravedad. El tamaño de

las partículas de polvo suele ocupar la totalidad del rango de

tamaños, siendo su forma irregular y con aristas.

Fog: Es un vocablo técnico indeterminado, aplicado a aerosoles

líquidos visibles originados por condensación del estado gaseosa. Su

margen de tamafios está comprendido entre 2 y 60p.

Xist : Se aplica a dispersiones de gotitas líquidas, muchas de las

cuales son suficientemente grandes para ser visibles sin ayuda

óptica . Se origina bien por condensación de estado gaseosa, o por

dispersión de un líquido, mediante salpicadura, atomización o

espumación, borboteo o ebullición. Ejemplos de este tipo de aerosol

lo constituyen las nieblas de aceite, originadas en operaciones de

fresado y amolado, nieblas ácidas o alcalinas, producidas en

procesos electroquímicos, nieblas de pinturas aplicadas por pulveri-

zación y condensación de vapor de agua para formar nubes. El margen

de tamafios es muy amplio : 0 ,01µ a 5 0µ.
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Swke: Se define como suspensión de partículas sólidas -carbón y
hollín-, resultantes de un proceso de combustión incompleta. En
algunos casos, como sucede con el humo del tabaco, pueden existir
partículas líquidas. Su tamaño suele ser Inferior a 1y.

Fume : Partículas sólidas generadas por condensación del estado

gaseoso , originado por sublimación o volatización de metales y a

menudo acompafiada por una reacción química <normalmente una

oxidación). Las partículas sólidas que forman un fume son

extremadamente finas, usualmente esféricas e inferiores a lµ. En la

mayoría de los casos , el metal caliente reacciona con el aire frío

para formar un óxido. Los fumes floculan y algunas veces coalescen.

Ejemplos de este tipo de partículas son los humos que se desprenden

de metales fundidos, en operaciones de soldadura y corte de metales,

y en la combustión de ciertos metales como el magnesio.

~ : Es un término derivado de los vocablos smok y fog, que se

aplica a grandes contaminaciones atmosféricas debidas a aerosoles,

originadas por una combinación de causas naturales e Industriales.

El margen de tamaños de las partículas sólidas y líquidas que

constituyen este tipo de aerosol, oscila entre 0,01 y 2i.

Se observa pues, que los vocablos dust, fog, mist y smoke, equivalen

respectivamente a polvo, niebla, neblina y humo, mientras que fume,

debe ser asimilado al término de "humo metálico"; por el contrario para

smog , no se encuentra un vocablo o apelación castellana apropiada.

III.- ]atería Sedimentable

Está constituida por partículas sólidas de tamaño comprendido entre

10' y 5x102 , aunque las técnicas usuales de medición admiten

partículas hasta 1 mm; puede denominarse pues como "polvo grueso". Su

' El "smog" es un termino sugerido en 1.911 por H.A. Des Voeuxs, para
describir la mezcla de smoke y fog que se desplegaba sobre el cielo de
Londres y de otras ciudades inglesas.
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velocidad de sedimentación es apreciable, lo que supone un tiempo de
permanencia en la atmósfera relativamente corta.

Los componentes más frecuentes de la materia sedimentable son de
naturaleza inorgánica, fundamentalmente sílice, sulfatos, cloruros.
nitratos, hierro, calcio, aluminio, magnesio , plomo, cinc, manganesa y

cobre. Respecto a los constituyentes orgánicos, se trata de sustancias

procedentes de la combustión incompleta del carbón o de los derivados

petrolíferas, tales como alquitranes e hidrocarburos aromáticos

policíclicas.

La presencia de metales pesados en ésta y en anteriores categorías de

la materia particulada, constituye un elemento de gran interés, puesto

que se trata de sustancias con gran capacidad de alterar la calidad de

las aguas subterráneas.

Si bien el apartado 3.2. se ocupa monográficamente de este tema., cabe

adelantar aquí algunos datos relativos al contenido de estos elementos

en la atmósfera. En tal sentido, la tabla 3 recoge los rangos de

concentración de una serie de elementos asociados a la materia

particulada de la atmósfera, correspondientes a áreas urbanas, rurales

y remotas, elaborada en base a datos extraídos de aproximadamente 200

referencias bibliográficas'.

TABLA 3

RANGOS DE CONCENTRACIÓN DE UNA SERIE DE ELEMENTOS
ASOCIADOS CON LA MATERIA PARTICULADA DE LA ATMOSFERA (mgtm?)

L«acion Aa Cd Ni Pb y Za Co Cr Cu Fe 11t l.Sa 8e 6b

Remota 0.007-15 0.003-1 .1 0.01-60 0.007-64 0.001-14 0.03.400 0A00-0.9 0.005-11.2 0.029-12 0.62-4160 0.005-1 1 0.01-16.7 0.0056.459 0.0008-1.19
Rural 1.0-26 0.4-1000 0.6-78 2-1100 27-97 11-403 0.08- 10.1 1.1-44 3-280 65-14530 0.05-160 2.7-99 0.01-3.0 0.6-1
Urban
Cenada 1.7-626 2-103 4471 3534416 10-130 55.1390 1-1.9 4-26 17-500 7005400 <5 20-270 nM 13-125
U$ A 2-2320 0.24000 1-328 30-96270 0.4-1460 15.-8328 0.2-83 22-124 3.4140 130-13800 0.58 58 4-488 0.210 0.5-171
Burupe 5130 0.4-260 0.3-1400 10-9000 11-73 160-8340 0.4-18,3 3.7-227 13-2760 294-13000 0.1-5 23-050 0.01-127 2-470
Olhet 20.85 0.6-117 2.3-158 1 .3-11 020 1.7-180 1 10-2700 0.3-10 1r-Z71 20 010 2142820 1.2- 1.8 L7-590 nh 716

1 Schroeder, Y.H. uToxic trace elements associated with airbone
particulate matter: a reviewu Journal of the Air Pollution Control
Assaciation. 37 (11) pg. 1267-85 (1987).
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Estos resultados ponen de manifiesto un clara predominio del hierro y
plomo ; destacan también aunque en menor medida las concentraciones de
cadmio, zinc, cobre, manganeso y níquel. Asimismo y aunque no figuran
en esta tabla, destacan como especies abundantes el calcio y aluminio,

seguidos del sodio , potasio y magnesia.

B. COITAXIIIITES GAS 9

La expresión de la concentración de los contaminantes gaseosos se

realiza en ppm ó ppb en volumen , si bien es más frecuente el emplea del

microgramo por metro cúbico de aire ( g/m3). En condiciones normales de

presión y temperatura, ambas unidades se relacionan mediante la siguiente

expresión:

pglm3 = ppm x 41,3 x FX

La composición química de la atmósfera se recoge en la tabla

adjunta:

ppm v/n

Nitrógeno ....................... 780.880

Oxígeno ......................... 209.490

Agua ............................ 1.000-40.000

Argón........................... 9.300

Dióxido de carbono .............. 350

lean ............................ 18

Helio ........................... 5,24

Metano .......................... 1,4

Kripton ......................... 1,14

Hidrógeno ....................... 0,5

Oxido nitrosa ................... 0,2-0,4 <áreas rurales)

Xenon ........................... 0,09

Monóxido de carbono ............. 0,08-0,5 (áreas rurales)

Dióxido de azufre ............... 0,007 (áreas rurales)

Mercurio ........................ 0,2-0,8x10-15

Ozono., ......................... 0,01-0,045 pCi/l

Radón ........................... 0,01-0,04
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A continuación se examinan los principales contaminantes gaseosos.

I.- Co puestas de carbono

CO y C02 son los más importantes. Ambos proceden respectivamente de los
procesos de combustión incompleta y completa que tienen lugar en los

motores de los vehículos automóviles, calefacciones domésticas y

procesos industriales.

El monóxido de carbono es un parámetro especialmente importante en el

control de la contaminación del aire en las grandes ciudades, por su

incidencia directa sobre la salud humana, En lo que respecta al CO2- la

atención se centra sobre su incidencia a largo plazo en relación con el

denominado "efecto invernadero".

Entre los hidrocarburos detectados en la atmósfera se encuentra una

amplia gama de compuestos orgánicos volátiles: compuestos alifáticos

(propano, hexano, etileno, etc.), aromáticos (benceno y tolueno),

alcoholes, aldehídos, cetonas, hidrocarburos halogenados, ésteres,

éteres, etc. Estas sustancias resultan de gran interés por su

participación en la formación del smog fotoquímico.

II.- Tuestos de azufre

Los principales contaminantes de naturaleza sulfurada son los óxidos de

azufre, sulfuro de hidrógeno (H2S) y los mercaptanos (RSH).

a) Oxidas de azufre

De los dos óxidos de azufre -SO2 y SO6-, sólo el primero de ellos se

encuentra en forma gaseosa , ya que el S03 reacciona con el vapor de

agua para dar gotículas de ácido sulfúrico.

El anhídrido sulfuroso es el más común de los contaminantes gaseosos

detectados en el ambiente urbano, originándose a partir de la oxidación
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de los compuestos de azufre presentes en las combustibles sólidas y

líquidos. Asimismo se encuentra asociado a ciertos procesos

industriales, entre los que destacan los relacionados con la generación

de energía eléctrica a partir de combustibles fósiles. Resulta nocivo

para la salud humana , y es corresponsable j unto con otros compuestos de

la deposición ácida (seca y húmeda).

b) Sulfuro de hidrógeno y mercaptanos

Ambos son contaminantes ocasionales y minoritarios de la atmósfera

urbana , si bien pueden manifestarse en ciertas áreas industriales. Sus

efectos son diversos , destacando su capacidad para oscurecer pinturas y

objetos metálicas como consecuencia de la formación de sulfuras

metálicos , así como su desagradable olor.

El origen de estos contaminantes se debe, en el caso del H2S, a escapes

accidentales de ciertos procesos industriales, degradación anaeróbica

de la materia orgánica , etc. las mercaptanos aparecen en las gases

residuales producidos durante la fabricación de pulpa de celulosa por

el método Kraft.

I I I . - Cámm4ístos de nitrógeno

Comprenden los óxidos de nitrógeno , el amoniaco y los

peroxiacilnitratos (o nitratos de peroxiacilo).

a) Oxidas de nitrógeno

Los compuestos más importantes y comunes son el dióxido de nitrógeno

(NO2) y el óxido nítrico <NO). El dióxido de nitrógeno se forma durante

las procesos de combustión , por oxidación de parte del nitrógeno del

aire que alimenta el proceso , y en procesos industriales tales como la

obtención de ácido nítrico , nitración de la celulosa y obtención de

celuloide y películas de fotografía. La fuente fundamental de formación

del JO es la oxidación parcial de nitrógeno atmosférico en el interior

de los motores de combustión interna.
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b) Amoniaco y peroxiacilnitratos (PAN)

El amoniaco es un contaminante que aparece en raras ocasiones,
generalmente debido a fugas en instalaciones industriales. Las fábricas
de abonos, ácido nítrico y productos orgánicos son las principales

fuentes de producción.

Los nitratos de peracilo son compuestos de estructura compleja de tipo

orgánico, en los que figura el grupa NO2. Se forman por complicados

procesos de tipo fotoquímico, en los que intervienen determinados

hidrocarburos activados por medio de óxidos de nitrógeno.

Los nitratos de peracilo poseen un marcado carácter fitotóxico, aun en

las concentraciones habituales que oscilan alrededor de las 30 ppb. Su

participación en la formación del smog fatoquímico es importante.

IV.- Ozono y oxidantes

La presencia en atmósfera urbana de concentraciones anómalas de ozono,

así como de ciertas sustancias orgánicas oxidantes (p. ej., peróxidos),

es la señal característica de una contaminación tipo oxidante (ver

apartado 2.2.2.B.).

Los efectos del ozono derivan de su fuerte capacidad oxidante, que

puede generar datos en la vegetación, desintegración del caucho,

corrosión de metales, irritación de la piel y de las mucosas oculares

y respiratorias.

Y.-

El ácido fluorhídrica se encuentra presente en las emisiones de ciertas

actividades industriales, siendo las principales la metalurgia del

aluminio y la fabricación de fertilizantes fosfatados y de cemento y,

en menor cuantía, la combustión de carbón mineral, donde los fluoruros

aparecen como impurezas.
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En lo que respecta al claro y sus compuestos -especialmente el HC1-, su

presencia también se relaciona con emisiones de origen industrial

(fábricación de cloro, sosa y HC1).

2.2.2.- ORIGEN : COITAEIIAITES PRIIARIOS Y SECUNDARIOS

Contaminantes primarios son los emitidos directamente por fuentes

o focos identificables, mientras que los secundarios se originan en la

misma atmósfera , bien por reacción entre dos o más contaminantes

primarios , o con alguno de los constituyentes normales del aire , con o sin

la intervención de procesos de fotoactivación.

A. GONTA9I8iJTES PRINA.kIDS

Suelen clasificarse teniendo en cuenta simultáneamente los

conceptos definitorios de su constitución química , estado físico y

cantidad emitida , de la que resultan 8 categorías diferenciadas:

1. Partículas sólidas inferiores a 1 00µ.

2. Partículas sólidas superiores a l00µ.

3. Compuestos de azufre.

4. Compuestos orgánicos.

5. Compuestos de nitrógeno.

6. Oxídos de carbono.

7. Compuestos hologenados.

8. Sustancias radiactivas.

B. CORTAKIJL1TES SECUNDARIAS

Una masa de aire contaminado es química y físicamente inestable, y

al igual que cualquier otro sistema tiende a aproximarse al estado de

mínima energía libre . La velocidad y mecanismos de reacción, los estados
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de transición y los intermedios de reacción, están influenciadas par
factores tan diversos como la concentración relativa de los reaccionantes,
grado de fotoactívación, fuerzas dispersivas meteorológicas, influencia de
la topografía local y humedad relativa.

Como ejemplo de este tipo de reacciones cabe citar las que tienen
lugar entre gotículas líquidas de nieblas ácidas con polvos de óxidos
metálicos para originar aerosoles salinos, la formación de nieblas ácidas

por disolución de anhídridos en estado gaseoso en gotas de agua, y las

reacciones de oxidación catalítica sobre partículas o superficies

metálicas, como es el caso de la formación de nieblas de ácido sulfúrico

por oxidación de nieblas de ácido sulfuroso.

La reacción ambiental probablemente más estudiada es la de

formación del "smog fotoquímico", que juega un papel destacado

especialmente en la contaminación de algunas ciudades. Se inicia por una

reacción en cadena en la que el 102 se disocia en 10 y radicales 0, los

cuáles inician a su vez reacciones en cadena sobre otros compuestos

orgánicos presentes en la atmósfera, que conducen a la formación de

compuestos químicas tan reactivos y por tanto, de gran capacidad tóxica,

como el ozono, formaldehído, acroleína, hipoperóxidos orgánicos, nitratos

de peroxiacetilo (PAN), etc., que conducen a una serie de fenómenos

atmosféricos y efectos fisiopatológicos muy perjudiciales.

A pesar de la diversidad de contaminantes químicos existentes en

la atmósfera, del estado físico en que se encuentran en el ambiente, y de

la variedad de características meteorológicas y topográficas existentes,

se admite que existen dos tipos básicos de contaminación de la atmósfera,

íntimamente relacionados con la formación de contaminantes secundarios. Se

trata de la contaminación reductora ("tipo Londres"> y contaminación

oxidante ("tipo Los Angeles" ), que suponen dos condiciones extremas de

contaminación definidas sobre las características específicas de los

episodios y situaciones típicas ocurridas repetidas veces en estas dos

ciudades, y que se recogen en la Tabla 4.
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TABLA 4

CONTAXIXACI61 OXIDARTE Y REDUCTORA

Características Londres Los Angeles

Compuestos mía frecuentes SO..materla pardo. y CO. 03. NOz. CO2. hidrocarburos
y mat. particulada.

Combustibles Carbón romeral y petróleo. Petróleo.

Fuentes industriales Diversas . Diversas.

Combustión de basura Grande. Pequeda.

Efectos Reducciba . Caidación.

Los rasgos predominantes de la contaminación "tipo Londres" son:

presencia de óxidos de azufre, manóxido de carbono, polvo de origen

industrial y hollín, procedentes en su mayoría de la combustión del carbón

mineral. La contaminación "tipo Los Angeles" es originada por los procesos

fotoquímicos atmosféricos. Los óxidos de nitrógeno -fundamentalmente el

802- y los hidrocarburos, constituyen los principales generadores de la

contaminación fotoquímica, implicando el proceso la absorción de energía

por el NO2 para formar BO y oxígeno atómico. La reacción entre el oxígeno

atómica y molecular da origen al ozono (03), que es el principal agente

oxidante del smog fotoquímico. Reacciones posteriores entre el ozono y los

hidrocarburos olefínicos reactivos, producen otras muchos productos de

naturaleza diversa, no perfectamente conocida.

2.3.- FUENTES DE EXISIÓN

2.3.1.- CONCEPTOS DE EXISIÓ1 E INXISIÓN

El proceso de contaminación atmosférica se inicia con la emisión

de los productos contaminantes a partir de sus respectivas fuentes, y

prosigue con su difusión en el medio gaseoso , muy variable en el tiempo,

según las propiedades de las sustancias emitidas y las condiciones

ambientales.
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La evaluación de la contaminación debe comenzar pues desde la
misma iniciación del proceso , es decir , desde la emisión de los productos.
Por emisión se entiende la totalidad de sustancias (sólidas, líquidas y
gaseosas) que pasan a la atmósfera tras abandonar las fuentes de las que

proceden. De acuerdo con esta definición , emisiones son los gases de
escape de los automóviles , los humos de las chimeneas , los vapores de

diversos procesos industriales, etc., en el momento en que abandonan su

fuente de procedencia y pasan a formar parte del aire adyacente.

Una vez producida la emisión , los compuestos se distribuyen por la

atmósfera según un proceso de difusión que depende principalmente de dos

tipos de factores:

- específicos del contaminante , como pueden ser velocidad de salida,

temperatura , forma , tamaño , peso , etc., y

- meteorológicos : velocidad del viento , gradiente de temperatura,

humedad, etc.

La difusión de los contaminantes es un proceso cuya terminación es

difícil de especificar , ya que representa una dilución continua de

aquéllos en la atmósfera.

La evolucion de los contaminantes está relacionada con el concepto

de incisión. Como tal, se entiende la peraaaencia de los compuestas de

forme continuada a temporal en la atmósfera presente a nivel del suelo.

La inmisión determina pues la concentración de los contaminantes

en el ambiente gaseoso, en puntos suficientemente alejados de las fuentes

como para no poder discernir cuál de ellas es la causante de los niveles

de contaminación alcanzados . Hablar por tanto de valores de incisión, es

equivalente a referirse a concentraciones ambientales de los contaminantes

en estudio.

Los niveles de emisión e inmisión se hallan regulados en la

mayoría de los países mediante la especificación de límites máximos. La
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denominada Concentración Máxima de Emisión (C.X.E.), representa la mayor

cantidad de contaminante que una fuente es autorizada a emitir. Este valor

no se expresa siempre en las unidades de concentración habituales -masa

por unidad de volumen-, sino que con cierta frecuencia adopta otras

formas distintas. Así por ejemplo, la C.K.E. de los vehículos suele

expresarse en unidades de masa por unidad de longitud, es decir , gramos

por kilómetro recorrido, o gramos por milla. A su vez, en el caso de las

emisiones industriales se emplean las unidades de masa emitida por masa

producida, o de masa emitida por unidad de tiempo, es decir, gramos por

tonelada y gramos por hora, respectivamente.

En el caso de la inmisión, el correspondiente límite se denomina

Concentración Máxima de Inmisión (C.M.I.), en terminología inglesa

Maximun Ground Level Concentration. Este valor representa la limitación de

tipo sanitario que regula la calidad del aire en cuestión. Suele estar

acompañado en las normas legales por el máximo período de tiempo en que es

autorizada su existencia.

2.3.2.- CLASIFICACI6I DE FUENTES COITA]IIIAITES

Los focos o fuentes productoras de la contaminación atmosférica se

agrupan en dos tipos: móviles (vehículos) y fijos (calefacciones e

industrias).

a) Móviles

Los vehículos con motor de explosión (gasolina) emiten monóxido de

carbono, hidrocarburos, óxidos de nitrógeno y compuestos de plomo.

Los motores de combustión (diesel) emiten partículas sólidas y

líquidas: CO, CO2, 502, SOa, y AOx. Las partículas sólidas están

constituidas por hollines -partículas de carbono sin quemar- y se

forman debido a la combustión incompleta del combustible; son el origen

de los "humos negros", muy visibles. Las partículas líquidas, que dan

lugar a los " humos azules", están constituí das por pequeñas gotas del
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combustible, parcialmente quemado, y aparecen cuando el motor funciona

de forma incorrecta . Los demás contaminantes gaseosas resultan menos

significativos en estas emisiones. Dado que los motores diesel realizan

la combustión con un exceso de aire, el contenido de CO es casi

inapreciable. Los compuestos de azufre, S02 y SO3, se deben al

contenido de azufre del gasóleo.

b) Fijos

La contaminación atmosférica generada por las instalaciones de

calefacción fijas, se origina a partir de la combustión del carbón,

fuel-oil y gases empleados. El cuadro adjunto resume los principales

contaminantes producidos por cada uno de estos combustibles.

Combustible Contaminantes

Carbón: - CO, SO2, cenizas volantes, hollines, óxidos metálicos, NOx.
Líquidos:
(gasóleo, fuel-oil) CO, SO2, $03, NOx. hidrocarburos volátiles no quemados,

partículas carbonosas.
Gases: CO, NOx.

En la que respecta a la contaminación de origen industrial, el

origen de las emisiones es enormemente amplio y variado . La directiva de

la C.E . E. de 28 / 6/84 recoge en su Anexo 1 la relación de las sectores

industriales cuyas emisiones es necesario controlar, la cuál constituye un

excelente punta de referencia para clasificar los focos importantes. Dicha

relación se refleja en la tabla 5.

La contaminación atmosférica de origen industrial es más difícil

de definir y sobre todo de cuantificar que la procedente de otras fuentes,

debido a la enorme incidencia que en la misma tienen los siguiente

parámetros:

- Tipología de los procesos industriales.

- Tecnologías utilizadas.

- Situación y edad de los equipos e instalaciones industriales.
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INSTALACIONES INDUSTRIALES PRODUCTORAS DE EMISIONES GASESOSA.S
CONTAMINANTES (Anexo 1 de la Directiva C.E.E. de 28/6/84)

1. Industria de la energía

1.1. Coquerías

1.2. Refinerías de petróleo crudo (con exclusión de las empresas que fabrican dnicamente lubricantes a partir
del petróleo crudo)

1.3. Instalaciones de gasificación y licuefacción del carbón
1.4. Centrales térmicas (con exclusión de las centrales nucleares) y otras instalaciones de combustión de una

potencia nominal calorífica de más de 50 MW

2. Producción y transformación de metales

2.1. Intalaciones de calcinación y sinterización de una capacidad de más de 1000 t por ario de minerales metá-
licos

2.2. Instalaciones integradas de producción de fundición y de aceros brutos

2.3. Fundiciones de metales fér ricos que tengan instalaciones de fusión de una capacidad total supe rior a 5 t
2.4. Instalaciones de producción y de fusión de metales no férricos que tengan instalaciones de una capacidad

total superior a 1 t para los metales pesados o 0.5 t para los metales ligeros -.

3. Industrias de productos minerales no metálicos

3.1. Instalaciones de fabricación de cemento y producción de cal por hornos rotatorios

3.2. Instalaciones de producción y d‹: transformación de amianto y fabricación de productos a base de amianto

3.3, Instalaciones de fabricación de fibras de vidrio o libra mineral
3.4. Instalaciones de fabricación de vidrio (ordinario y especial) de una capacidad anual supe rior a 5000 t

3.5. Instalaciones de fabricación de cerámica de construcción , en particular de.ladrillos refractarios , tubería
cerámica . ladrillos para muros y solado y tejas de cubierta

4. Industria química

4.1. Instalaciones químicas para la producción de olefinas , derivados de olefinas . monómeros y polímeros

4.2. Instalaciones químicas para la fabricación de otros productos orgánicos intermedios

4.3. Instalaciones para la fabricación de productos químicos inorgánicos de base

5. Eliminación de residuos

S.I. Instalaciones de incineración de residuos tóxicos y peligrosos

5.2 Instalaciones de tratamiento de otros residuos sólidos y líquidos por incineración

6. Industrias diversas
Instalaciones de fabricación de pasta de papel por método químico de una capacidad de producción de
25000 t o más al año
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- Materias primas empleadas.

- Tipos de combustibles.

- Localización geográfica de la industria, que define las condi-

ciones meteorológicas y topográficas de la dipersión de canta-

minantes.

A su vez , estos parámetros tienen en el campo industrial una

significación mucho más amplia y compleja, debido sobre todo a la

diversidad de contaminantes y a la falta de un conocimiento completo de

estos problemas en el momento actual.

Las actividades industriales que pueden contaminar la atmósfera

son muchas , pera es precisa tener en cuenta que todas ellas vienen

condicionadas por dos factores:

- Volumen de emisión de contaminantes.

- Tipo y características de los mismos.

Atendiendo a estos criterios y singularmente al primero de ellos,

existen diversas clasificaciones de las industrias en función del impacto

ambiental de sus emisiones a la atmósfera . La tabla 6 refleja una relación

de sectores industriales y de sus respectivos contaminantes atmosféricos

característicos.

En términos generales cabe afirmar que el papel protagonista en la

contaminación atmosférica de origen industrial corresponde a la industria

básica. La incidencia de la Industria transformadora es mucho menor, ya

que generalmente sus emisiones se limitan a las derivadas de sus servicios

de generación de calor (calefacción ), o vapor.

2.3.3.- LA COMBUSTI61 COI PUENTE DE CONTAXIIACI61

2.3.1.1 .- Generalidades

La importancia de los procesos de combustión en el contexto de la



TABU. 6
CONTAMINANTES DERIVADOS DE DIVERSAS ACTIVIDADES INDUSTRIALES

("Medio Ambiente en España" (1978), p.15l)

(3) (2) (1)
Tipo de actividad PS SO, NO NC SO, F Olor., CI, H CII) fi Co Pb Mb. SN,

(1)

Central Térmica .............. e •
Ceneradora de calor ......... e •
incineradores ................ e
Plantas de depuración ......

III Almacenamiento combustibles e
IV Acido sulfúrico ............... e

Acido nitrico ................
Reducción de fósforo ........ e e
Detergentes y jabones ........ e
Acido fosfórico ..............
Pinturas y barnices ........... e .
Cloro-sosa e •
Acido clorhfdrico ............

V Curtido de pieles e
Fertilizantes fosfatados ....... e e
Preparación de alimentos e e
Secado de grano ............. .
Algodón (preparación) .......

VI Fabricación de berilio .......
Refinado de mercurio .
Hierro y acero ............... e • a
Metalurgica no férrea ........ e a e
Aluminio ..................... e e
Fusión de plomo ............. e e e
Ferro-aleaciones ............. e e
Fundición de hierro gris e e
Fundición de latón y bronce e e

VII Plantas de cemento .......... e e e
Plantas de asbestos e
Plantas de asfalto ............ e e • e
Plantas de cal ............... e
Lavado de carbón ............ .
Preparación de grafito e

VIII Retinerlas de petróleo ........ e e e e e e
Plantas petroqulmicas .......

IX Fabricación de pasta de papel e e e e

24 8 13 4 1 5 5 1 3 1 1 3 1 1 2

(1) Se relime a mezcla SO, e SOH,. (2) Nideocarburos inqoemados reieridos como CaN. (3) Osidos de nitrOgeno eep.esadOs como NO,
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contaminación atmosférica, justifica el interés de destacar algunos

aspectos concretas de dicha relación causa-efecto.

La incidencia en Espata (datos 1972) de la combustión respecto al

volumen global de emisiones resulta notablemente significativa, como lo

demuestran las siguientes cifras:

FUENTE EMISIONES (y)

Combustión fija

- Térmicas ................. 14,8

- Otras instalaciones...... 23,6

Transporte .................... 33,4

Industria ..................... 28,2

El desglose por tipo de contaminante de estas emisiones es el

siguiente:

Emisiones (e,)

FUE,tTE 502 Partículas NOx CO

Combustión fija

. Térmica 30 18 34 •-

. Otras instalaciones 28 so --

Transporte •- 2 53 80

Industria 42 30 13 20

Estos resultados indican que las instalaciones de combustión fija

existentes en nuestro país, aportaban a las cifras globales de emisión de

contaminantes un 58% del SO2, el 68% de las partículas y un 34% de las

NOx.

Asimismo, según los datos del Inventario Nacional de Focos de

Contaminación Atmosférica Producida por la Industria (M.I.N.E .R.,1981), la

distribución por sectores industriales de las emisiones de 502, NOx y

partículas, arroja el siguiente balance:
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TABLA 7

DISTRIBUCIÓN SECTORIAL DE CONTAMINANTES EN ESPAÑA

CONTAXI ¡ANTES
SO,> NO,. Partículas

SECTORES 1 2 1 2 1 2

Alimentario 46.459 3,03 9 . 146 3 , 07 29 . 783 3,01

Paraquímico 64.870 4,23 36.444 12,23 19 . 738 1,99

Química Inorgánica 39.708 2 , 59 16 . 560 5 , 55 20.644 2,08

Química Orgánica 7.833 0,51 1.510 0 ,51 17. 836 1,80

Siderurgia 98.406 6 , 42 7.809 2,62 239.730 24,29

Metalurgia
41.171 2 , 69 827 0,28 18.950 1,91

No férrea

Construcción 19.728 1 , 28 2.637 0,88 38 . 496 3,89

Cemento 50 . 033 3 , 26 10.991 3,69 268 .832 27,17

Papel 44.441 2 , 89 7.983 2,68 20 . 915 2,11

Energía 1 . 119.946 73 , 07 204.121 68 , 49 314.179 31,76

TOTAL 1. 532.595 100,00 298.028 100,00 989.103 100,00

1 = Total Nacional (t/af(o)
.2 = % Sectorial

Es importante destacar la aportación del sector energético al

total de contaminantes emitidos , que según estos resultados sería de:

502.. ......... 73,071

NOK ............. 68,49%

Partículas...... 31,76%

Las actividades humanas producen alrededor el 60% del total de

emisiones de azufre a escala global , pero en el caso del noroeste de

Europa y este de Norteamérica , esta cifra alcanza respectivamente el 90 y

99% de la emisión total de azufre. Aproximadamente un 90% del azufre

liberado por dichas actividades se emite en forma de SO2. A escala global,

el empleo de combustible fósiles supone un 82% del SO2 de origen

antrópico ; en el caso del carbón , la aportación alcanza un 56% del total

del S02 procedente de actividades humanas. En Europa y Norteamérica, dicho

porcentaje asciende al 60%.
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Las principales fuentes de NO< en la troposfera son los

combustibles fósiles y la combustión de la biomasa asociada a la

agricultura. Las contribuciones respectivas son del 407. y 25% de la

emisión total de NOu, lo que practicamente duplica la aportación de

fuentes naturales, siendo incluso superior en áreas industrializadas.

Las emisiones de NO. procedentes de combustibles fósiles en

Norteamérica exceden en un factor entre 3 y 13 a las de fuentes naturales,

si bien estas últimas no se encuentran bien definidas. Algo similar ocurre

en Europa , donde dichos combustibles contribuyen en un 80% a la emisión

total de NOx de esta región. Los porcentajes de emisión de NO,, por tipo de

combustible para Europa y Estados Unidos son los siguientes:

PETRÓLEO Y
CARBÓN DERIVADOS GAS NATURAL

EUROPA (1979) 32 60 -

ESTADOS UNIDOS (1985) 32 46 18

La emisión de HC1 procedente de la combustión del carbón,

incineración de residuos y fabricación de compuestos orgánicos, representa

el 89% de las emisiones de este producto en los Estados Unidos (1985).

También en este país y en los que respecta al HF, la combustión del carbón

y la producción primaria de aluminio contribuyen respectivamente en un 78%

y 15% a la emisión total. El flúor liberado en la combustión puede

hallarse bajo alguna/ s de estas formas : HF gas o SiF4, y como flúor

particulado. El SiF4 puede hidrolizarse a ácido fluorsilícico (E2SiFe)

tras la emisión, por reacción con el vapor de agua . En resumen y a escala

global, la aportación de cloruros y fluoruros procedente de la combustión

de carbón resulta relativamente poco importante.

2.3.3.2.- Definición

a) Combustión completa

La combustión es una reacción compleja entre el oxígeno del aire y los

combustibles, consistente en un proceso de oxidación a través de
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mecanismos de reacciones rápidas en cadena.

Los productos de la misma , cuando es perfecta, no pueden considerarse

nocivos, pues son asimilables a los que proceden de los organismos

vivos. En efecto, cuando se quema un combustible cualquiera se obtiene,

al término de la combustión, anhídrido carbónico y agua, que resultan

de la oxidación completa del carbono y del hidrógeno del combustible

por el oxígeno del aire. Como todos las combustibles contiene también,

pero en menor cantidad, azufre. La combustión completa debe dar lugar

igualmente a la formación de anhídrido sulfuroso (S02) y también a

óxidos de nitrógeno (N0x) por reacción, a altas temperaturas, del

nitrógeno y oxígeno del aire.

b) Combustión incompleta

Se dice que una combustión es incompleta cuando, mezclados con los

humos de la combustión, aparecen gases combustibles, así como

partículas sólidas de carbono no quemadas.

Generalmente, las causas de una combustión incompleta pueden ser una

insuficiente cantidad de aire, o bien una mezcla defectuosa del

combustible con el comburente, aún en presencia de exceso de aire.

Así, por ejemplo, si la combustión es incompleta por defecto de

oxígeno, durante el desarrollo de la misma baja la temperatura de la

llama, la que supone que ciertos átomos de carbono y de hidrógeno no

dispondran de la energía necesaria para la formación de radicales

libres que conducen finalmente al C02 y H20. Esto hace que en la

reacción se presenten estados de equilibrio intermedios que tienen como

consecuencia:

- Emisión o recombinación de átomos de carbono, que aparecen en los

humos como materia particulada inquemada.

- Combinación de átomos de carbono y oxígeno en cantidades muy

pequeñas, y formación de CO.
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Recombinación de átomos de carbono e hidrógeno , lo que conduce a la

formación de hidrocarburos ligeros y pesados.

- Emisión de hidrocarburos parcialmente oxidados (aldehidos, ácidos,

etc.).

2.3.3.3.- Productos emitidos

Los principales son:

- 502, S03

- NOx

- Materia particulada

- CO (concentraciones usualmente muy bajas)

- C02 (no considerado tradicionalmente como contaminante)

Las concentraciones y cantidades emitidas son función de:

- Combustible (tipo, calidad y cantidad)

- Tipo de caldera

- Condiciones de operación

- Naturaleza y eficiencia de sistemas de depuración.

a) Olidos de azufre

Las cantidades emitidas son directamente proporcionales al contenido de

azufre en el combustible . En el caso del fueloil el porcentaje emitido

sobre el total de azufre introducido es prácticamente el 100%; para

carbón esta cifra puede bajar hasta el 90-95%.

Las concentraciones emitidas son función del exceso de oxígeno en los

humos. Por ejemplo , para fueloil pesado n° 2 con 3 , 5% de azufre y 31 de

exceso de aire , la concentración es de 2100 ppm (aprox. 6000 mg/Nm9).
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Para carbón con 0,9% de azufre (22% de cenizas ) e idéntico exceso de

aire , alcanzaría un valor de 900 ppm (aprox . 2550 mg/Nm3).

Las emisiones específicas son función del consumo, también específico,

de la instalación , inversamente proporcional a la potencia de la misma.

Por ejemplo , para una potencia de 600 XV y los tipos de fueloil y

carbón antes mencionados , resultan respectivamente 13,5 y 7 g/Kwh.

S93.

Procede de la oxidación del 5O2 . Su presencia es función de las

condiciones de combustión ( exceso de oxígeno ). Las concentraciones son

más bajas para el carbón (< 20 ppm para carbón de 2-3% de azufre) que

para el fueloil (usualmente varias decenas de ppm), debido a la

reducción del SO3 o neutralización con cenizas alcalinas . Su presencia

es muy importante debido a que eleva drásticamente el punto de rocío de

los gases , dando lugar a las nieblas ácidas de H2SO4.

b) Oxidas de nitrógeno (7O,<) .

El 90-957. corresponde a óxido nítrico ( N0) y el resto al dióxido de

nitrógeno (NO2). El origen del 10. es doble: térmico, procedente del

nitrógeno molecular del aire , con gran dependencia de la temperatura de

llama y del tiempo de residencia a alta temperatura ; y NO. del

nitrógeno combinado presente en el combustible , función de la riqueza

en oxígeno de la atmósfera de combustión en fases iniciales y del

exceso de oxígeno global.

Las emisiones de NOx procedentes de fueloil se encuentran influenciadas

por el nitrógeno del combustible y el exceso de aire, situándose entre

0,6-1,3 g/ Kw/h (200-700 ppm , 250-500 mg/ Nm3). En el caso del carbón

vienen condicionadas principalmente por el tipo de instalación, con

rangos de 2-2,6 g/ Kwh (500 -650 ppm, 650-850 mg/Nm3).
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c) Oxidas de carbono e hidrocarburos

Teoricamente, cuando se realiza una combustión completa de carbón en el
aire, los gases resultantes deben contener una proporción en volumen

del 21% de dióxido de carbono y 79% de nitrógeno. La mayoría de los

actuales combustibles contienen hidrógeno, de ahí que el gas resultante

sea una mezcla de dióxido de carbono, vapor de agua y nitrógeno.

El óxido de carbono es un producto de la combustión incompleta de los
diversos combustibles, como consecuencia de un reglaje deficiente de
las instalaciones de combustión. En condiciones normales de
funcionamiento y cuando la combustión se está produciendo con un
rendimiento adecuado, la emisión de CO debida a fuentes estacionarias

es mínima . Por tanto, desde el punto de vista de la contaminación del

aire, el CO emitido por equipos fijos de combustión, raramente es causa

de problemas.

La emisiones de CO a la atmósfera, provienen principalmente de los

motores de gasolina, que suelen trabajar con un bajo exceso de aire. Se

estima que su contribución a la contaminación por CO oscila alrededor

del 64%. Los motores Diesel, por el contrario, al trabajar con mayores

coeficientes de exceso de aire, emiten menores cantidades de CO a la

atmósfera.

En las combustiones incompletas, se emiten también hidrocarburos

policíclicos, especialmente hidrocarburos aromáticas policondensados,

tales como los benzopirenos, pireno, perileno y benzoperilenos.

d) Partículas

Las comprendidas entre 5-l0µ sufren deposión rápida, mientras que las

inferiores a 5p (especialmente las submicrónicas) permanecen durante

largo tiempo (varios días) en el aire en forma de aerosoles. Atendiendo

a su origen se tiene:
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Carbones .- Los contenidos de cenizas son importantes, usualmente 12-16%

e incluso hasta 30%. A la materia particulada que producen se añaden

inquemados, usualmente en proporción menor del 5%, función del exceso

de oxígeno para un mismo carbón molido a idéntica finura. La ceniza

volante producida tiene un 3% en peso menor de 5 micras, un 20% entre 5

y 10, 40% entre 10 y 20 y un 30% entre 20 y 50.

Para 500 XW, el consumo de 50 t/h de carbón (15% cenizas) a plena carga
se traduce en aproximadamente 12 g/Nm9 a la entrada del precipitador
electrostático; con eficacia del 99,0 las emisiones son de 120 mg/Nm3
equivalentes a 220 Kg/h. La casi totalidad (en peso ) se deposita en un
radio de una decena de kilómetros, a un promedio de 0,1 g/m2 .semana.

La fracción submicrónica no se ve afectada por el paso a través del

precipitador y, en consecuencia, la composición en metales de la ceniza

volante se enriquece en As y Sb entre otros.

Fuelofis .- La materia particulada emitida es de das tipos:

Cenizas , en muy pequeña cantidad y proporción procedentes de

materiales inorgánicos no combustibles (0,5 g/Kg).

Inquemados , divididos a su vez de dos categorías: hollines y

ceno--feraz . Los primeros formados por cracking y condensación en

fase gaseosa de hidrocarburos insaturados, para dar partículas muy

finas (<0,1 micras) que pueden aglomerarse. Las cenosferas son

pequeftas esferas huecas procedentes de la combustión incompleta

del residuo carbonoso sólido, en el que terminan las gotas de

combustible atomizado.

La formación de inquemados depende de la naturaleza del

combustible (asfaltenos-conradson), del grado de atomización,

(temperatura y agente) y de las condiciones de combustión (exceso

de aire, temperatura de llama). El 99% de inquemados en centrales

térmicas de fueoil son cenosferas.

Existe una problemática reciente derivada de la modificación de la

estructura de refino, con procesos de cracking térmico

(visbreakings) y mayores concentraciones (no sujetas a

especificación) de asfaltenos y conradson. Los niveles de emisión
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en consecuencia han subido apreciablemente.

2.4.- DIE RSTÓY DE GOITA_x i iT l .A ATIÓSFERA

2.4.1.- INTRODUCCIÓI

La dispersión de contaminantes en la atmósfera se ha estudiada

extensamente durante los últimos veinte años. Sin embargo, aún existen

importantes lagunas de conocimiento, tanto a niveles teóricos como de

bases de datos experimentales completas y suficientes. En general, la

experiencia acumulada demuestra que los modelos y soluciones desarrollados

para un determinado lugar, no son directamente extrapolables a otros,

aunque sí pueden serlo las metodologías elaboradas y la experiencia

acumulada.

El control de los residuos contaminantes debe apoyarse, entre

otras cosas , en el conocimiento detallado de las emisiones, su destino y

la dosis a que están sometidos los receptores potenciales. Para el caso de

los contaminantes aéreos la situación se complica de modo importante,

debido a que las emisiones se hacen en un fluído móvil, sin un

confinamiento claramente definido, que se caracteriza por un

comportamiento dinámico extraordinariamente aleatorio.

2.4.2.- PROCESOS DE DISPERSIÓN DE CORTAHIJAITES

El proceso esquemático de la dispersión de contaminantes en la

atmósfera se indica en la Fig. 1. La dispersión clásica, a partir de la

emisión , se considera como el resultado de una difusion relativa debida a

la turbulencia atmosférica , que desgaja la nube de humos mientras se

efectúa su transporte por el viento.

Es importante destacar que en el momento de su emisión, los

contaminantes quedan influenciados por las relaciones entre la geometria
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Figura 1.- Esquema de los procesos de dispersión ( difusión más tran-
porte ) y Transmisión ( dispersión más deposición ) de las emisiones a la
atmósfera. El número asociado con cada módulo es indicativo de su de-
pendencia de los anteriores y de su complejidad . Así, la evolución del
campo de concentraciones en el ambiente (MS) depende de las emisiones
(MI), de los efectos meteorológicos locales (M2), condicionados por la
situación metereológica general ( M3), y el ciclo de estabilidad atmosfé-
rica (M4).
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del punto emisor respecto al resto de la fábrica o edificios colindantes

(Xl), por la estabilidad atmosférica (1(4), y por los vientos inducidos

<M2) o modificados por el entorno topográfico. En general, todos estos

factores interaccionan de forma no lineal, y el cálculo de las

concentraciones o de los niveles de inmisión a partir de las emisiones,

estabilidades y vientos, no resulta un problema trivial.

Existen, en efecto , muchas situaciones para las cuales las
formulaciones más simples del cálculo de altura de chimeneas y difusión de
contaminantes no son ni adecuadas ni aplicables . Situaciones de este tipo,
con circulaciones restringidas y poca ventilación, pueden darse como
resultado de: estancamientos y atrapamientos en valles u hondonadas,
recirculaciones causadas por efectos costeros y de ladera-valle,
desprendimientos a sotavento de colinas, etc. A éstas deben afiadirse las
de escapes accidentales, paradas imprevistas , etc. El resultado es que
pueden existir condiciones puramente meteorológicas , topográficas, de
operación o una combinación de ellas, en las que los valores límite de
inmisión pueden excederse sobre áreas extensas y durante períodos
prolongados.

2.4.3.- COI[PORTAHIBITO DE LOS PEIACHOS

Partiendo del supuesto de un penacho ideal que contiene partículas

y gases , se tiene que en el momento en que el humo se evacúa, las

partículas de más peso empiezan a abandonar el penacho y a proyectarse

sobre el suelo por efecto de la fuerza de la gravedad , mientras que las

más finas continúan en aquél hasta perder su energía cinética y caer a su

vez al suelo , y así sucesivamente hasta que tan sólo quedan aquellas

partículas que se compartan como un gas , y se adaptan al proceso de

dispersión de éste . En otras palabras, se registran dos procesos de

deposición bien definidas, siempre claro está , en el supuesto de unas

condiciones ideales.

Aunque con ligeras modificaciones, estas condiciones se presentan
a menudo, aunque entre los procesos de contaminación existen casos muy
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característicos e importantes . El estudio del proceso ideal de dispersión

tiene un gran interés para estudiar los valores medios diarios de

contaminación, pero cuando el penacho deja de comportarse idealmente

debido a la existencia de capas de inversión, vientos muy fuertes,

torbellinos muy localizados , etc., puede descender hacia el suelo con toda

su carga dando lugar a valores de contaminación elevados, muy localizados

y de corta duración , valores que se apartan de manera notable del casa

ideal. De ahí el interés que tiene definir estas tipos de penachos no

ideales.

Estos distintos tipos - coning, fan.iag, trapping, fumigating,

looping, lofting- que en castellano se denominan: cónico , tubular,

aprisionado, fumigante , serpenteante y antifumigante , se presentan en la

fig. 2.

El caso de difusión serpenteante se suele dar en atmósferas

inestables con predominio de vientos ligeros: los penachos tocan el suelo,

se elevan y vuelven a descender , y así sucesivamente , lo que se traduce en

elevados valores de concentración. Este tipo de penacho es típico durante

los días muy soleados del verano , que originan en la atmósfera condiciones

térmicas muy inestables , y también cuando la turbulencia mecánica es de

tipo muy acusado,

El tipo cónico se produce en condiciones idénticas pero más

moderadas que las anteriores . Suele aparecer en días soleados pero

nublados , es decir , en los días tormentosos del verano, si bien también lo

hace en la primavera y otoño, debido a que las nubes reducen

considerablemente los efectos térmicos , En este caso el viento ejerce una

influencia fundamental.

El tipo tubular puede compararse a un gas que por una tubería

inmaterial se propaga desde la boca de la chimenea, en condiciones de gran

estabilidad atmosférica y ausencia de efectos mecánicos. Es típico de las

horas de caída de la tarde , de la noche y del amanecer.

Por último , existen dos tipos de dispersión idénticos pero de
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FIG. 2.- Tipos de penacho
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aspectos inversos. La fuirigación se produce cuando un penacho de humos
queda aprisionado en una capa de inversión, la cual se rompe por la parte
inferior dejando escapar el penacho, que se proyecta hacia el suelo. Es
este uno de los tipos de dispersión más peligrosos, por la elevada

concentración de contaminantes que produce en un determinado momento. Es
el más típico y corriente, ya que puede originarse a partir de un penacho

tubular engendrado durante las horas nocturnas de gran estabilidad. A la
salida del Sol, la Tierra se calienta y se forma una capa muy inestable a
nivel del suelo que, a medida que avanza el día, va progresando hasta
alcanzar la capa de inversión en su primer punto. En este momento, el
penacho se dispersa produciendo la fumigación del suelo.

Con respecto a la antifumigación, el caso es totalmente inverso,
es decir, el penacho emitido por la chimenea tiene la suficiente energía
como para atravesar la capa de inversión, y los gases que descienden
quedan retenidos por la lámina de aire correspondiente al segundo punto de
inversión, mientras que el resto sigue difundiéndose como si la inversión
no existiera. Como se puede deducir éste es el mejor caso de elevación y
dispersión de los penachos de humos y, de ahí el gran interés en contar
con chimeneas elevadas de hasta 200 m de altura. Este es un fenómeno
típico del atardecer, ya que la masa de aire estable se desarrolla de
abajo a arriba, cuando el suelo pierde rápidamente el calor almacenado
durante el día.

Otro tipo de penacho que se puede asociar a la fumigación es el
tipo aprisionado, que se forma cuando la emisión tiene lugar en una
atmósfera inestable. El penacho se eleva hasta alcanzar una capa de
inversión que no puede atravesar, y que lo rechaza hacia el suelo. Por
tanto, al penacho de fumigación típico se le podría llamar de fumigación
por rotura y a éste de fumigación por choque.

2.4.4.- ]MODELOS DE DISPERSIÓN

Para evaluar el impacto ambiental de las emisiones y predecir el
rango de concentraciones en ambiente se han desarrollado, durante las
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En resumen , en lo que respecta a la generación de productos ácidos

se distinguen dos rutas básicas de formación. La primera engloba una

secuencia de reacciones en fase gaseosa en la cuál los radicales libres,

generados por vía fotoquímica (luz solar ), juegan un papel fundamental. La

segunda , propia de ambiente seco y soleado, tiene lugar por reacción de

los óxidos de azufre y nitrógeno con los radicales hidroxilo.

OH + S02 -* HS03 + sulfatos ácidos [1]

OH + 102 -� H103 [2]

Un ejemplo de las transformaciones por vía fotoquímica es la

oxidación del 10 a 102 en un penacho la cuál, tras uno pocos segundos de

viaje, transcurriría por el siguiente mecanismo:

10+03--> 02+102 [3]

El agente oxidante -ozono- proviene del aire en el que el penacho

se diluye y en cuyo interior, al menos en las primeras decenas de

kilómetros de viaje, el 10 se encuentra en exceso respecto al 03

ambiental. El resultado es que el contenido de ozono en el penacho

disminuye debido a que la reacción (3] es rápida, de modo que el proceso

avanzará hacia los límites de aquél, dónde se produce la mezcla con el

aire del ambiente. Precisamente esta mezcla suele ser el proceso más lento

y en consecuencia, el que determina la velocidad de formación del 102.

En términos generales y particularmente en condiciones de verano

soleado, la conversión de al menos la mitad del 10 en NO2 tiene lugar

aproximadamente a las dos horas de viaje del penacho.

En lo que respecta a la formación de productos ácidos por reacción

con radicales OH, en el casa de la reacción [i] el proceso puede

evolucionar hacia la formación de H2SO4, si bien una fracción del sulfato

aerosol formado va a ser neutralizado por el amoniaco de origen natural

para dar (1H4)2SO4.

Evidentemente la velocidad de producción de especies ácidas por
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naturaleza de la superficie . Asimismo, el valor de Vg varía

considerablemente en función del tipo de contaminante gaseoso,

característica ésta estrechamente relacionada con la afinidad química

de las superficies, y particularmente con la solubilidad en agua.

Durante el transporte a través de la capa de mezcla , los cálculos

realizados acerca de la velocidad media de deposición , para el SO2, por

ejemplo , indican que éste es eliminado mediante deposición seca a un

ritmo aproximado del 2-4%/hora . Si bien el arrastre por las

precipitaciones es probablemente un proceso más rápido, la deposición

seca constituye el mecanismo de eliminación del SO2 más importante,

siendo también el más eficiente para el lOz, 110, y los aerosoles de

sulfatos y nitratos . Asimismo constituye el proceso dominante en las

proximidades del punto de emisión , mientras que la deposición húmeda

prevalece en áreas remotas.

b) Deposición húmeda

El arrastre de gases y partículas por las precipitaciones puede

desarrollarse a través de dos procesos : rainout en los que el material

se incorpora a las gotas en el interior de la nube , y washout en los

que lo hace por debajo de esta última . Asimismo , hay dos formas de

abordar el problema : a través del coeficiente de sorción o arrastre

( scavenging coefficient ), o del coeficiente de lavado (washout ratio).

Coefícieate de sorción

El flujo de contaminantes hacia el suelo debido a la deposición húmeda

puede expresarse cono:

Fw =[A (z,t)._X(z,t).dz

siendo A un coeficiente de sorción o arrastre, X la concentración de

contaminante y H la capa atmosférica donde se produce tal sorción o

arrastre por hidrometeoras . Por analogía con la deposición seca se

puede definir una velocidad de deposición húmeda:
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Fw

(0, t)

de forma que si se supone que los contaminantes estan distribuidos de

forma uniforme en toda la capa , entonces:

q
Y. -J A (z,t).dz =[. .H

o

En el caso de partículas , A depende del tamaño de éstas y de las gotas,

y de un coeficiente de colisión entre ambas , considerándose

irreversible el proceso de sorción . La eficiencia de la colisión

depende también de la distribución de tamaño de las partículas

contaminantes.

El problema es más complejo en el caso de los gases , puesto que si bien

el proceso de captura de partículas es irreversible, ello no es

aplicable a las moléculas de gas , salvo casos excepcionales de

determinada composición química del hidrometeoro y del contaminante. El

flujo de una especie gaseosa hacia un hidrometeoro, es proporcional al

denominado coeficiente de transferencia másica entre el contaminante y

los elementos químicos presentes en los hidrometeoros <Kc en cm/s), e

inversamente proporcional a la velocidad de caída y tamaño de estos

últimos. Así:

6 K�
(ac) _ -�+---- X z

11..V,

Cuanto menor es el tamaño del hidrometeoro, más efectiva es la sorción

de los contaminantes gaseosos . Por ejemplo , para el caso del N03H:

A(rainout) _ 0,2 s-' y A (washout) _ 2,10 s-', a igualdad de

contenido total de agua.

Coeficiente de lavado

Otro método de cálculo de la deposición húmeda es el que utiliza el

llamado coeficiente de lavado ( washout ratio), que se define:

Ko
wr = ----

xo
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siendo Ko y X o la concentración de contaminante contenido en la

precipitación y en el aire junto al suelo, expresadas normalmente en

unidades masa/volumen. De esta forma, el flujo de contaminante hacia el

suelo debido a la precipitación será:

Fw = Ko. po = x u . W. Po

Y como por otra parte:

Vw = Fw/Xo = V..po y también Vw = �..H

los coeficientes de sorción (Vw) y de lavado (W..) pueden relacionarse:

Wr_p0

E

Según se ha comprobado experimentalmente, el coeficiente de lavado

disminuye con la cantidad de precipitación debida, probablemente, a las

razones anteriormente señaladas con respecto a la relación entre el

tamaño de las gotas y la eficiencia de la sorción, entre otras razones.

La ventaja de este procedimiento radica en que es posible realizar

medidas directas del coeficiente de lavado. La mayor parte de ellos

tienen un valor incluí do entre 10-3 y 10-5 para partículas y entre 10-4

y 10-6 para los gases.

El empleo del coeficiente de lavado resulta más apropiado para

estimaciones a largo plazo, mientras que para predicciones a plazo más

reducido, es aconsejable utilizar el método del coeficiente de sorción

o arrastre, siempre que se conozcan o puedan estimarse la distribución

vertical de los contaminantes, distribución de tamaño de partículas,

características de la precipitación, etc.

Finalmente, para ilustrar de forma gráfica lo expuesto acerca de la

problemática de la contaminación atmosférica, se recoge en la fig. 7 un

esquema general , en el que se representan los procesos que tienen lugar

desde la emisión de los contaminantes a la atmósfera, hasta su salida

de ésta a través de los distintos mecanismos de deposición.
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FIG. 7.- Procesos que afectan a los contaminantes en la atmósfera
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3.1. - ONSTDRRACIOIE GRATRALES

Los procesos de deposición -seca y húmeda- transfieren a la

superficie del terreno los contaminantes primarios y secundarios presentes

en la atmósfera. Ello supone su incorporación a un nuevo ambiente

geoquímico -suelo, roca, agua superficial, etc.-, en cuyo seno el término

"contaminante" modifica notablemente su significado, puesto que se produce

un cambio radical respecto a los procesos que gobernaban su presencia y

comportamiento antes de la deposición, y es también otra la sensibilidad

del medio receptor respecto a su presunta nocividad.

Evidentemente las primeras consecuencias de la deposición se

manifiestan en la superficie inmediatamente en contacto con la atmósfera,y

en tal sentido son los suelos, el agua superficial -especialmente lagos- y

la vegetación, los que soportan el impacto directo de los agentes

contaminantes. A efectos de considerar su presunta influencia sobre las

aguas subterráneas, es preciso destacar fundamentalmente dos tipos de

procesos: deposición de metales pesados (en adelante X.P.) y lluvia ácida.

Si bien los efectos directos suelen ser los más espectaculares (p. ej., el

deterioro de masas forestales por lluvias ácidas), existen otros que no

siendo tan evidentes, también pueden ser fuente de graves perjuicios para

el medio natural. En tal sentido es preciso hacer referencia a la

problemática que plantea la lixiviación de elementos traza

-particularmente metales pesados- hacia la zona saturada , referida tanto a

la fracción que aparta la deposición atmosférica, como a la que preexiste

en el terreno y es removilizada por su influencia. En efecto, puesto que

la migración de los X.P. en solución requiere, entre otros factores, de un

bajo valor de pH en la solución del suelo, es evidente que la lluvia ácida

va a favorecer dicha removilización: es decir, que ambos factores

ejercerán un efecto sinérgico sobre la calidad de las aguas subterráneas.

Además de favorecer la removilización de los X.P., los procesos de
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acidificación pueden llegar a incidir de forma directa en el pH del agua

subterránea, en la medida que el suelo y la zona no saturada suprayacentes

sean incapaces de neutralizar el aporte de Hl del agua de lluvia. En tal

sentido los materiales de menor contenido en carbonatos -granitos,

gneises , pizarras , etc. -, y los suelos con bajo índice de saturación de

bases (ver apdo. 3,3), serán los más favorables a la acidificación.

Si bien la exploración bibliográfica realizada en esta etapa del

Proyecto, ha puesto de manifiesta abundantes referencias acerca de la

incidencia de los metales pesados de origen atmosférico y la lluvia ácida

sobre el suelo , las plantas y las aguas superficiales -particularmente

lagos-, han sido por el contrario escasísimas las que abordan sus efectos

sobre las aguas subterráneas, como ya se adelantó en la introducción de

este estudio. Esta cicunstancia puede atribuirse, entre otros, a dos

importantes factores.

1. La atención hasta el momento se ha centrado en el impacto evidente

y directo sobre el suelo, la vegetación y las aguas superficiales,

como fenómenos que se manifiestan de forma inmediata a a corto

plazo, y que sin duda resultan gravemente perjudiciales para el

medio afectado.

II. El suelo y la zona no saturada constituyen en principio una

barrera frente a los contaminantes atmosféricos , debido a su

capacidad de neutralización de componentes ácidos y de retención

de los X.P. Además , las aportaciones de origen atmosférico no

resultan tan importantes como las de otras fuentes de

contaminación "tradicionales" (p. ej., residuos industriales).

Es evidente que, sin perjuicio de las acciones encaminadas a

evaluar el impacto directo de la contaminación atmosférica sobre el suelo,

plantas, etc., es preciso asumir que también las aguas subterráneas se

hallan implicadas en esta problemática, puesto que el comportamiento coma

barrera frente a la contaminación del trama insaturado suprayacente,

ciertamente no resulta perfecto. Prueba de ello es el enorme interés

actual por el estudio de los procesos físico-químicos que se desarrollan
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en esta porción del terreno , motivado por su influencia decisiva sobre la

migración vertical de contaminantes, y al hecho clave de su consideración

más como un elemento de retardo frente al avance de la contaminación, que

como barrera impermeable a la misma (a este respecto existen ejemplos tan

representativos como el de los pesticidas y los nitratos , de amplísima

difusión en la literatura científica).

En base a estos antecedentes , se ha fijado como objetivo del

presente capítulo la síntesis de la información bibliográfica recogida

acerca de los dos temas básicos planteados : metales pesados y lluvia

ácida , en la que se contemplarán aspectos fundamentales tales como por

ejemplo , su influencia sobre el suelo , eslabón de capital importancia en

el proceso de migración de los contaminantes hacia la zona saturada.

3.2.-

3.2.1.- ORIGEN Y CARACTERISTICAS DE LAS EIISIONES

Como se expuso en el apartado 2.2.1,, los K.P. aparecen asociados

a la materia particulada presente en la atmósfera.

Las fuentes naturales de los aerosoles que contienen X.P.

comprenden : polvo terrestre, aerosol marino, emisiones volcánicas,

incendios forestales y emisiones biogénicas. En lo que respecta a las

fuentes de origen antrópico, destaca con especial relevancia la producción

de energía eléctrica a partir de combustibles fósiles, así como también la

industria de fundición de metales no férreos , otras operaciones

metalúrgicas (hierro y acero , fundamentalmente , etc.), fabricación de

cemento y vehículos de transporte , incineradores, etc.

Los principales elementos traza que se encuentran en las cenizas

de los diversos tipos de carbón empleado en las centrales térmicas son, en

orden decreciente de concentración : hierro, zinc , plomo , vanadio,
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manganeso, cromo , cobre, níquel, arsénico , cobalto , cadmio, antimonio y

mercurio (ver tabla 3, apdo . 2.2.1.)

La C.E . E. realizó en 1983 un estudio ' acerca de la movilización de

K.P. procedentes de centrales que emplean combustibles fósiles , elaborado

en base a una profunda revisión y síntesis de un amplisimo volumen de

información . En el mismo se ofrece una excelente visión de los diversos

factores que caracterizan estas emisiones en lo referente a los X.P.,

algunos de los cuales se consideran de interés para esta exposición y por

tanto se recogen aquí.

Como punto de referencia inicial, en la tabla 8 se sefiala una

serie de parámetros característicos de una central térmica tipo de

1000 KV, que emplea hulla como combustible . Destaca la importante

reducción de la emisión de cenizas volantes que supone el empleo de

precipitadores electrostáticos . La tabla 9 recoge un amplio barrido de la

composición química y mineralógica de estas cenizas volantes. El

constituyente dominante de las esferas que integran las cenizas es un

vidrio de silicato de aluminio, formado en la combustión de los minerales

de la arcilla presentes en el carbón . Aparecen también mullita (3 A1203 .

2 Si02 ), corindón (a-A1203 ), haluros y sulfatos de alcalinos, sulfato

cálcico , silicatos y óxidos de hierro, estos últimos formados durante la

combustión de los minerales piríticos presentes en el carbón , y residuos

de carbón i nquemado en forma de coque.

La composición de las cenizas de hulla difiere de las provenientes

de la combustión del lignito y también del fuel-oil:

Los lignitos presentan un bajo contenido en arcillas , por la que las

esferas de silicatos de aluminio son menos frecuentes . Abundan por el

Sabbioni, E.; Goetz , L.- ,kobilization of heavy metals from fossil-
fuelled power plants, potential ecological and biochemical .implications
- IV. Assessment studies of the European situation. EUR 6998 (1983).



Fuel: hard coal

average net calorific value : 23,580 KJ/Kg
(European mean 1978)

average specific consumption : 9550 KJ/KWh generated
(European mean 1978)

ash 15% ( 815°C ) = 13.59 ( 1500°C)

sulphur 1.5%

moisture 5 %

coal pile extension ( 12-16 m high) 1 - 2.5 hectares

coal stored 100000 - 200,000 metric
tons

Fiovs metric tons/h metric tons/year
at 50% full load

coal consumption 405 1 . 8 x 106��-
air consumption 3700 1.6 x 107(25% excess)
bottom ash (10%) 5.5 2.4 x 104
f1y ash ESP (90% ) 49.2 2.2 x 105
£ly ash emitted by
the stack ( 99.5% 0 . 25 1.1 x 103precipitator
efficiency)
flue gas (stack) 4060 1.8 x 107
in which: ( 1.3.1010 m3)

C02 840 3.7 x 106

CO up to 4.3 up to 1.9 x 104

SO2 11.6 5.1 x 104
NOx 1.4 6.1 x 103
HC1 0.85 3.7 x 103

Tabla 8.- Consumo de carbón (hulla) y cantidad de productos generados en
la combustión para una unidad de 1000 MW (50% de carga total
anual)

80-90% A1-silicate-glass-spheres ( vith Ca, Mg, K. Na , As, V, Fe, Pb , Da etc.)

test : hematite-magnetite-spheres ( vith Ti, Cr, Cu , Co, etc.)

anhydrite (Ca 8o4)

quartz , cristobalite , SiO2 - giass

mullite (Ale Si2 013)
feldspars M20 . A1203 . 6Si02 M = K, Na, Ca }

mixed crystals of Na3 K(S04)2 - K NaSO4 - K3Na(S04)2

KA1 (S04)2

sulphates : e.g. (K, Na ) 2 (Ca, Pb, Zn)2 (504 ) 3, partially with Cl

ZnSO4 ( zinkosite)

fluorite (CaF2)

Da?2

Ca-phosphates

corundum ( a - A1203)

hercynite ( FeA1204)

coke-particles

Tabla 9.- Composición de las cenizas volantes procedentes de la combustión
de carbón
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contrario las granos de cuarzo parcialmente fundidos , así coma también,

las partículas de anhidrita.

- La combustión de fuel-oil produce fundamentalmente inquemados sólidos,

formados por coquización del combustible líquido. Los K.P. tales como Y

y Ni, se encuentran presentes en granos tan finos que su composición no

resulta identificable por rayos X. El vanadio aparece preferentemente

en forma de V20s.

La tabla 10 recoge la clasificación de los M.P. de acuerdo con su

distribución en varios residuos de combustión. Aunque existen algunas

discrepancias entre las distintas fuentes de información, pueden

considerarse válidas las siguientes conclusiones cualitativas:

- Hg, Br y Cl son totalmente emitidos en la fase gas, mientras que el Se

lo es sólo de forma parcial.

- As, Cd, Sb, Pb, Se (parcialmente) y Zn evidencian un enriquecimiento en

las cenizas volantes emitidas por la chimenea , respecto a su

concentración de entrada en el precipitador electrostática, y a su vez

de esta última respecto a las de la escoria. Ga y Mo suelen incluirse

en este grupo (existe también alguna referencia similar respecto a Te y

Ti).

- Cr, Ni, Co, In, Y y U muestran un comportamiento poca definido que

origina controversia entre los diversos trabajos. No obstante se admite

que su factor de enriquecimiento ' es pequeño.

El enriquecimiento de los elementos traza en las cenizas volantes del
carbón puede expresarse por un factor de enriquecimiento (FE), definida
mediante la siguiente ecuación:

[ x]. /[ Al ].
FE (x]c/(A11.

donde Ex]. y tx) c son respectivamente las concentraciones del elemento
x en las cenizas volantes y en el carbón, y [Al]. y (A1) las del
aluminio en estos mismas productos . Además del Al se emplean también
otros elementos tales como el S, y otras tierras raras, los cuáles
muestran una distribución uniforme en los productos de combustión del
carbón.



Tabla 10.- Clasificación de los M.P. en función de su distribución en diferentes
residuos de combustión

Clase I, incorporadadistrba ala
escoria, Comportamiento interne Clase II, enri�Necimienla coria, distribuida Clas� III, corno vapor

por igual entre escori dio entre las Clases i to en las cenizas volañ ene flujo de emision
cenizas volantes y II tes

Al, Da , ea, ce, Co, Cr , Cs, Ha , Ni, U, V As, cd, Cu , ca, No, Hg, Se, Sr, el
Cu, Fe , Uf, K, La, Mg, Pb, Sb, Se, Zn
Mn, Rb , Sc, Si, Sm,
Sr, Ta, Th, Ti

Al, Ca , Ce, Cs , Fe, Mg , Da, De , Co, Cr , Cu, As , Cd, Ga, In, No Hg, Dr, Se
Mn, K, Ha , Th, Ti, Sc Ni , Sr, u, v Pb, se, Sb, U, Zn

Al, Fe , Nb, Rb, Sr, As, Cu, No, Pb
Zr, Y Sb, Se, Zn

Ce, Fe , Ha As, Ore Cr, Ca, Hg, Ng, Se, Dr, el
Pb, Sb, Se, Zn

Br, As , Hg, No,
Pb, Sb , Se, Te, Ti
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Al, Ba, Ca, Co, Eu, Hf, Fe, K, La , Mg, Mn, Na, Ab, Rb, Sc, Si, Su, Ta,

Th y Ti tienden a incorporarse a la escoria, si bien también aparecen

en las cenizas volantes.

La definición de este comportamiento diferencial, es

particularmente importante a efectos de evaluar su incorporación al

terreno por deposición.

La tabla 11 recoge los factores de enriquecimiento para una serie

de elementos traza, contenidos en las partículas emitidas por las

chimeneas de 7 centrales térmicas. La tabla 12 refleja el orden relativo

de volatilidad para un conjunto de elementos y su compuestas, los cuáles

volatilizan parcial o totalmente a la temperatura de combustión

( 1500 'C), así como algunas especies que hierven o subliman por encima y

por debajo de dicha temperatura.

3.2.2.- PRODUCCI61 DE NRTALES PESADOS EH LAS CENTRALES TICAS

EUROPEAS (EUR-9)'

La evaluación de la cantidad de M.P. movilizados .a través de los

residuos de la combustión, constituye un elemento de particular

importancia en la valoración del impacto que puede originar su deposición.

Desafortunadamente no se conocen datos (probablemente no estén

elaborados) acerca del volumen de M.P. liberadas por los procesos de

combustión en España. Sin embargo, si existen estimaciones respecto a los

demás países de la C.E.E. excepto Grecia y Portugal, concretamente en el

estudio al que se hizo mención en el apartado precedente. Esta información

constituye no obstante una excelente referencia sobre múltiples aspectos

EUR-9 : B, Bélgica ; D, Rep. Fed. de Alemania ; DK, Dinamarca; F, Francia,
1, Italia; IRL, Irlanda; Lx, Luxemburgo; A, Holanda; UK, Reina Unido.



Tabla 11.- Factores de enriquecimiento para una serie de elementos traza
contenidos en las partículas emitidas por las chimeneas de 7
centrales térmicas

Mass Balance Study - Foyer P1-%t
Trace aost reasosabie
eleaeat Four Corsers veighed

A11en Valmoat Cba1k
Poizt

Huntingtoa 625 MV 520 MV mean value

As 6 -. 6.3 6 . 6 7.9 5.7 6.5
Cd - - - 6.0 - 6.0
Cr 3.0 - 1. 1 2.5 2.6 1.75 2.2
Cu 1.3 1. 7 - - - - 1.5
Hg - - - . - - - o.)
me - 3.0 - 1.8 3.5 2.7 2.7
Ni 0.9 - 1.6 - - - 1.4
Pb 8.1 3.1 3.7 - 3.8 - 4.0
Sb 6.7 - 4.0 7.0 5.3 4.0 5.3
Se 5.5 1.7 5.7 3.0 5.3 . 4.5 4.8 n)
Th 0.76 - - 0.95 0.90 0.90 0.9
Ti - - - - - - 6.5 b)
u - - - 3.3 2.5 1.9 2.6
V 2.5 - 0.75 2.0 2.5 2.2 2.3
Za 7.8 2. 5 1.5 4. 3 4.3 3.0 3.9
Se 1.0 - 1.0 1.0 1.0 1.0 1.0
Fe 0.84 1.0 0.83 1.1 0.9 0.94 1.0

c.) 89% of Hg and 12. 15% of Se as originally contained In coal are emitted
in the gaseous phase

b) no data available , assumed te be ecual te the behaviour of As

Tabla 12.- Ebullición y sublimación de sustancias inorgánicas presentes
durante la combustión del carbón

Species boiiing or sublimating . Species boiling or sublimating,
< 1550°C > 155000

As, AS203, A$2S3 ' Al, Al203
Da Bao

Seo
mi 5i203
Ca C
Cd, CdO, CdS CaO
Cr(CO) 6 9 CrCl3 9 CrS ( 155°C ) Co, CoO, CeS
x Cr, CP203
Mg Cu, Ca0
Ni(C0)4 te, Fe203, Fe304, Feo
PbC12 0 PbO , PbS HgO, HgS
Rb un, MnO, Ma02
S Ni, Nio

Pb (1620-1750°C)
Se, Se02 . SeO3 Si, Si02
Sb, Sb2S3, $b203 Sn, Sn02

Sr0
S=5 Ti, T£020 Tío
Sr ü, 002
T1, T120, T1203
Za, ZnS ZnO

Relative orden of volatílity

Oxides, sulphates , carbonates , silicates and phosphates:
As, Hg > Cd > Ph , Si, TI > Ag, Zn > Cu, Ca > Su > Li, Ha , X. Rb, Cs

Elemental state:
Hg > As > Cd > Zn > Sb 2 Di > T1 > Mn > Ag, Sn. Cu > Ga, Ge

Sulphides:
As, Hg > Sn, Ce > Cd > Sb, Pb 2 Si > Zn. T1 > Cu > Fe , Co, Ni, Mn, Ag
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de esta problemática, par lo que en este capítulo será empleada de forma
reiterada.

La fig. 8 refleja de forma esquemática los diferentes aspectos

cuyo conocimiento es necesario para predecir la movilización de M.P.

procedentes de las centrales térmicas de carbón (siempre con referencia a

los nueve países de la G.E.E. antes citados). En tal sentido es preciso

conocer , en primer lugar:

1. Previsión del consumo de carbón para cada Estado Miembro. La tabla

13 recoge esta información , elaborada en base a datos de la DG

XVII (D Gral. de la Energía comunitaria).

II. Valores medios del contenido de M.P . en los carbones empleadas en

la C.E.E.. Se listan en la tabla 14.

En base a los datos reflejados en las tablas 13 y 14, se realiza

la estimación de la movilización de M.P. en las centrales térmicas de cada

Estado Miembro. La tabla 15 ofrece las predicciónes para los años 1980,

1985 y 1990, en comparación con la situación de 1978, que en la fig. 9 se

expresa de forma gráfica. La movilización global prevista para 1990 puede

resumirse como sigue:

X. P. (Tm)

Hg, Cd, Te, U 50-500

Se, Sb , Th 500-1.000

Io, As, Cu, Cr 1.000-10.000

Ni, Pb, Y 10.000-20.000

3.2.3.- MOVILIZACIÓN DE LOS K.P. EY FUICI61 DEL TIPO DE RESIDUO

Si bien los resultados de la tabla 15 expresan la movilización

total de las M.P., en ellos no se tiene en cuenta su distribución entre

los diferentes residuos de combustión. Este dato resulta imprescindible

para predecir, cualitativa y cuantitativamente, qué M.P. van a ejercer un
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Hember State
Constituent

D D DI 1 IRL LX N L[ MR-9

As 30.6 558 49 222 21 0. 3 0.01 17 1405 2303

Cd 2.4 19 2.5 11.5 1.1 0.02 0.5 x 10-3 0 . 9 25 62.4

Cr 262 963 216 624 92 1.3 0.04 75 2673 5128

Cu 197 1270 108 192 46 0.7 0.02 37 1505 3356

Hg 1.6 15.4 1:4 4.6 0.6 0.005 0.3 x 10-3 0.5 23.4 47.7

Ho 10 539 22 . 5 105 9.7 0.14 5 x 103 7.0 251 945

Ni 259 1733 166 670 60 1.1 0.04 65 3177 6371
rb 400 2618 260 1008 111 1 . 6 0.05 90 1839 6326
Sb 9 55 10.8 78 4.6 0.07 2 x C3 3.7 276 437

Se 7.5 62 8.3 30 3.6 0.05 2 x 103 2.9 234 348

Th 18.8 81 19.6 131 8 . 4 0.12 4 x 10-3 6.8 318 590

71 4.7 39 4.9 23 2.1 0.03 1 x 10-3 1.7 84 159
V 10 39 10.8 71 4.6 0.07 2 x 10-3 3.7 167 306

V 338 2090 319 1490 137 2.0 0.07 111 4013 9300
Zn 776 2810 524 3940 223 3.2 0.1 182 4765 13225

1978

Member $tA*e
Constitucnt

6 0 DI ► 1 IRL LX N V[ LUR-9

As 34 618 66 248 45 0 . 5 n.d. 26 1514 2552

Cd 2.6 21 3 . 3 12.5 2.3 0.025 vi. d. 1.3 27 70.3

Cr 312 1065 290 922 198 2 . 2 n.d. 114 2883 5766

Cu 218 1406 145 213 99 1.1 n.6. 57 1622 3763

Hg 2.0 17 1.9 5.1 1.3 0.014 n . d. 0.73 25 53

Ho 11.4 596 30 116 21 0 . 23 n.d. 12 270 1059

N/ 266 3917 251 973 171 1.9 n.d. 99 3424 7123

rb 442 2897 350 1126 239 2.7 n.d. 138 1902 7177

Sb 9.9 60 14.5 07 9.9 0 . 11 n.d. 5 . 7 297 404

Se 8.3 64 11.2 33 7.7 0 . 09 n.d. 4.4 252 381

Th 21 90 26 154 le 0 . 2 n.d. 11 . 5 342 663

Ti 5.2 43 6.6 26 4.5 0 . 05 n.d. 2.6 90 177

0 10.9 43 14 . 5 79 9 . 9 0.11 n.d. 5.7 180 343

V 374 3195 429 1664 293 3.3 id. d. 169 4325 10452

zn ese 3110 706 4403 482 5. 4 n.d. 270 5136 14978

1980 (previsto)

Hoaber State
Constituent

8 D D[ P 2 IRL LX N Vt CUR-9

Al 37 716 108 149 76 6 n.d. 35 1524 2651

Cd 2.9 25 5 . 4 7.7 3 . 8 0.3 n . d. 1.6 27 74

Cr 342 1235 475 534 324 26 n.d. 154 2902 6022

Cu 239 1630 230 129 167 13 n.d. 77 1633 4126

Hg 2.2 20 3.0 1.1 2.1 0.2 n.d. 1.0 25.4 57

Ho 12.5 692 49.7 71 35 2.e n.d. 16 272 1151

Ni 314 2223 410 585 269 23 n.d. 133 3447 7424

Pb 405 3359 572 670 403 32 n.d. 106 1995 7713

Sb 10.0 69 24 32 17 1.3 n.d. 7.7 299 481

Se 9.1 74 16 20 13 1.0 n.d. 6.0 254 395

Th 25.1 104 43 92 30 2.4 n.d. 14 345 656

Ti 5.7 49.4 10.8 15.4 7.6 0 . 6 n.d. 3 . 5 90.7 104

V 12 49 24 46 17 1.3 n.d . 7.7 101 340

V 410 3705 702 1001 494. 39 n.d. 225 4334 10937

zn 941 3605 1156 2649 813 64 n. d. 375 5170 14774

1985 (previsto)

Hember State
Constituent

e D DR ► 2 IRL LX N V[ £U R-9

AS 44 912 140 78 350 51 n.d. 74 1798 3447

Cd 3.4 31.5 7 4 17.5 2 . 6 n. d. 3 . 1 32 102

Cr 402 1573 616 288 1540 224 n . d. 326 3424 8393

Cu 201 2076 300 67 770 112 n. d. 163 1926 5703

Hg 2.5 17.6 3.9 1.6 9 . 8 1.4 m. d. 2.1 30 69

Ho 14 . 7 081 64 37 , 161 23.5 n. d. 34 321 1536

Nt 369 2831 532 304 1330 194 n. d. 281 4066 9901

Pb 570 4277 742 352 1935 270 n.d. 392 2354 10812

Sb 12.7 es 31 27 77 11.2 n.d. 16.3 353 616

Se 10.1 94 23.8 10.4 60 8.7 n.d. 12.6 300 520

Th 29 . 3 132 36 48 140 20 . 4 n. d. 29. 6 407 663

T1 6.7 62 . 9 14.0 8.0 35 5.1 n. d. 7.4 107 246

u 14.1 63 31 25 77 11.2 n. d. 16.3 214 452

V 482 4718 910 520 2275 332 n. d. 481 5136 14854

ln 1106 4592 1498 1376 3745 546 n . d. 792 6099 19754

n.d. . no data available
1990 (previsto)

Tabla 15.- Movilización de metales pesados (Tm) generados por las centrales
térmicas de carbón (hulla) europeas (EUR-9)
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impacto preferente sobre determinados comportamientos del ecosistema

(atmósfera , suelo, agua , etc...).

En arden a predecir, para cada país de la CEE, las cantidades de

M.P. liberadas en el entorno de las centrales térmicas, resulta necesaria

la siguiente información.

I. Movilización total de af. P. y predicción del futuro consumo de

carbón (tablas 13 a 15).

II. Cantidad total de cenizas producida y forma en que se distribuye,

desde su entrada al precipitador electrostático, hasta su salida

por la chimenea . La tabla 16 ofrece una estimación de las cenizas

totales, así como del volumen de cada uno de sus diferentes tipos,

producido por la combustión de hullas y lignito en centrales

térmicas de los 9 países de la CEE considerados'.

III. Conocimiento cuantitativo del reparto de los M.P. entre los

residuos de la combustión , determinando para ello la penetración

relativa del elemento (emisión/consumo). La tabla 17 refleja la

penetración en valores porcentuales, calculada en base al valor

medio ponderado de los factores de enriquecimiento elemental

expresados en la tabla 11. Cuanto menor es la eficiencia del

precipitador, la penetración porcentual de los M.P. se incrementa.

Este incremento de la penetración es, sin embargo , algo inferior

al decrecimiento de la eficiencia del precipitador, debida a que

esta menor eficiencia afecta a la captura de las partículas más

Se ha supuesto:
- Contenido de cenizas del carbón: 15% (Te cenizas = 800'C)
- Tipo de caldera : lecho seco (90% cenizas volantes y 107. cenizas

del lecho)
- Eficiencia del precipitador electrostático: 99,57.
- Cenizas volantes a la salida del precipitador: 0,57.
- Cenizas volantes emitidas: 0,45% de las cenizas totales.



Member from hard coal and coke from brown Goal , lignite, peat
State 1978 1980 1985 1990 1978 1980 1985 1990

B 635 700 770 900 - - - -

D 5200 5750 6700 8500 5750 6090 5860 5860

DK 660 890 1460 1900 - - - -

F 3100 3450 2100 , 1100 115 140 105 105

1 285 610 1030 4700 95 110 110 110

IRL, 4 . 1 6.8 81 690 150 175 205 210

LX 0.14 n.d. n.d . n.d. - - - -

N 230 350 470 1000 - - - -

UK 11300 12150 12250 14450 - - - -

EUR-9 21400 24000 24800 33200 6100 6500 6300 6300

n.d. = no data available CENIZAS TOTALES

ash content hard coal (1600°c ) assumed 13.5%
ash content brown coal assumed 5.5% [68]

Member from hard coal and coke from brown coal , lignite, peat
State 1978 1980 1985 1990 1978 1980 1985 1990

B 570 630 690 810 - - - -
D 4700 5200 6000 7600 5175 5480. 5275 5275
DK 600 800 1300 1700 - - - -
F 2800 3100 1900 970 104 126 95 95
1 260 550 '920 4300 86 100 100 100
IRL 3.6 6.1 73 620 135 158 185 190
LX 0.12 n . d. n.d. n.d. - - - -
N 205 315 425 900 - - - -
uK 10150 10950 11000 13000 - - - -

EUR-9 19300 21550 22300 29900 5500 5 850 5650 5660

n.d. no data available
CENIZAS VOLANTES (pptador)

Ely ash yield assumed 90% (dry bottom boiler)

Member from hard coal and coke from brown coal , lignite, peat

State 1978 1980 1985 1990 1978 1980 1985 1990

B 2.9 3.2 3.5 4.1 - - - -

D 23.4 25.9 30 . 2 38.3 25.9 27.4 26.4 26.4

DK 3.0 4.0' 6.6 8.6 - - - -
F 14.0 15.5 9.5 5.0 0.5 0.6 0.5 0.5
1 1.3 2 . 7 4.6 21.2 0.4 0.5 0.5 0.5

IRL 0 . 02 0.03 0.4 3.1 0.7 0.8 0.9 0.9
LX 0.6x103 n_d. n.d. n.d. - - - -

N 1.0 1.6 2.1 4.5 - - - -
uK 50 .9 '54.7 55. 1 65.0 - - - -

EUR-9 96.3 108 .0 111. 6 149.4 27.5 29.3 28.3 28.3

n. d. = no data available
CENIZAS EMITIDAS (en chimenea)

ESP efficiency assumed to be 99.5%

Tabla 16.- Producción de cenizas en las centrales térmicas de carbón
europeas (EUR-9) de acuerdo con las previsiones de consumo
de la DG XVII/D/2 (en miles de Tm)



Tabla 17.- Penetración (% de elementos para calderas de lecho seco
con una producción de cenizas volantes del 90%, equipadas
con un precipitador electrostático del 99,5% de eficiencia)

Element Penetration Element Penetration

As 2.93 Sb 2.39

Cd 2.7 ea) 14.3

Cr 0.99 Th 0.405

Cu 0.68 Ti 2.93

Hga) 89 U 1.17

Mo 1.22 V 1.04

Ni 0.4 Zn 1.76

Pb 1.8 Sc 0.45

a) Incluyendo también los vapores,

Penetración (1) = Yfa x (100-eLLESP ) x EF / 100

Yfa = rendimiento en cenizas volantes (%)

effESP = eficiencia del precipitador electrostático (%)

EF factor de enriquecimiento en las cenizas volantes emitidas

Tabla 18.- Penetración (%) de elementos para dos centrales térmicas
cuyos precipitadores electrostáticos poseen diferente eficiencia

theESP ef!icieney E5P efpiciency Value used Vo
Ele:nent 99.8X 97- ES? éficiiency99.5%r

As 1.06 11.5 2.93

Cd n. d. 8.8 2.7

Cr 0.30 3.8 0.99

Cu n.d. n. d. 0.68
b)

eg n.d. n.d. 89

Ho 0.19 5.1 1.22

ni n. d. U. d. 0.4

Pb n.d. 5.5 1.8
Sb 0.93 7.7 2.39

Se 0.51a ) 7.75) 14:3
a

6b

Th 0.14 1.32 0.405

Ti n.d. n.d. 2.93

0 0.46 3.7 1.17

V 0.29 3.7 1.04

En 0.64 6.3 1.76

Sc 0.15 1.46 0.45

Al 0.13 1.1 0.45

Fe 0.16 1.32 0.45

n. d. no data avaílable

a) only particulate
b) particulate plus vapour
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pequeñas, las cuáles contienen cantidades relativamente elevadas

de X.P. respecto a su masa total. La tabla 18 muestra las

penetraciones en función de la eficiencia del precipitador.

3.2.4.- PREVISIÓN DE LA EXISIÓY DE H.P. EN LOS PAISES DE LA CEE

(EUR--9)

La tabla 19 ofrece la estimación del contenido de X.P. en las

emisiones por chimenea correspondiente al período de 1980-1990, en

comparación con la situación de 1978, calculada en base a la previsión de

la movilización total (tablas 14 y 15), predicción de las diferentes

cenizas producidas (tabla 16) y valores de penetración para cada elemento

(tabla 17).

En orden a valorar el grado de influencia de la eficiencia del

precipitador electrostático sobre la emisión de X.P. en chimenea, la tabla

20 ofrece una comparación de la descarga de X.P . en dos centrales de

similares características, con excepción de la eficiencia del

precipitador. Los resultados indican que se produce un notable incremento

en los X.P. emitidos cuando la central trabaja con una eficiencia del 97%.

La tabla 21 refleja en términos porcentuales la fracción de la

masa total de cenizas emitidas, correspondiente a cada una de las

categorías de tamaño de partícula en que éstas se agrupan . La tabla 22

muestra para esta misma clasificación, la distribución porcentual de masas

correspondiente a una serie de 15 elementos traza. Combinando estos datos

con las previsiones de liberación de X.P., se obtiene, a modo de ejemplo,

la previsión de la emisión de 1985 en función del tamaño de las

partículas, tal como se recoge en la tabla 23.

3.2.5.- INCIDENCIA AMBIENTAL DE LA DEPOSICIÓN DE H.P.

El conocimiento acerca del comportamiento de los X.P. incorporados

al suelo por la deposición, resulta fundamental para predecir su posible



Haeber State
constitucnt

8 D DI F I IRL LX N UI EVR-9

Al 0.9 16.3 1 . 4 6.5 0.6 • 0.009 0.3 x10 0.5 41.1 67.4

Cd 0.065 0.51 0.068 0.31 0.03 0.0005 0.014x10-3 0.024 0.68 1.68

Cr 2.8 9.5 2,1 6.2 0.9 0 . 013 0.4 x10- 3 0.74 26.5 50.8
Cu 1.3 8.6 0.7 1.3 0.3 0.005 0 . 1 x103 0.23 10.2 22.8

Hg 1.6 13.7 1.25 4.1 0.53 0.007 0.27 x103 0.45 20.8 42.5

Mo 0.12 6.5 0.27 1 . 28 0.12 0.002 0.06 x103 0.094 3.05 11.3

lit 1.04 6.9 0. 74 3.5 0.32 0.004 0.2 x103 0.26 12.7 25.5

Pb 7.2 47.1 4.7 18.1 2.0 0.03 1 x103 1. 6 33.1 113.9

Sb 0.21 1.3 0.26 1.9 0 . 11 0.002 0.05 x103 0.09 6.6 10.4

Se 1.1 8.9 1.2 4.3 0.5 0.007 0.3 x103 0.4 33.5 49.8

Th 0.08 0.33 0.08 0.55 0.03 0.5x103 0.02 x103 0.03 1.3 2.4

Ti 0.14 1.14 0.14 0.67 0.06 1 x103 0.03 x103 0 .05 2.46 4.66

U 0.12 0.46 0.13 0.83 0.054 0.8x10 3 0.02 x103 0. 043 1.95 3.58

V 3.5 29.9 3.3 15.4 1.4 0 . 02 0.7 x 10-3 1.1 41.5 96.3

2:n 13.6 49.3 9.2 69.1 3.9 0.06 2 x10-3 3.2 83.6 232.1

1978

Hember State
Constituent

8 D DI F I IRL LX N UI CUR-9

As 1.0 18.1 1 . 9. 7.3 1.3 0.015 n.d. 0.8 44.3 74.6
Cd 0.07 0.57 0.09 0.35 0.06 0,7x10-3 n.d. 0.035 0.73 1.9
Cr 3.1 10.5 2 . 9 9.1 2.0 0.02 n.d. 1.1 28.5 57.3
Cu 1. 5 9.6 1.0 1.5 0.7 6.008 . n.d. 0.4 11.0 25.7
Kg 1.78 15.1 1.7 4.5 1.2 0.013 n.d. 0.64 22.3 47.2
No '0.14 7.2 0 . 36 1.43 0.26 0.003 . n.d. 0,15 3.3 12.9
N1 1.14 7.7 1 . 0 3.9 0.68 0,0076 n.d. 0.40 13.7 28.5
Pb 8.0 52.1 6.3 20.3 4.3 0.05 n.d. 2.5 35.7 129.2
Sb 0.24 1.4 0.33 2.1 0 . 24 0.0026 n . d. 0.14 7.1 11.5
Se 1.2 " 9.2 1.6 4.7 1.1 0 . 01 a.d. 0.63 36.0 54.5
Th 0.085 0.36 0.11 0.62 0.073 0.6x10- 3 n.d. 0.046 1 . 39 2.69
Ti 0.13 1.26 0 . 19 0.76 0.13 0.001 a. d. 0.076 2 . 63 5.19
U 0.13 0.50 0 . 17 0.92 0.12 0.0013 n.d. 0.067 2.11 4.0
V 3.9 33.1 4.4 17.2 3.0 • 0.034 a . d. 1.75 44.8 108.2
2n 15.1 54.6 12.4 77.3 5. 5 0.095 n.d. 4.9 90.1 262.9

1980 (previsto)

Helsber State
Constituent

8 D DI P I IRL LX N UI 102-9

As 1.08 20.9 3.2 4.4 2.2 0.18 n.d. 1.0 44.6 77.5
Cd 0.08 0. 68 0.15 0.21 0.10 0.008 n.d. 0.05 0.73 2.0
Or 3.4 12.2 4.7 3.3 3.3 0.26 n.d. 1.3 28.7 59.6
Cu 1.6 11.1 1.6 0.88 1.14 0.09 2. 4. 0.52 11.1 28.1
Hg 1.96 17.8 2.7 2.8 1.9 0.18 ti. d. 0 . 89 22.6 50.8
Ho 0.15 8 . 4 0.6 0.86 0.43 0.034 n. d. 0.19 3.3 14.0
Ni 1.26 8.9 1.64 2.34 1.16 0.09 n.d. 0.33 13.5 29.7
Pb 8.7 60.3 10 . 3 12.2 7.3 0 . 58 n.d. 3.35 35.9 138.8
Sb 0.26 1.65 0.37 1.23 0.41 0.03 n.d. 0.18 7.1 11.5
Se 1.3 10.6 2.6 2.9 1.9 0.14 n. d. 0.86 36.3 56.6
Th 0.10 0.42 0.17 0.37 0.12 0.01 U. d. 0.057 1.40 2.65
Ti 0.17 1.44 0 . 32 0.45 0.22 0.018 n.d. 0.10 2.65 5.37
U 0.14 0.57 0.28 0.56 0.20 0.015 n.d. 0.090 2.12 3.98
V 4.24 38.3 7 . 3 10.4 5 . 1 0.40 n. d. 2.4 45.1 113.2
Zn 16.5 63.3 20.3 46.5 14 . 3 1.1 n.d. 6.6 90.7 259.3

1985 (previsto)

Member State
Constituent

8 D DI P I IRL LX N UI 108-9

As 1.3 26.7 4.1 2.3 10 . 2 1.5 n.d. 2.2 52. 6 100.8
Cd 0.09 0.85 0.19 0.11 0.47 0,07 n.d. 0.10 0.86 2.75
Cr 4.0 15.6 6.1 2.86 13.2 2.2 n.d. 3.2 33.9 83.1
Cu 1.9 14.1 2 . 1 0.46 5.2 0.76 n.d. 1.1 13.1 38.8
Hg 2.2 15.7 3.5 1.4 8.7 1.2 n.d. 1.9 26.7 61.4
Mo 0.18 10.7 0.78 0 . 45 1.96 0.29 n.d. 0.41 3.9 18.7
Ni 1.3 11 . 3 2.1 1 . 2 5.3 0.78 n.d. 1.1 16.3 39.6
Pb 10.3 77.0 13.4 6 . 3 33.4 4.9 n . d. 7.1 42.4 194.6
Sb 0.30 2 . 1 0.74 0 . 64 1.84 0 . 27 n.d. 0 . 39 8.42 14.69
Se 1.53 13.4 3.4 1.49 8.58 1.24 n.d. 1.80 42.9 74.3
Th 0.12 0.53 0.23 0 . 19 0.57 0 . 08 •n. d . 0.12 1.65 3.50
TI 0.20 1.84 0.41 0.23 1.02 0.15 n.d. 0.21 3.13 7.20
U 0.16 0.74 0.36 0.29 0:90, •0.13 n . d. 0.19 2.30 5.28
V 5.0 46.8 9 . 4 5.4 23.5 3.4 n.d. 5.0 53 . 2 153.7
Zn 19.4 80.6 26.3 24 . 1 65.7 9.6 n.d . 13.9 107 . 0 346.6

1990 (previsto)n. d, - no data available

Tabla 19.- contenido de M.P. en las emisiones por chimenea de los paises
de la CEE (EUR-9)



Tabla 20.- Contenido en M.P. en las emisiones , a la atmosféra estimadas
para los países de la CEE (EUR-9) en 1985, calculado para
dos tipos de eficiencia del precipitador electrostático

ESP efficiency

99.5X 971C

A 77.5 305
Cd 2.0 6.5

Cr 59.6 229

Cu 28 . 1 n. d.

Hg 50.8 50.8

Mo 14.0 59

Ni 29.7 n.d.
Pb 138.8 424

Sb 11.5 37
Se 56.6 78
Th 2.65 8.7
Ti 5.37 21.2a�

u 3.98 12.6
v 113.2 405
Zr 259.3 931

n.d. = no data available

a) penetration assumed to be equal to that of As

Tabla.21.- Relación entre la masa y el tamaño de partícula en las
emisiones de sólidos por chimenea

Size £raction mass fraction of
total emitted ash

microns %

o - 1.5 10

1.5 - 3 26

3 - 7 35

7 - 15 16

15 - 40 10

40 3



Tabla 22.- Distribución porcentual de la masa frente al tamaño de
particulas para los M.P. presentes en las emisiones de
sólidos

Diámetro de parti
Contenido en H.P...de las partículas emitidas por chimenea (%)

-
la (micras) As Cd Cr Hga Mo Ni Pb Sb Sea Th Ti U V Zn Sc

0 - 1.5 35 35 43 93 74 32 49 40 39 20 35 48 64 35 19

1.5 - 3 29 26 20 1 8 21 19 29 14 42 29 17 17 26 41

3 - 7 32 33 30 2 17 13 17 27 35 34 32 34 18 33 36

7 - 15 3 5 5 2 1 8 7 4 8 3 3 1 1 5' 3

15 - 40 1 1 2 2 0 26 8 0 4 1 1 0 0 1 1

a) sólo MP contenidos en partículas, no en fase vapor

As, Cr , Mo, Sb, Se, Th, U, V. Zn, Sc para una eficiencia del precipitador del 99,8%
Hg. Ni, Pb para una eficiencia del precipitador del 96%
Cd se supone un comportamiento similar para Cd-Zn, así como para T1-As

Tabla 23.- Previsión de la emisión de M.P. en función del tamaño de
particulas en el territorio de los países de la CEE (EUR-9)
para 1985.

Element Particle size in microns
0 - 1.5 1.5 - 3 3 - 7 7 - 15 15 - 40

As 27. 1 22.5 24.8 2.3 0.8
Cd 0.7 0.52 0.66 0.1 0.02
cr 25.6 11.9 17.9 3.0 0.6
Hg 49 a) 0.3 0.5 0.5 0.5
Mo 10.4 1.1 2.4 0.1 -
Ni 9.5 6.2 3.9 2.4 7.7
Pb 68.0 26.4 23.6 9.7 11.1
Sb 4.6 3.3 3.1 0.5 -
Se 52.oa) 1.1 2.6 0.6 0.3
Th 0.53 1.11 0.9 0.08 0.03
Ti 1.9 1.6 1.7 0.16 0.05
U 1.9 0.68 1.36 0.04 -
V 72.4 19.2 20.4 1.2 -
Zn 90.8 67.4 85.6 12.9 2.6

a) inclusive of vapours
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migración desde este horizonte hacia las aguas subterráneas . La naturaleza

e intensidad de la interacción metales/componentes del suelo, es la

responsable de que, en determinadas circunstancias , llegue a producirse

una removilización de los K.P. retenidos y su consecuente migración hacia

horizontes inferiores.

Como punto de referencia inicial, la tabla 24 recoge para una

serie de X.P . los valores de deposición total (Kg/Ha / año), seca y húmeda,

para áreas urbanas , rurales y remotas.

Una vez introducidos en el suelo, los X.P. pueden i nteraccionar

directamente con sus componentes a través de una compleja serie de

procesos químicos, físicos y biológicos.

El suelo constituye una eficiente barrera para la migración de los

X.P., a menos que el elemento se encuentre bajo forma disuelta. Las

condiciones de pH y los componentes orgánicos e inorgánicos del suelo,

influyen decisivamente en la movilidad de los X.P. en su seno. Las tablas

25, 26 y 27 ofrecen una orientación inicial aI respecto. En ellas se

recoge, respectivamente , la afinidad de los X.P. por los distintos

componentes del suelo, su concentración a diferentes valores de pH y,

finalmente , su comportamiento (movilidad ) respecto a los diferentes

procesos genéticos.

Los diferentes componentes del suelo se encuentran en equilibrio

dinámico , tal como refleja la figura adjunta.
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Tabla 24.- Deposición de M.P. en áreas urbanas, rurales y remotas

I)epsisition rete
(kg;h„/yr) As Cd Co Cr Cu Hg Fe Mn Ni Pb Sb Se v Zn

Reinc,te
Ilulk 0.00031 0.000002- 0.003 0.000012- 0.0002 0.0062 0.000012- 0.00016 0.000011-

0.00005 0.0019 0.0093 0.025
Dry 0.002

Rural
BuIk 0.01-<10 0.0012-<0.1 0.01-0.5 •0.018-0 .5 • 0.00073- 0.85 0.021-0.5. 0.01-0.5 0.01- <0.01 <0.01 0.01-12 . 4 0.04-11

0.01 <2.72
Dry <0.0036 <0.047 <0.02 <0.02 <0.31 0.09 <0.72 <0.25 <2.02
Wet <0.8 <0.094 <0.57 0.033 <0.0002 0.54 <0.25 <0.87 <2.1 <4.8 0.095-

<7.92
Urban
Bulk 0.0025- 0 . 007-0.26 <1 10.6 0.002-3.01 0.015 0.4-10.0 <1.0 0.1-5.95 0.05-12.36 0.043-8.3 0.07-15.8

<1.1
Dri• 0 .002- <0 .094 0 .00009 0.0026-0.4 0.119 0.00005 0.117 0.0027- 0.0044- 0.042- 0.006 0:003- 0.053-

<0.003 <0.83 <1.1 <2 <0.35 5.94
Wet 0.001- 0.001 - 0.000036 0.00084- 0.164 0 .0003 0 .042 0.0023- 0.0044- 0.026- 0.004 0.044- 0.12-11.9

<1.23 <0. 17 <0.7 <0.99 <2.74 <26.5 <9.04
Washout ratio 110 125-5000 150 140-751 250-951 370-5000 125 76-169 110 179-1000
Dry deposition <0.1 0.4-8 .0 0.3-1 .9 0.5 0.5-1.1 0.3-1.9 0.4-0.9 0.45-2.0 0.16-0 .3 0.06-<0.4 <0.1 -0.6 0.2 -0.7 0.4-4.5

velocity
(crn/s)



Tabla 25

AFINIDAD DE LOS MP POR LOS COMPONENTES DEL SUELO
Mate rial Rclstive aftivty R<fezence

Al oxides (amorpbous ) Cu > Pb > Zn > Cd Kiaaiburgh et aL (1976)
Geothite Cu > Pb > Za > Cd Forbee ce al (1974)
Fe oxides (amorphous ) Pb > Cu > Za > Cd Kiaa:burgh et aL (1976)
tia oxides Cu > Za Murray (1975)
Fulvic acid (pH 5.0) Cu > Pb > Za Schaitrer aad Skiaaer

(1967);
Sabnitr4r (19,6 9)

Humic acid (pH 4-7) Za > Cu > Pb Ver(oo aad Cotteaie
(1972)

Humic add (pH 4-6 ) Cu > Pb . Cd > Za St<vco wo (1977)

Tabla 26
ELUVIENTOS TRAZA EN SOLUCIONES DE SUELOS NATURALES

DE DIFERENTE pH OBTENIDOS POR CENTRIFUGACION
Tipo de suelo y rango de pH

Arenoso ácido Arenoso Silty loa" Calcáreo
Elementos ( 2.5-1) (1-1,5 ) ( s,s-6,5 ) .(7-) (7,5-7,8)

8 - - - 200 800
Cd 107 - - - -
Co - - - - 0,5 5
Cu 783 76 20 50 50
Fe 2223 1000 500 200 100
Mn 5965 8000 5000 100 700
Mo - - - 5 5
Pb 5599 - - - -
Zn 7137 1000 5000 100 300

Nota : los valores representan la media aritmética 14/1) de 4-5 muestras

Tabla 27

PRINCIPALES TIPOS DE PROCESOS DE FORMACION DE SUELOS Y
TENDENCIAS EN EL COMPORTAMIENW DE LOS ELEM]TOS TRAZA

Comportamiento de los elementos
traza en la superficie del suelo

Zgna climática Unid9d de suelo
Proceso mas favorable tipical Acumulación Migración

Escasa alteración Hielos o desierto R,0 e Yquimca
Podzolizaci6n Fríos nórdicos 0 y P Co,Cu,Pl+.Ni,Ti,V,Zr B .Ba,Or,Cd,Cr,

(en horizonte fluvial) I,Li,Mn ,Rb.Se,
Sr,U, y Zr

Aluminizaciun Templada fresca 8,L,M,W y A Co ,Ph,Pb y V B,8a,Br,Cu,I.
y husada S. y Sr

Sialitización Templado caluroso V y K 8,8a,Cu,Mn,Se y Sr -
y tropical seco

Laterización Trópico hCmedo A , F, y N 8:Ba , Cu.Co,Cr.Ni.Sr, -
Y

Alcalinización Cslido con esta- Z,5 y (1) B,Co,Cr,Cu,Pb,Ni,Se, -
ciones secas Zn y V

Formac ;ones Suelos lntrazo- - B,Ba,Co,Cu,I,Mn , MO, B,Br,Co , Cu,Mn,
hidromorficas nales Se,Sr, y U (en hori- Ni.U y V

zonte orgánico)

1 Según clasificación FAO/UNESCO
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En el marco de este equilibrio , los metales pesados aparecen
involucrados en una serie de procesos que pueden conducir a su
inmovilización o, por el contrario , a su migración hacia horizontes
inferiores. A continuación se realiza un breve examen de dichos procesos,
responsables en último término de que los M.P. procedentes de la
deposición atmosférica , lleguen o no a incorporarse al agua subterránea.
En primer lugar se consideran los principales mecanismos de captura de los
M.P., y en segundo los procesos que favorecen su removilización.

A. RRTRÑCTÓÑ D LCLS Y. P. fié $j, SUELO Y ZOlA In SATURADA

La tabla 28 resume los principales mecanismos de retención de los
M.P. en el suelo y zona no saturada, que a continuación se exponen
brevemente:

Al. Precipitación de los X.P.

La concentración de un ión metálico en los estados iniciales de la

precipitación , depende primordialmente de las especies aniónicas en

disolución, más que del tipo y concentración del mismo, así como del

pH. Con excepción del AgCl, HgCl y PbC12, los cloruros y sulfatos de

los M . P. más comunes son solubles , mientras que los carbonatos,

hidróxidos y sulfuros se disuelven con dificultad.

Los procesos de precipitación de hidróxidos metálicos tienen lugar bajo

formas diversas, y su comportamiento frente a los procesos de

coprecipitación o posterior redisolución será diferente . La forma

"activa ", probablemente equivalente en la mayor parte de los casos a un

precipitado amorfo o formado por una agregación desordenada de finos

cristales, es concretamente la que se deriva de soluciones fuertemente

sobresaturadas. Estos precipitados pueden persistir en equilibrio

metaestable con la solución, y convertirse lentamente -a escala de
tiempo geológico- en formas inactivas o viejas (" aged forms"). Estas

formas inactivas también pueden formarse por precipitación de



-Hidróxidos Se produce la precipitación
-Carbonatos al excederse los productos
-Sulfuros de solubilidad
de metales pesados

Sorción física
Sorción química (intercambio

Hidróxidos y óxidos de Fe/Ma de H' en posiciones fijas)
Coprecipitación al excederse
el producto de solubilidad

orción física
Sorción química (intercambioMateria orgánica-humus de H- en grupos COOH-, OH-)
Complejos

Sorción física
Pseudomorfosis (en función

Carbonato cálcico del volumen y el tiempo)
Coprecipitación al exceder-
se el producto de solubili-
dad

Tabla 28.- Mecanismos de asociación de los metales pesados con
los componentes del suelo

Tabla 29
LOGARITMO NEGATIVO DE LOS PRODUCTOS DE SOLUBILIDAD DE

HIDROXIDOS DE LOS METALES PESADOS (=STANMEES DF
IONIZACION TOTAL), CARBONATOS Y SULFUROS (pH=7 a 25°C)

Hydroxides - log KT SulCdes -log K,p Carbonates - log K,p

Mn(OH )1 (agcd ) 10.9 hMnS (pink) 9 . 6 MnCO, 10.2
Mn(OH ), (cryst.) 12.7 MnS (grecn) 12.6
Cd(OH)3 (aged ) 14.4 CdS 27.8 CdCO3 11.3
Fe(OH )3 (aged ) 15.1 FeS 17.2 FOCO3 10.5
Pb0 + H ,0 (red ) 15.3 PbS ( galena ) 27.5 PbCO, 13.1
Co(011), (bluc) 14 . 2 CoS (alpha ) 20.4 CoCO 3 12.8
Co(OH )3 ( pink,aged ) 15.7 CoS (beta) 24.7
Zn(OH ), (amorphous) 15.5 ZnS ( wurtzite ) 21.6 ZnCO 3 10.8
ZnO + 11,0 (aged) 16.8 ZnS ( sphalerite) 23.6
Ni(OH), (active ) 14.7 NiS (alpha ) 18.5 NiCO 3 6.9
Ni(OH) 3 (aged) 17.2 NiS (gamma) 25.7
Cu0 + H,O (active ) 19.7 CuS 36.1 CuCO, 9.6
CuO + 9,0 (tcnorite ) 20.5 Cu 7S 48.0 Cu,(OII),CO, 33.8
HgO + 11 ,0 ( red) 25 . 4 IigS 52.4
Cr(OH), ( agcd) 37.4
Fe(OH), ( agcd) 39.1
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soluciones poco sobresaturadas.

Se recoge a continuación un ejemplo de este tipo de reacciones,
concretamente para el caso del hidróxido de cadmio:

Cd(0H )2 ("aged" ) Cd2- + 20H-; KT = [ Cd=-] x [OH-2] = l0-"-'
Cd(OH) 2 ("aged" ) CdOH- + OH-; K, = [CdOH-] x [OH-] = 10-1.5

CdOH' Cd2~ + OH-; K2 _
[-Cd[2-]

CdOH
x
-

[
l
OH--7

- = 10-4.1

La constante de equilibrio KT expresa la ionización total.

Los sulfuras de los X.F. son prácticamente insolubles a pH neutro,
mientras que la solubilidad de los carbonatos es altamente dependiente
de la presión parcial de COu (todos los carbonatos tienden a ser más
solubles en presencia de CO2), como se observa a continuación.

Xe(II ) CO9 + H20 + C02 .: }[e2"'(aq) + 2(HCO3)-(aq)

La tabla 29 ofrece algunos ejemplos acerca de la solubilidad en agua
pura de una serie de hidróxidos , sulfuros y carbonatos metálicos, y la

tabla 30 indica los rangos de pH en que se produce la precipitación.

Resulta pues factible establecer una escala de movilidad de los

cationes metálicos en la fase acuosa del suelo , en función de su

capacidad para formar estos compuestos insolubles . En el caso de un

suelo en régimen de oxidación, la movilidad en orden decreciente sería

la siguiente:

?Ig2`=Ca1�>Ag� > Hg2�>IrIn2�>Cd2'>Ai2�=Co-�=Pb2� > Be-'>Zn2�=Cu�'>Cr3'>Bi�`�>
Sn`>Fe`>U1->Sb-3-.

Estos datos son solamente una guía para reconocer su comportamiento,

puesto que en los sistemas naturales la solubilidad real va a ser el
resultado de la interacción de un gran número de factores . La fig. 10,
por ejemplo , muestra las diferentes curvas de solubilidad del cadmio y
zinc en función del contenido en CO2 a diferentes pH. Asimismo , el tipo
de producto que resulta de la precipitación viene definido por la

relación pH-Eh, tal como refleja la fig. 11.



Tabla 30

ASOCIACIONES GEOcUL ICAS Y ALGUNAS PROPIEDADES DE -H-LITEMOS MAYORITARIOS Y TRAZA

pH de Diámetro del i6n
hidratado en

Elementos precipitación Ionico Electronegati- Potencial solución acuosa
mayoritarios del óxido o vidad fónico 0
y- traza hidratado (A) íKcal/g átomo ) (caros/radiol (A)

K, - 1.7-1.6 0 . 8 0.6 3.0

Na, - 1.2-1.1 0.9 0.9 4.5

Cx• - 2.0- 1.9 0.7 0.5 2.5

Rh• - 1.8-1.7 0.8 0.6 2.5

C&#. - 1.2-1.1 1.0 1.8 6.0

bici' 10.5 0.8 1.2 2.5 8.0

V, - 1.4-1.3 1.0 1.5 5.0

sal* - 1.7-1.5 0.9 1.3 5.0
I'b-• 7.2-R.7 1.6-1.4 1.8 1.9 4.5
Sc - 0.8 1.3 3.7 9.0

Fc'' 5.1-5 .5 0.9-0. 7 1.8 2.6 6.0

Cu`, 5.4- 6.9 0.8 2 2.5 6.0
- '• 0.5 1.8 8.3 -
Mo'• - 0.7 - 5.5

Mn-• 7.9-9 .4 I-0.8 1.5 2.0 6.0

Zn-• 5.2-8.3 0.9-0.7 1.8 2.6 6.0

F1• 2.2-3.2 0.7-0.6 1.9 4.4 9.0

Co=• 7.2-8.7 0.8-0.7 1.7 2.6 6.0

Cd-• '8.0-9.5 1.0) - - -
NP 6.7-4.2 0. 8 1.7 2.6 6.0

Cr" 4.6-5 .6 0.7 1.6 4.3 9.0

Mn" - 0.6 - 6.5 -

Li• - 0.8 1.0 1.2 6.0

Mo - 0.5 1 . 8 12.0 -
V' - 0.5 - 11.0 -
Al-" 0.6-0.5 1.5 5.6 9.0
I. - 0.3 1.5 5.7 8.0
cr • - 0.4 - 16.0 -
Ca'' 3.5 0.7---0.6 1.6 4.9 -
L,• - 1.4--1.3 1.1 2.3 9.0
Sn'' 2.3-3 .2 1.3 1.8 1.5 -
Yp• - 0.9 1.2 3.1 -

Sl'• - 0.4 1.8 12.0 -
T¡'. 1.4-1.6 0.7 1.5 5.8 -
7f• 2.0 - 1.4 4.3 11.0
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Tabla 31
Area superficial especifica y capacidad de cambio de

diversas sustancias Jórbéntes a_ 1vas
Mate ri al Speeífic surface arca Exchange apacity

( ma/g) (meq/100 g)

Calcite (< 2 Mm) 12.Sa -
Clay minerals:

Kaolinite l0 - 50b 3- ¡Se
Illite 30 - 80b 10- 40e
Chlotite - 20- 50e
MontmoriUonite so -t5Ob 80-120e

Fteshly precipitated Fe-hydroxide 300e 10- 250
Amorphous silicic acid 11- 340
l(umic acids from soils 1900d 170-5901

a Sucis. 1973. b Ileting , pers. comm . e Fripiat and Gastuehe, 1952. dGapon, 1947. e Schcffer and
Schachtschabel. 1966. f Marshali. 1964.
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A2. Intercambio catiónico y adsorción

Ciertos materiales -presentes en el suelo y la zona no saturada-

caracterizados por disponer de una gran área superficial (minerales de

la arcilla, precipitados de hidróxidos de hierro , sílice amorfa y

sustancias orgánicas), son capaces de sorber cationes de la solución, y

liberar cantidades equivalentes de otros cationes . El mecanismo de este

intercambio catiónico se basa en la capacidad de atracción de iones

positivos por una serie de posiciones cargadas negativamente: SiOH-,

A10H2- , grupos A1OH- en las arcillas, grupos FeOH- en los hidróxidos de

hierro y grupos OH- carboxílicos y fenólicos en sustancias orgánicas.

Para el caso, por ejemplo, de una arcilla , las reacciones que tendrían

lugar serían del tipo de las siguientes:

Ca-arcilla + Zn2- = Zn-arcilla + Ca2-

Ca-arcilla + 2Nat = Ha2-arcilla + Cae,

El balance de cargas negativas en la red del material resulta de un

proceso selectivo , el cuál tiene lugar mediante una sorción

preferencial de cationes específicos , y la liberación de cargas

equivalentes asociadas a otras especies . Mediante este proceso, los

materiales formados por granos finos con un gran área superficial, son

capaces de acumular iones de M.P. en la interfase sólido-líquido, como

resultado de la acción de fuerzas intermoleculares . Este fenómeno se

denomina adsorción. La figura adjunta refleja esquemáticamente este

proceso para el caso de la superficie de un silicato en contacto con un

electrolito.

p p Q Diflusa Double Layer

O O ÓD- r4

H�
pop j

O H O- O H 0 - 1
Hydroxylated Surlace

-s io sio sio sio - j 6S - - 4
1 1 1 1

Solid Si02

0 t hydrated counter ion Q - anion



82.

La suma de cationes cambiables (incluyendo H') se denomina 'capacidad

de cambio', que se expresa en miliquivalentes (meq)/100 S. material. La

tabla 31 recoge algunos ejemplos.

A3. Adsorción sobre ainerales de la arcilla

El pH constituye un factor dominante en los procesos de adsorción de

los M.P. sobre los minerales de la arcilla, puesto que los iones H-

compiten con aquéllos por las posiciones de intercambio. En condiciones

extremadamente ácidas, los cationes de los M.P. pueden llegar a ser

liberados totalmente.

Los minerales de la arcilla poseen una afinidad selectiva por ciertos

metales , en la que intervienen factores tales como la valencia de los

iones, electronegatividad, potencial de ionización, etc., y que

permiten establecer secuencias como la siguiente:

Pb > Ni > Cu > Zn

En el caso del plomo, por ejemplo, su especial afinidad por los

minerales de la arcilla estería justificada por su radio cónico, muy

similar al del potasio, que es uno de los metales que se incorpora

primariamente a aquéllas. lo obstante hay que señalar que en el campo

de la adsorción de M.P. en arcillas existen procesos y comportamientos

aún no bien comprendidos. Por ejemplo, se ha observado que la adsorción

de metales en los sistemas naturales resulta en muchos casas muy

inferior a la esperada , incluso en ocasiones insignificante. La

justificación a este comportamiento se hallaría en la competencia por

parte de otros procesos (precipitación y floculación de sustancias

orgánicas y minerales, adsorción en hidróxidos de hierro, etc.), que

reducirían notablemente el contenido en M.P . disponible para su

adsorción por las arcillas.
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A4. sorción y coprecipitación por hidróxidos de hierro y óxidos de

$anganeso

Las óxidos hidratados de aluminio , hierro y manganeso , -particularmente

los óxidos e hidróxidos de Fe y Mn bajo condiciones de oxidación-,

constituyen verdaderas trampas de acumulación de *.P. en los sistemas

acuosas ; incluso a bajas concentraciones , Fe(OH )3 y MnO2 pueden

controlar su distribución , a través de procesos de sorción y

coprecipitación . La siguiente reacción constituye un ejemplo de dichos

procesos:

Mn-OH° + Co2' (aq) = Mn-O-CO' + H-(aq)

Ahora bien , en medio reductor los M. P. objeto de sorción se removilizan

y pasan nuevamente a la solución , convirtiéndose en una fuente de los

mismos . Este mecanismo es especialmente efectivo en presencia de

materia orgánica disuelta.

Los óxidos e hidróxidos de Fe y Mn aparecen normalmente como una capa o

recubrimiento de los minerales , así como de las partículas finas que se

encuentran dispersas en los medios acuosos en forma amorfa,

microcristalina o cristalina . Las formas activas presentan una elevada

superficie específica : 300 m2 / g para el MnO2 y 230-320 mz/g para FeOOH.

Su formación está condicionada por diversos factores:

a) En aguas con un rango de pH desde alcalina-neutro hasta

ligeramente ácido, el hierro es oxidado por el oxígeno disuelto,
mientras que para el manganesa se requieren pH mucho más elevados.
Para ambos metales, la oxidación crece en un factor 100 por cada
unidad de pH incrementada.

b) La oxidación química del manganeso está influenciada por la

presencia de iones inorgánicos tales como HCO3 o SO4-, que

inhiben o catalizan el proceso.

c) Las sustancias orgánicas , especialmente las que contienen grupos
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funcionales COOH- y OH-, son capaces de reducir el Fe(III) y KnO2.
Sin embargo, las mismas sustancias pueden también catalizar la
oxigenación: el sistema Fe(II)/Fe(III) actúa en estos casos como
un catalizador del proceso de oxidación de la materia orgánica,

d) Los oxidos e hidróxidos de Fe y Nn ejercen su influencia sobre los
X.P., pero también éstos actúan sobre aquéllos de forma recíproca:

el cobre, por ejemplo, cataliza la oxidación del sulfato ferroso
por el oxígeno disuelto.

e> El Fe(OH). coloidal, parcialmente peptizado por sustancias

orgánicas, puede ser adsorbido por los minerales de la arcilla si

se excede su producto de solubilidad.

A5. Asociación metales pesados`meteria orgánica

La afinidad de las sustancias orgánicas y sus productos de

descomposición por los K.P. , influye de forma muy importante sobre su

comportamiento en medio acuoso , debido fundamentalmente a su capacidad

para (1) formar complejos con los metales e incrementar su solubilidad;

(2) alterar la distribución entre las formas oxidada y reducida; (3)

reducir su toxicidad así como la disponibilidad para la vida acuática;

(4) ejercer cierta influencia en la extensión del proceso de adsorción

sobre la materia en suspensión , y (5) afectar la estabilidad de los

coloides que contienen K.P.

La materia orgánica presente en los sistemas acuosos puede estar forma-

da por los residuos de productos de origen biológico , así como por sus-

tancias orgánicas sintéticas. Los ácidos húmicas constituyen el princi-

pal producto de descomposición de las sustancias orgánicas de origen

biológico, los cuáles disponen de una elevada capacidad de adsorción de

cationes, estimada entre 200 y 600 meq metal/100 S. ac. húmicos. Un

ejemplo de estos procesos sería:

Ac. orgánicos + Kt -, Complejo organo-metálico (COK)

COK + X -, Humato (como precipitado)
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La eficiencia de los procesos de retención hasta aquí descritos,
puede resumirse en los siguientes términos:

1. Sorción. La capacidad de sorción de los M.P. obedece a la siguiente
secuencia:

MnO2 > ácidos húmicos > óxidos de hierro> minerales de la arcilla

La capacidad de sorción de los óxidos de hierro es al menos 10 veces
menor que la de los óxidos de manganesa.

2. Coprecípitación con óxidos e hidróxidos de Fe y Xa. En sistemas acuosos
en condiciones de oxidación, los óxidos e hidróxidos de Fe y Mn
muestran una elevada capacidad para reducir la concentración de M.P. en
la fase líquida. Por ejemplo , ciertas experiencias realizadas con aguas
naturales conteniendo hidróxidos de Fe/Xn, demostraron que mediante la
coprecipitación se lograban unos porcentajes de reducción en las
concentraciones de cobalto, zinc y cobre del 67%, 86% y 98%
respectivamente.

3. Formación de complejos y floculación con la materia orgánica. En

sistemas con presencia de materia orgánica, el papel de los óxidos de

Fe y Mn está eclipsado por la competencia de los ácidos. húmicos y de

las arcillas de elevado contenido en materia orgánica . Asimismo , cuando

los metales forman complejos con las ácidos húmicos, la solución se

comparta como si no existiesen otros iones en el medía de reacción, los

metales dejan de estar disponibles para los sulfuros , hidróxidos,

carbonatos , etc. y en consecuencia, previenen la formación de sales

insolubles. Por otra parte, la capacidad de adsorción de los M.P. por

los materiales adsorbentes (partículas en suspensión, p. ej.), puede

verse notablemente reducida por la presencia sobre éstos de películas

orgánicas formadas por procesos de floculación.

B.- RE MILIZACI61 DE L MET T . S A PARTIR DR L SKDTAMTOS

Puede producirse como consecuencia de los siguientes procesos:
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B1. Cambios en las condiciones redox, generalmente descensos en el
potencial de óxido-reducción, que pueden dar lugar a la disolución
parcial o completa de los hidróxidos de hierro y manganeso, y la
consiguiente liberación de los M.P. incorporados o adsorbidos.

B2. Descenso del pH, que conduce a la disolución de carbonatos e
hidróxidos , así como a incrementar la desorción de los cationes
metálicos debido a la competencia con el ión H' (caso de la lluvia
ácida, p. ej.).

B3. Incremento en el uso de agentes acomplejantes naturales y

sintéticos, los cuáles forman complejos solubles con los metales

pesados, que de otra manera se hallarían adsorbidos en las

partículas sólidas.

B4. Transformaciones bioquímicas en virtud de las cuáles los metales

pesados son transferidos desde el suelo a las plantas y organismos

animales, o bien son descargados directamente o vía productos de

descomposición.

B5. Incremento de la salinidad, en virtud de la cuál los cationes

alcalinos y alcalinotérreos pueden competir con los iones

metálicos adsorbidos en las partículas sólidas.

B1. Cambias redoz y liberación de metales

Un cambio hacia condiciones reductoras puede provocar la puesta en

solución de los metales que coprecipitaron o fueron adsorbidos por los

hidróxidos de Fe y Mn. lo obstante, en tales condiciones pueden también

desencadenarse otro tipo de procesos, que en último término

condicionarán su presencia en solución. Tal es el caso de la formación

de sulfuros (su presencia a nivel de trazas puede disminuir

significativamente la movilidad de los metales) y de quelatos con

ciertas sustancias orgánicas.
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Se exponen a continuación las principales reacciones redor que
involucran a los óxidos e hidróxidos de Fe y Xn.

Fe3� + e- = Fe2-
Fe(0H)3(s) + HCO3- + 211, + e- = Fe(C03><s) + 31120
Fe(0H ) 3(s) + 3H- + e- = Fe2- + 31120
Fe(OH ) 3(s) + H' + e- = Fe(OH ) 2(s) + H20
1/2 FeS2(s) + 2H� + e- = 1/2 Fez' + H2S(g)
1/2 Fe2- + S(s) + e- = 1/2 FeS2(s)
1/16 Fe2� + 1/8 5042' + H� + e- = 1/16 FeS2(s) + 1/2 H20
1/14 Fe(OH)2(s) + 1/7 SO42- + 3/7 HI + e- = 1/14 FeS2(s) + 5/7 H20
1/14 Fe(CO3)(s) + 1/7 SO42- + 17/14 H- + e- = 1/14 FeS2(s) + 1/7 H20 +

+ 1/14HC03-
1/2 Xn02(s) + 1/2 HC03- + 312 H+ + e- = 1/2 XnC03(s) + 3/8 H20
Xn2- + 2e- = Xn(s)
1/2 XnC03 + 1/2 H- + e- = 1/2 Xn(s) + 1/2 HC03-
XnOOH(s) + HM2- + 2H� + e- = XnC03 + 21120
Xn02 + H- + e- = MnOOH

B2. Influencia del pff

La liberación de X.P. por efecto de un descenso del pH, es un fenómeno

que ha sido ampliamente estudiado en relación con las aguas ácidas

procedentes del drenaje de minas de sulfuros metálicos, donde el

incremento de la acidez tiene lugar como consecuencia de la oxidación

del ión S- a S04-, con liberación de iones H�. Por ejemplo, en el caso

de la pirita (FeS2 ) se tendría:

Inicio del proceso

FeS2 (s) + 02 (aq) -* Fe2- (aq) + SO42- (aq) + H� (aq)

Ciclo de propagación

Fe2- (aq ) + 02 (aq ) bacterias Fea" (aq)
Fe3+ (aq) + FeS2 (aq) -, Fe2- (aq) + SO42- (aq) + H' (aq)

La acidificación de los suelos tanto de origen natural como inducida
por factores antrópicos (lluvia ácida, p. ej.), obviamente influye en
la movilidad de los X.P. en este medio (ver tablas 26 y 30),
favoreciendo el fenómeno de lixiviación hacia la zona saturada. A este
respecto la naturaleza del suelo y especialmente su capacidad de
neutralización resultan decisivos. El capítulo 3.3. se ocupa de estos
aspectos.
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B3. Reaovil ización par- agentes orgánicos

Existen diversas posibilidades de solubilización de los metales por

sustancias orgánicas : (1) mediante la reducción a estados de valencia

inferiores que resultan más solubles , coma por ejemplo, la reducción

del Fe y Mn por el ácido tánico, y del Mn y V por la turba, lignito y

ácidos húmicos ; ( 2) por formación de suspensiones coloidales a

complejos solubles con los ácidos orgánicos. Los ácidos húmicos

descomponen rápidamente los sulfuros -calcopirita , esfalerita , galena,

pirita, etc.- y silicatos, tales como micas , cloritas y arcillas, y

también los óxidos metálicos.

B4. Reavvil 1zaci ón por la acti vi dad microbiana

Como se mencionó en el punto A . 5., los M.P. pueden formar asociaciones

con la materia orgánica disuelta o particulada . Después de su

deposición por floculación, adsorción o precipitación, estas sustancias

experimentan un proceso diagenético que supone un incremento del pesa

molecular, y la disminución de algunos grupos funcionales, dando lugar

a una acumulación relativamente estable de metales pesados. No

obstante, estas últimos pueden ser removilizados y reintegrados al

medio acuoso por efecto de la actividad microbiana.

Los tres procesos más importantes que conducen a dicha removilización

son:

a. Degradación de la materia orgánica, dando lugar a compuestos de

menor peso molecular.

b. Nodificación de las condiciones redoz y de pH como consecuencia de

la actividad metabólica de los microorganismos.

c. Conversión de compuestos inorgánicos a complejos metálicos por

sustancias orgánicas, mediante procesos de oxidación y reducción

catalizados por reacciones enzimáticas.
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La acción microbiana sobre el ciclo del mercurio constituye un buen

ejemplo de este tipo de procesos de removilización de metales. Cuando

se produce un incremento de las sustancias tóxicas, frecuentemente los

microorganismos son capaces de realizar una destoxificación, si bien

generando productos que pueden ser más tóxicos para los organismos

superiores. Tal es el caso de la producción bacteriana de metil-

mercurio, la cuál puede considerarse como un medio de resistencia

frente a este metal, mediante su conversión a una forma orgánica y

subsecuente secreción. La fig. adjunta refleja el ciclo biológico del

mercurio en el medio natural.

Cm¿ • CCtHc

(CH,I2H9 a

FsA Shelltish

g'

CH'S
gCH'

Hg. CHSHg• (CH3 )2Hg CHAS-HgCH3 c
Bacteria Bacteria 1 É

H97.
2 �_Hgt•�.�►

Hg•

Bacterw

Ciclo biológico del mercurio en el ambiente

La capacidad de transformar los compuestos de mercurio a (CH3)2Hg se

extiende a una amplia gama de microorganismos: bacterias aerobias,

anaerobias y hongos.

B5. Incremento de la salinidad

El fenómeno de la deserción de los metales por efecto de la competencia

de los cationes, favorece su puesta en disolución y por consiguiente,

su posible migración hacia la zona saturada. Las causas que pueden dar

lugar a un aumento de la concentración salina en el suelo son

múltiples. Destacan, por ejemplo, el uso masivo de sal en ciertas zonas

para combatir los efectos del hielo en vías públicas, el riego con

aguas de salinidad natural o inducida muy elevada, etc.
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Por último y a modo de resumen , la tabla 32 recoge un balance de

entradas ( atmósfera ) y salidas (lixiviación y a través de las plantas) de

elementos traza en una serie de diferentes tipos de suelos. Estos

resultados indican que, para la mayoría de los elementos considerados,

predomina la acumulación en el suelo . Solamente en áreas de bosque con

suelos ácidos se detecta un fenómeno de lixiviación de }In, Fe y Be que

supera la aportación atmosférica.

3.3.- LLUVIA ÁCIDA

3.3.1.- COISIDERACIOIES GENERALES

Tal como se observa en la fig. 12, las precipitaciones de carácter

ácido influyen de manera diversa sobre el medio receptor: deterioro de la

vegetación, solubilización de sustancias tóxicas, corrosión de materiales,

etc. Entre estos efectos figura el de la posible afección de las aguas

subterráneas, como consecuencia fundamentalmente de dos tipos de procesos;

acidificación del agua y aporte de sustancias de naturaleza y/o en

concentraciones no deseables según criterios de calidad. Obviamente la

influencia del horizonte edáfico y de la zona no saturada resulta

decisiva, puesta que la composición inicial del agua de lluvia se altera

sensiblemente a su paso por este tramo de terreno; el comportamiento de

cada uno de sus componentes frente a los diversos procesos que se

desarrollan en este medio , determinará en último término el potencial

contaminante del lixiviado que percola hacia el acuífero.

En virtud de su capacidad de neutralización frente a componentes

ácidos así como de retención de sustancias , particularmente metales

pesados, el suelo y la zona no saturada constituyen una barrera protectora

del acuífero frente a la lluvia ácida. Sin embargo su eficacia es

limitada, puesto que existe la posibilidad real de que ciertos

componentes nocivos -intrínsecos del agua de lluvia y/o liberados del

terreno- superen dicha barrera y alcancen la zona saturada.



Tabla 32

BALANCE DE ENTRADAS /SALIDAS DE ELEMENTOS TRAZA PARA
SUELOS DE VARIOS ECOSISTEMAS <g Ha-' afta-')

Salidas
Entrada ( flujo de agua Tipo de Ecosistema

Elemento ( atmósfera ) o plantas) suelo localidad-

Van Hook et al
Cd 21 7 (a) Franco lige- Bosque deciduo.
Pb 286 6 ramente áci- Tennessee (U.S.)
Zn 538 149 do , derivado

de dolomías

Hansen and Tjell
Cd 3 0,3 ( b) Sin datos Campo agrícola.
Pb 260 0,3 (Dinamarca)
Zn 250 120

Zóttl et al
Be 0,3 5,6 (c) Podzol marrón Bosque de pinos.
Cd 4,5 1,4 Schwarzwald.
Co 5,6 4,3 (Alemania Occ.)
Cu 18 7
Ni
l7?n 0 430
Pb 110 6
Zn 210 76
Fe 300 2.000

Heindrichs and Mayer
Bi 0,4 0,2 (c) Marrón ácido , Bosque de abedules
Hg 0,4 0.2 franco limo- yy abetos. Solling
TI 1.2 0,3 so Mountains.
Sb 3 0,3 (Alemania Occ.)
Cd 13 9
Ni 15 14
Cr 22 2
Mn 200 6.300
Cu 224 108
Zu 3.900 1.900
Fe 1.600 1.900

Tyler
Cd 2 5 ( b) Suelo fores- Bosque de abetos
Cr 8 10 tal podzóli - ( lisímetro).
Ni 10 9 co Hiissleholm (Suecia)
V 12 28

Pb
150 81

Zn 180 270
Fe 2.000 13.000

Ruszkowska y datos no publicados
Cd 5 - 3 (c) Podzólico li- Lisímetros . Putawy.
BCu 3

71
9 18 ( b) 255 fieramente - (Polonia)

franco
Mn 181 35 90
Pb 207 - 40
Zn 547 163 180

Bubliniec
Cu 40 40 (d) Suelo marrón Bosque de robles.
Mo 70 50 Zvolen (Checoslova-
Fe 840 1 . 040 quia)
B 1.460 80
xn 2.480 1.930

Nota : Métodos de cálculo basados en a) escorrentía superficial, b) agua de
drenaje , c) agua de infiltración, d) absorción y evacuación por árboles.
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FIG. 12.- Formación, deposición y efectos de la lluvia ácida
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Queda fuera de los objetivos de este estudio profundizar acerca de
los complejos procesos que gobiernan el comportamiento de los

contaminantes en este medio. Sin embargo si conviene examinar algunos de
los aspectos más importantes relativos concretamente al fenómeno de

acidificación de suelos, dada su enorme importancia en el contexto global

de la problemática ambiental en cuestión. Tal es el objetivo de los

siguientes apartados.

3.3.2.- NATURALEZA Y PROPIEDADES DEL SUELA

En términos generales, el suelo se compone de una compleja mezcla

de materiales silíceos (arenas), minerales de la arcilla de dimensiones

coloidales (caracterizados por la presencia de cargas negativas

procedentes de la sustitución isomórfica de cationes por otros de carga

menor), óxidos de hierro y aluminio, y diversos materiales orgánicos, a

menudo también con carga eléctrica.

Entre sus propiedades más importantes figuran:

1. El suelo constituye una matriz física de la que las raíces de las

plantas extraen nutrientes inorgánicos, agua y oxígeno. El agua se

mueve a través de sus espacios intersticiales merced a fuerzas

capilares y por gravitación, produciéndose asimismo un intercambio de

gases -COz, N2, 02, etc.- con la atmósfera.

2. Los cationes son adsorbidos en el suelo por los minerales de la arcilla

y la materia orgánica, y liberados cuando la solución del suelo se

vuelve más diluida o modifica su naturaleza y condiciones. Los aniones

monovalentes son adsorbidos en mucha menor extensión. En consecuencia,

el comportamiento de los iones amonio y nitrato resulta diferente en el

suelo: el NH4- es retenido fuertemente mientras que el N03- es repelido

por la carga negativa de los coloides del suelo, lo que favorece su

lixiviación.

3. El suelo contiene una amplia variedad de materiales cuyas propiedades
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le confieren una importante capacidad tampón del pH frente a la adición

de ácidos o bases. Destacan entre ellos: fosfatos orgánicos e

inorgánicos, ácidos húmicos y fúlvicos, compuestos fenólicos,

carbonatos y bicarbonatos, silicatos, etc.

4. La actividad biológica en suelos fértiles y húmedos es intensa. Los

organismos involucrados son principalmente bacterias , actinomicetos,

hongos y algas , así como también una amplia población de pequefios

animales . Si bien todos ellos participan en algún grado en los ciclos

del nitrógeno y del azufre, solamente algunas pocas especies de

bacterias llegan a afectar al pH del suelo.

3.3.3.- HIERRO Y ALUX1110 El EL SUELO

El pH influye de forma decisiva sobre el comportamiento en el

suelo del hierro y del aluminio. Ambos participan en las reacciones de

hidrólisis bajo la forma de catión trivalente. Los iones Al` pueden ser

desplazados de los minerales de la arcilla , pasando de esta forma a la

solución, y dando lugar a productos de hidrólisis que a su vez son

reabsorbidos por las arcillas, favoreciendo de esta forma el proceso:

)F' + Arcilla-A12- Arcilla-lis + Al` [1]

Ala` + H20 AlOH2' + H- 121

Al0Hw' + 20H- Al(0H)3 pK = 5,1 [3]

Las minerales de la arcilla presentes en suelos de apreciable

contenido de protones disociables (pH 4-5) se muestran inestables,

descomponiéndose y liberando iones aluminio en cantidad suficiente coma

para neutralizar parte de la carga negativa neta de los coloides del

suelo. En lo que respecta al hierro, su presencia bajo forma soluble en

concentraciones apreciables es muy poco frecuente, limitándose

fundamentalmente a suelos ácidos de naturaleza sulfatada.

El comportamiento de las suelos ácidas -con excepción de los ricos

en turba (pobres en minerales arcillosas )-, se encuentra pues más

influenciado por su alto contenido en aluminio soluble, que por la propia
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concentración de iones H- . La presencia de formas de aluminio soluble en

la solución del suelo , modifica el grado de acidez de los materiales

orgánicos. La mayor parte de los grupos ácidos carboxílicos presentan

constantes de disociación en el rango 10-1-10-1, mientras que las curvas

de valoración a menudo indican un rango del orden de 10-°. Esta anomalía

es el resultado de la incorporación de los iones hierro y aluminio a las

posiciones de intercambio de la materia orgánica , que neutraliza la acidez

de los grupos carboxílicos.

3.3.4.- EL SUELO COW) TAXPÓH DEL pH

El suelo posee la capacidad de amortiguar -dentro de ciertos

límites dependientes de su propia naturaleza- las variaciones de pH

inducidas por la adición de ácidos o bases . Tal como describen las

reacciones [1], [2] y [3], las partículas de arcilla se comportan como un

ácido débil, debido fundamentalmente al equilibrio que se mantiene entre

el aluminio adsorbido y el que se encuentra en solución. Si los protones

formados en la reacción [ 2] son neutralizados par la adición de una base,

el aluminio en solución precipitará en forma de hidróxido (reacción [3]).

En consecuencia el pH se mantiene debido al movimiento del aluminio

adsorbido hacia la solución . Este efecto tampón funciona igualmente en

sentido inverso , es decir , cuando se afiaden ácidos al suelo. Para el caso

del Fe3� se observa un mecanismo similar.

Las reacciones que involucran a los fosfatos y la materia orgánica

del suelo poseen también un efecto amortiguador. Si el pH es neutro o

alcalino, los ácidos orgánicos disuelven el hidróxido de aluminio (y de

hierro a inferior pH), actuando los grupos carboxilato disociados como

tampones frente a posteriores adiciones de ácidos ; cualquier reacción de

oxidación de estos grupos consume acidez.

Por último , también los minerales silicatados poseen un efecto

tampón , puesto que al no encontrarse en equilibrio con los iones H' del

suelo , consumen (lentamente) una fracción de éstos , liberando a su vez

aluminio entre otros cationes.
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3.3.5.- ACIDIFICACIÓN DEL SUELO

La presencia en la lluvia de especies tales coma los ácidos

sulfúrico y nítrico procedentes de los combustibles fósiles, puede

provocar la acidificación del suelo . La fig . 13 indica la integración de

estas sustancias en los respectivos ciclos del azufre y del nitrógeno.

Sin embargo , la acidificación del suelo existe también coma

proceso natural , especialmente en los climas templados y húmedas. Dicho

proceso está controlado por el ácido carbónico y los ácidos húmícos

producidos por la actividad biológica , siendo concretamente estos últimos

los responsables , por ejemplo , de la acidez natural de los suelos

podzólicos característicos de amplias regiones de Europa y Norteamérica.

La tabla 33 resume los principales procesos de acidificación de suelos,

incluido la lluvia ácida.

Los procesos de acidificación natural, con excepción de la

nitrificación , no producen aniones de ácidos fuertes , mientras que en las

zonas afectadas por lluvia ácida predominan estos-últimos , particularmente

nitratos y sulfatos . Los procesos de acidificación afectan esencialmente a

los fenómenos de reemplazamiento de los cationes cambiables , tales como

calcio y magnesio , par protones e iones aluminio . La liberación de bases y

la movilización del aluminio resultan pues los procesos clave , tales como

ilustra la fig. 14.

En orden a predecir la capacidad de un suelo para contrarrestar

los efectos de la deposición ácida , es preciso disponer de información

acerca de , entre otros, los siguientes factores: índices de saturación de

bases , capacidad tampón y contenido de sustancias alcalinas (carbonatos,

p. ej.). Tomando como referencia la clasificación de suelos establecida

por los organismos FAO y UNESCO , así como la empleada en los Estados

Unidos (ver equivalencia en tabla 34), se ofrece a continuación un

análisis de la sensibilidad de cada una de estas tipologías a la

deposición ácida, elaborado en base a los tres criterios antes

mencionados.
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nC. 13A.- PROCESOS PiAS IPiPORTANTES EN EL CICLO DEL NITROCENO FIG. 130.- PROCESOS MAS IMPORTANTES EN EL CICLO DEL AZUFRE
La mayor parte del nitrógeno de los ecosistemas se encuentran bajo formas bio- Aunque menos abundante que el nitrógeno en la materia bm-orgánica, resul-
orgánicas o en la materia orgánica del suelo. Sólo una pequefia proporción se - ta sin embargo de gran importancia. El ciclo oxidación-reducción de sus -
halla en forma inorgánica, disponible para su uso por bacterias y plantas. El formas inorgánicas es muy similar al del ciclo del nitrógeno. La oxida-
nitrógeno inorgánico procedente de la combustión también forma parte del ciclo ción del azufre procedente de combustibles fósiles durante el proceso de -
del nitrógeno, con una importante aportación al fenómeno de la lluvia ácida. combustión, contribuye también a la generación de lluvia ácida. Las fases
Las principales fases del ciclo del nitrógeno son: inés importantes del ciclo del azufre son:
1. Fijación biológica del N 1. Oxidación autótrofa a sulfato
2. Amonificación del N orgánico 2. Reducción heterótrofa a sulfuro
3. Nitrificación autotrófa del amonio a nitrato 3. Absorción por plantas y microorganismos
4. Absorción del N por plantas y microorganismos 4• Volatilización del H2 procedente de la materia orgánica
5. Desnitrificación heterótrof a del NO a N2 5. Oxidos de azufre procedente de procesos de combustión
6. Uolatilización del amonio hacia la atmósfera 6. Azufre de origen volcánico
7. Oxidas de N de origen industrial
8. Fijación industrial del N
9. Oxidas de N formados durante las tormentas

10. N procedente de los materiales de la litosfera
11. Lixiviación a partir de ríos, lagos y oceános FIG. 13.- Ciclos del nitrógeno y el azufre y su relación con las
12. N procedente de los automóviles eittisiones de origen industrial y la lluvia ácida



TABLA 33

PROCESOS DE ACIDIFICACIÓN DE SUELOS

RRtl(:FSO OFtSERVAC IONES

1. Mineralización, liberación de
iones aluminio seguida de
hidrólisis

Mineralización, liberación de
iones hierro seguida de hidró-
lisis

. Formación de ácidos orgánicos C02 + RCH2OH a RCOO' + H20 + H'
y materia orgánica

4. Asimilación biológica de los NHA' + RCOCOOH + 2[H] 4 RCHNH31000-
iones amonio procedentes del + H' + H20
suelo

5. Nitrificación de iones amonio NH.' + 202 -s NO3 + 2H' + H20
en el suelo

6. Lixiviación de aniones con
cationes (nitrato o carboxilato)

7 . Aplicación de superfosfatos Ca(H2POa)2 + H20 i CaHPOa + H' +
+ H2PO4
(el efecto es temporal, puesto que
todo el fosfato es eventualmente
utilizado como monovalente)

Oxidación de la pirita de los 2FeS2 + 7HzO + 7/202 -► 4S0: + eH' +
residuos mineros + 2Fe(OH)3

9, Lluvia ácida Si bien los suelos pueden hallarse
tamponados, la persistencia de las
precipitaciones ácidas durante muchos
aflos puede superar dicha capacidad,

10. Fermentación anaerobia de P, ej.: 6 (CH2O) a 2H2 + 2C02 +
compuestos orgánicos CHaCH2CH2000H

TABLA 34

CLASIFICACIÓN DE SUELOS U.S.A. Y FA0/UNESCO

U S A FAO/UNESCO

Entisoles Fluvisoles, Regosoles , Lithosoles

Inceptisoles Cambisoles

Aridisoles Xerosoles , Yermosoles , Solonchaks, Solonetz

Mollisoles Chernozems, Phaeozems , Kastanozems

Alfisoles Luvisoles

Ultis:les Acrisoles

Spodosoles Podzoles

Oxisoles Ferralsoles

Vertisoles Vertisoles

Histosoles Histosoles

Arenosoles
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1sK`1lSrii.FS - Suelos poco desarrollados con un perfil escasamente

diferenciado. Incluyen los formados a partir de depósitos aluviales

recientes (Fluviosoles), suelos ligeramente desarrollados sobre materiales

sueltos (Regosoles), sobre roca sólida (Litosoles), etc. Debido a esta

gran variedad , su sensibilidad a la acidificación no puede definirse de

forma específica.

INCEPTISVSS -Tampoco se encuentran muy desarrollados , si bien poseen un

perfil más diferenciado que en el caso de los entisoles, debido

principalmente a procesos de alteración (Cambisoles). Al igual que

aquéllos , tampoco puede asignárseles una sensibilidad específica: los

inceptisoles arcillosas , por ejemplo , son poca sensibles a la deposición

ácida, mientras que en los de tipo arenoso resulta más acentuada.

ARIDI93LES.- Son los suelos de los desiertos y de otras regiones secas.

Algunas son salinos (Salonchaks) y otras alcalinos (Solonetz). Debido a

que su pH en condiciones naturales suele ser superior al recomendable para

el crecimiento de las plantas , un aporte ácido sería beneficioso. No

obstante , se trata de zonas con escasa precipitación, por lo que es

previsible que dicho aporte sea muy reducido.

.HD LISOLES.- Son suelos con un oscuro y potente horizonte superficial, que

posee un importante contenido de humus. Comprenden según la clasificación

FA0/UNESCO los Chernozems, Phaeozems, Kastanozems, etc. Xuestran un grado

de lixiviación relativamente pequeño y cierto contenido de carbonato

cálcico . Su capacidad tampón y el porcentaje de saturación generalmente

son elevados , por lo que su sensibilidad a la acidificación se considera

baja.

ALFIWLES Y ULTLSOLES - Ambas presentan un alto contenido de arcilla, y

en el caso de los Alfisoles también un elevado porcentaje de saturación en

bases, que resulta inferior en los Ultisoles. En consecuencia la

sensibilidad a la acidificación resulta inferior en el primer caso

respecto del segundo.

OYISI2LES.- Corresponden a los suelos rojos típicos de climas tropicales



101.

húmedos . Suelen poseer un elevado contenido en arcilla, si ben se trata

fundamentalmente de óxidos de hierro y aluminio y caolinita, cuya

capacidad de cambio es baja . El contenido en humus es reducido , siendo

importantes los procesos de alteración y lixiviación . En consecuencia, su

capacidad tampón y pH son bajos , por lo que es previsible que las

precipitaciones ácidas tengan un efecto significativo sobre este tipo de

suelos.

YERTIS3LE3 - Son los suelos arcillosas negros situados en regiones

tropicales y en otras zonas cálidas . A menudo contienen carbonato cálcico

o, al menos , un elevado grado de saturación en bases. La arcilla es casi

exclusivamente esmectita , cuya capacidad de cambio es alta. En

consecuencia , estos suelos disponen de una capacidad tampón y un

porcentaje de saturación de bases muy elevado , que le confieren una escasa

sensibilidad a la acidificación.

HISTOS LES.- Están compuestos total o predominantemente de materia

orgánica (turba ), cuyo grado de humificación afectará a la capacidad de

intercambio catiónico ( elevada en comparación con la de suelos minerales)

y, en consecuencia, a su capacidad tampón. El indice de saturación de

bases es muy variable . Algunos suelos orgánicos son poco sensibles a la

acidificación debido a la presencia de carbonato cálcico . Otros, sin

embargo , resultan extraordinariamente ácidos (pH & 3), por lo que un

aporte de acidez a través de la lluvia apenas resultaría perceptible. En

términos generales los Histosoles se consideran suelos poco sensibles a la

acidificación , debida a su elevada capacidad tampón.

ÁREI S�IL&S.- La característica más común de estos suelos es su textura

arenosa. Este grupo incluye suelos de carácter ácido en grado variable y

de baja capacidad de neutralización , por la que se consideran sensibles a

la acidificación.



4.- LEGISLACIÓN SOBRE EMISIONES
-------------------------------
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4.1.- PRINCIPIOS E IISTRUIBIIOS

4.1.1.- IJTRODUCCIÓN

En la actualidad, en la normativa legal de la mayoría de los

países industrializados se establece algún tipo de control sobre las

emisiones de contaminantes a la atmósfera de las centrales térmicas de

generación de energía. Ello es consecuencia de la fuerte contribución de

este sector a las emisiones totales en aquellos países . En muchos casos

este control se extiende a otros tipos de instalaciones industriales,

fuentes móviles e incluso a instalaciones para calefacción.

Las diversas disposiciones nacionales se inspiran, en gran medida,

en los mismos principios. Es corriente encontrar, especialmente en

preámbulos y leyes marco, condicionamientos de tipo general tales como:

- limitar todos los impactos ambientales adversos.

- adoptar tecnologías de control que correspondan al estado de la técnica

(en general con alguna consideración adicional relativa a la viabilidad

económica).

- obligación de no producir ningún tipo de molestias o datos al público,

etc..

Este tipo de requerimientos resulta útil como indicador del

espíritu o intención del legislador, pero su alcance práctico es

extraordinariamente limitado, por la dificultad de probar incumplimientos

sin recurrir a formulaciones cuantitativas, cuando como ocurre en la

mayoría de los procedimientos judiciales, hay que demostrar

intencionalidad.

Es precisamente en el desarrollo de los principios generales,
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donde los criterios utilizados y las diferencias en los métodos de

efectuar el control son considerables. Estas diferencias son reflejo de

las circunstancias sociopolíticas, el nivel de industrialización y la

situación ambiental de cada país, e incluso de la época en que se

desarrollaron las normas actualmente en vigor.

Es corriente ver no sólo diferentes niveles de emisión permitida,

sino también distintos tipos de límites y sistemas de regulación e

incluso, en algunos casos cada vez menos frecuentes, la ausencia total de

límites de emisión.

Además, una característica peculiar de los límites de emisión, por

comparación son los niveles de calidad de aire admisibles, es su carácter

subordinado. En ningún caso pueden considerarse como un fin en sí mismos,

son solamente un medio para asegurar un estatus ambiental que se considera

aceptable en función de otros objetivos más generales como pueden ser:

- mantener la calidad del aire.

- mejorar la calidad en zonas problemáticas.

- garantizar la ausencia de riesgos para la salud pública.

- reducir las emisiones al mínimo compatible con el mejor control

técnicamente alcanzable, etc.

Por las razones anteriores los límites de emisión de diferentes

países no son susceptibles de comparación sencilla. Además de diferencias

en la forma de expresión, reflejo en muchos casos de la preferencia del

legislador o de la tradición histórica de cada país, existen otras más

importantes como pueden ser:

a) Diferencias de tipo conceptual, asociadas a los objetivos con que se

han establecido las diferentes normas y los medios de implementarlas:

- Solucionar problemas de contaminación preexistentes.

- Forzar el desarrolla de tecnologías de control más eficaces.



105.

- Especificar los medios por los que debe alcanzarse el control

establecida.

Dejar en manos de la industria los procedimientos para alcanzar el

cumplimiento de los límites por los medios que considere más

económicos.

b) Diferencias de definición asociadas a:

- La fijación de valores límites no sobrepasables en ningún caso, o de

valores de referencia ligados a lo que se considera tecnología de

control adecuada. En muchos casos este tipo de diferencias está detrás

de los procedimientos con los que cada país establece los límites.

- Los procedimientos establecidos para la verificación, incluyendo

aspectos tales como: métodos de medida, periodicidad de los controles

establecidos, etc.

- La definición de las condiciones de aplicabilidad de los límites, de

lo que se considera cumplimiento de los mismos y las consecuencias del

incumplimiento,

c) diferencias de aplicaciones e interpretación, asociadas a:

- La asignación de la responsabilidad para la realización de los

controles.

- La capacidad técnica y de recursos de los organismos encargados de la

vigilancia del cumplimiento de los límites, para desarrollar una eficaz

labor de policía.

- La casuística en la interpretación de las divergencias

administración-empresas por el poder judicial, recogida en la

jurisprudencia del país.

A continuación se presenta una breve síntesis de los métodos de

control más utilizados, su alcance y los problemas asociados con cada uno

de ellos.

La primera gran subdivisión se establece entre métodos de control
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indirecto y métodos de control directo de las emisiones.

4.1.2.- MÉTODOS DE CONTROL INDIRECTO

Estos métodos son genuinamente formas de prevención, de las más

simples , para evitar efectos adversos de emisiones de contaminación en

exceso , sin recurrir al empleo de límites de emisión.

Requieren un importante grado de cooperación entre las industrias

implicadas, y los diferentes niveles de la administración con competencias

asignadas por la ley.

Entre los más empleados se encuentran los siguientes:

I.- Control de los emplazamientos

Muy útil para evitar efectos de alcance local, sea por exceso de

emisiones , por tratarse de zonas especialmente sensibles, por motivos de

mesometeorología y topografía local u otros. También permite incorporar

consideraciones socioeconómicas asociadas con los problemas de desarrollo

regional.

Sin embargo, su efectividad es prácticamente nula para prevenir

problemas asociados al transporte a larga distancia, intercambios

transfronteras, lluvias ácidas, etc.

II.- Especificaciones relativas a los combustibles

Constituyen también un método muy efectivo y flexible de control

de emisiones . Han sido, junto con la especificación de una altura mínima

de chimenea, el procedimiento tradicional de emisiones de óxidos de

azufre.
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Existen en muchos países, especialmente para zonas muy

industrializadas o de alta densidad de población, en forma de límites al

contenido de azufre, cenizas u otras precursores de contaminantes en los

combustibles, asociados a condiciones de utilización, de tipo geográfico a

para actividades y sectores industriales específicos.

Estas especificaciones permiten el empleo de técnicas de control

de las emisiones totales en cada fuente por métodos de mezcla de

combustibles. También posibilitan reorientar los consumos sectoriales de

los combustibles de peor calidad ambiental. Por ejemplo, en algunos países

se limita el empleo de combustibles de baja calidad a instalaciones de

tamaflo suficiente como para que resulte económico el empleo de tecnologías

avanzadas de control. Este es un método empleado tradicionalmente para

carbones de alto contenido en cenizas, dado el desarrollo de la tecnología

de control de emisiones de partículas.

III.- Especificaciones técnicas sobre equipos yia condiciones de operación

Especificaciones de este tipo suponen intentos de concretar

orientaciones de tipo general sobre el empleo de la "mejor tecnología

disponible" y similares. Son muy variadas, pudiendo citarse entre las más

empleadas para centrales térmicas:

- límites a las pérdidas por humos, u otra forma de especificar un

rendimiento energético mínimo.

- especificación de un rendimiento mínimo a los equipos de depuración de

contaminantes.

- prescripciones relativas a modos de operación y mantenimiento (soplados

de hollín, limpiezas periódicas, etc.).

- características técnicas y/o modificaciones en los equipos de

combustión.

- limitaciones de altura de chimenea.
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especificaciones de pretratamiento de combustible.

Este tipo de medidas adecuadamente aplicadas ha permitido

reducciones sustanciales en las emisiones de contaminantes , especialmente

hollines e inquemados gaseosos procedentes de pequeñas instalaciones.

IV.- Medidas de apoyo a tecnologías más limpias

Entre las más comunes se encuentran:

- subvenciones, para la instalación o mejora de rendimiento de equipos de

depuración , cambios en el proceso , ahorro de energía, etc.

- tratamiento fiscal y créditicio especial a instalaciones de

demostración que empleen tecnologías de combustión más limpia.

4.1.3.- )[*TODOS DE CONTROL DIRECTO

Los métodos de control directo de las emisiones emplean normas de

tipo cuantitativo para establecer el nivel máximo de emisión permitido.

Entre los diversos esquemas comúnmente utilizados conviene apuuLat

diversas características diferenciales importantes:

1.- Valores límites o valores indicativos

Una primera diferencia se encuentra en la definición como valores

recomendados -indicativos- o valores límites , cuya transgresión es

punible. Los efectos reales de esta diferencia son difíciles de

establecer, sin efectuar un análisis exhaustivo de la práctica

administrativa y judicial. En el fondo de la diferencia subyace la idea de

que la relación entre los niveles de emisión y la calidad del aire, que es

el objetivo final a proteger, no es simple y puede parecer excesiva

perseguir los "excesos de emisiones" en general , sin considerar la

existencia o no de efectos adversos.
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II.- Lími tes generales o límites específicos

Como alternativas en la reglamentación de límites se encuentran:

- límites de tipo general, presentes como parte de la legislación básica.

- límites de tipo general, especificados en reglamentos o normas técnicas
separadas y más fáciles de actualizar.

- límites específicos, establecidos por tipos de industria, considerando
en ocasiones diferencias zonales.

- límites específicos establecidos para cada instalación concreta.

Los límites específicas por instalación son la herramienta más
flexible, ya que permite tener en cuenta todos los condicionantes locales,
y actualizar los niveles de exigencia a los desarrollos tecnológicos caso
por caso.

En favor de esquemas más rígidos de los límites de aplicación
general por sector, con actualizaciones periódicas, está el hecho de que
los límites específicos puedan introducir distorsiones de competencia,

especialmente conflictivas cuando las empresas afectadas corresponden al
sector privado.

III.- Formas de expresión

Asociados a razones históricas, y/o a los procedimientos y normas
empleados en los estudios previos al establecimiento de los límites o en
la verificación de su cumplimiento. Las formas de expresión más utilizadas
son:

- Concentración : masa de contaminante por unidad de volumen de gases
emitidos (en general en miligramos por m3 de gases en condiciones
normales : mg/1nP> en unos casos y en otros proporción (partes por
millón) en volumen.
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- Intensidad de Emisión: masa de contaminante máxima que puede emitirse

por unidad de tiempo. Este tipo de expresión no es muy común en límites

para centrales térmicas, pero se encuentra en la legislación de algunos

países.

- Factor de emisión: masa de contaminante emitida normalizada por un

factor indicador del nivel de producción. Para centrales térmicas son

comunes unidades de ng de contaminante/Julio de energía de entrada (o

de salida): ng/J. En algún caso incluso peso de contaminante generado

por unidad de combustible empleada.

La dificultad asociada a los límites primitivos expresados en

concentración, radica en que podía conseguirse el cumplimiento de una

normativa determinada, diluyendo los gases procedentes de la combustión

con aire exterior, sin disminuir por ello la cantidad total de

contaminante emitido.

IV.- Procedimientos de verificación

Para un mismo nivel de control resultante, los valores numéricos

concretos de los límites están estrechamente ligados a los procedimientos

y métodos de medida a emplear para verificarlos.

Es normal en muchas reglamentaciones de límites establecer las

normas de medida que deben emplearse para su verificación, incluyendo

aspectos como duración de la toma de muestra, volumen mínimo de muestreo y

número mínimo de muestras necesario para admitir la validez de los

resultados.

Desde el punto de vista de garantizar que los niveles establecidos

se cumplen realmente en operación normal de la planta, el procedimiento

más viable es el autocontrol basado en sistemas de medida continua. Un

somero análisis estadístico revela que, en cuanto se reduce la frecuencia

de muestras tomadas, la probabilidad de detectar valores extremos

disminuye de modo importante.
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V.- Condiciones de cumplimiento

Se refieren a diferencias de aspectos tales como:

- Definición de las condiciones de aplicabilidad de los límites (lo que
normalmente se entiende por "condiciones de operación normal").

- Frecuencia con la que pueden excederse los límites y duración de las

condiciones de excepción.

- Xargen de excedencia permisible y/o tolerancia de medición.

4.2.- LEGISLACIÓN ESPAÑOLA SOBRE T TONES

4.2.1.- DISPOSICIONES LEGALES MÁS INPORTAITES

1 Ley 38/1972 de nro. ón del ambiente atmosférica

Es una ley básica, que deja lo fundamental de los desarrollos para

otras disposiciones posteriores más específicas, la primera de las cuales

tardó 3 años en publicarse.

En su art. 3 se define el nivel de emisión como la cuantía de cada
contaminante vertida sistemáticamente a la atmósfera en un período
determinado, medida en las unidades que sean de aplicación a cada uno de
ellos.

En el mismo artículo se faculta al gobierno para establecer
límites de emisión de carácter general o particulares, más estrictos,
cuando se estime que existe perjuicio grave para las personas o bienes
localizados en el entorno del foco emisor. Asimismo en estos casos puede
exigirse la adopción de medidas correctoras según el estado de la técnica,
para la reducción del vertido de contaminantes a la atmósfera.
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actividad, la aplicación de los mejores medios prácticos disponibles para

la reducción de emisiones o mejorar la dispersión.

Para las centrales térmicas autorizadas a quemar carbones u otros

combustibles de baja calidad , se admite que los límites recogidos en el

anexo IV sean rebasados , si persisten las causas originales y por razones

de interés social local , siempre que no se superen los límites de inmisión

fijados (art. 52).

Para el control, inspección y vigilancia de las instalaciones

potencialmente contaminadoras de la atmósfera, el art. 69 establece que

dichas inspecciones deberán realizarse al menos una vez al afín, y siempre

que exista denuncia justificada de que se esté produciendo una emisión

excesiva.

En dicha inspección se comprobará si se respetan los valores

límite de emisión y de calidad de aire <art. 70). En caso contrario se

establece un régimen de vigilancia intensiva sobre la industria en

cuestión.

Estos aspectos se desarrollan posteriormente con mayor detalle en

la O.M. de 18 de Octubre de 1976.

El art. 72 sefíala que si la Administración competente considera

económica y técnicamente oportuno y viable, podrá exigirse la instalación

de equipos de medida con registro incorporado para controlar la emisión

continua y periódicamente.

Las industrias del grupo A del catálogo de actividades

potencialmente contaminadoras , deberán efectuar al menos una medida de los

contaminantes vertidos a la atmósfera cada 15 días , así como un balance

estequiométrico semanal de azufre y halógenos . Las industrias del grupo h

deberán efectuar controles periódicos de sus emisiones ( no se indica la

periodicidad).



113.

La Ley contempla la elaboración de un catálogo de actividades

potencialmente contaminadoras , así como las condiciones para instalar,

ampliar o modificar dichas actividades, y prevé también la regulación

posterior de las características y calidades de los combustibles de

aplicación doméstica e industrial.

Decreto 833/1975

Este Decreto , verdadero Reglamento de la Ley, desarrolla sus

aspectos más importantes.

Así, en el título V, art . 44 se define el límite de emisión como

la concentración máxima admisible de cada tipo de contaminante en los

vertidos a la atmósfera...

En el anexo IV se establecen las límites de carácter general, a

que deberán sujetarse las emisiones de contaminantes procedentes de

actividades potencialmente contaminadoras , cualquiera que sea su

localización. Sin embargo , en el art. 45 se establece la posibilidad de

adoptar límites más estrictos para determinadas actividades , atendiendo a

aspectos como tipo y volumen de contaminantes emitidos , localización, etc.

Los niveles de emisión que no deben superarse , lo son (art. 46)

sin dilución previa con aire, salvo casos justificados y debidamente

autorizados.

Para los contaminantes o actividades no especificados en el

Decreto, se establece que las emisiones serán tales que las inmisiones

cumplan lo establecido sobre normas técnicas de inmisión , y/o en su

defecto , no sobrepasar 1/30 de las concentraciones máximas permitidas en

ambiente interior por el decreto de 30/IX/1961.

En el art. 49 se establece que cuando exista perjuicio directo y

grave para las personas o bienes localizados en el área de influencia del

foco emisor , el Ministerio competente deberá exigir a los titulares de la
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Según el art . 74 los aparatos de medida de emisiones deberán
corresponder a tipos previamente homologados y contrastados por el
Ministerio de Industria , pudiendo dicho organismo concertar con
laboratorios oficiales autorizados la labor de contrastación.

Las empresas deberán comunicar a la autoridad competente por razón

de la actividad y a los ayuntamientos Implicadas , con la mayor urgencia

posible , cualquier anomalía en los sistemas de depuración de los efluentes

gasesos que pueda repercutir en la calidad del aire de la zona (Art. 79>.

En el art. 83 se definen como faltas graves:

La emisión superior a tres veces el límite fijado en la

autorización de funcionamiento durante un período superior a media hora

por día.

La emisión superior a tres veces los límites admisibles durante un

período máximo de media hora por día, para industrias del grupo A, en

zonas de atmósfera contaminada.

Para las centrales térmicas los límites de emisión establecidos en

en anexo IV son:

PARTfCIILAS SÓLIDAS

Emisión en (mg/Nm3)

POTENCIA INSTALACIONES INSTALACIONES
CAXBUSTIBLE ( Xw) ANT , a 23/4/75 POST, a 23/4/75

Carbón <50 750 500/400 (1)
50-200 500 350-300
>200 350 200-300

Fuelóleo <50 250 200
50-200 200 175
>200 175 150
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OPACIDAD

Carbón: Ringelman 1 (para contenido en cenizas <20%), admitiéndose hasta
Ringelman 2 un máximo de dos minutos cada hora , y Ringelman menor de 3 en
el período de encendido , máximo de tres horas.

Fuelóleo : Ringelman 1 admitiéndose hasta Ringelman 2 un máximo de dos
minutos cada hora.

DIOZIDO DE A?IIFRRR (_)

Emisión en (�g(Hm3)

POTENCIA INSTALACIONES
COMBUSTIBLE (Xv) AHT, a 2314175
Hulla o antracita todas 2.400
Lignito 9.000
Fuelóleo todas 5.500

Notas:

( 1) Los límites inferiores se aplican en zonas de atmósfera contaminada.

(2) Si el porcentaje de azufre del combustible >1,57 o si el porcentaje
en cenizas >20%, se aplicarán límites específicos.

f Decreto 2204/1975 sobre calidades y condiciones de empleo de

combustibles y carburantes

Para los carbones, el art. 2 especifica que la composición dada en

los anexos , corresponde al estado de suministra al consumidor.

El art. 4 define como combustibles limpios, en lo que se refiere a

contenido de azufre , la energía eléctrica, el gas natural, los gases

licuados del petróleo, los gases manufacturados, y otros combustibles con

contenido de azufre igual o inferior al 0,7% en peso. Asimismo se definen

como combustibles de menor poder contaminante , además de los anteriores,

los combustibles líquidos con un contenido de azufre 11,2% y los sólidos

de calidad número 1 del anexo IX de ese decreto.

El art. 10 señala que en instalaciones industriales que se

encuentren a menos de 2 Km de un núcleo urbano de más de 10000 habitantes,



116.

no podrán consumirse combustibles que contengan más del 3%, de azufre.

En zonas declaradas de atmósfera contaminada, solo podrá quemarse
carbón de calidad n9 1 en actividades domésticas y de servicios, y de
calidades 1 y 2 en actividades industriales.

Las centrales térmicas e instalaciones industriales de potencia

calorífica global superior a 2000 termias/hora, situadas en zonas de

atmósfera contaminada a con frecuentes emergencias, deberán disponer de

una reserva de combustibles especiales para asegurar su funcionamiento

durante seis días por lo menos (art. 13).

1 Orden de 18 de octubre de 1976

En su art. 8.1, se especifica que cualquier instalación,

ampliación o traslado de industrias potencialmente contaminadoras de la

atmósfera, deberá presentar ante la administración competente un proyecto

independiente del de la planta, que en el caso de las centrales térmicas

de carbón de potencia mayor o igual a 8000 termias/hora, deberá incluir un

análisis completo del carbón, inmediato y elemental, así como el análisis

complementario (azufre pirítico, sulfato, orgánica y fija, carbonatos,

halógenos, fósforo y arsénico, y análisis de las cenizas).

Según el art. 10 de la orden, en el citado proyecto se deberá

incluir una memoria del cálculo de la altura de las chimeneas.

En el art. 11 se establece que las chimeneas de las nuevas

instalaciones industriales irán provistas de orificios de toma de

muestras , de forma que se eviten turbulencias y anomalías que puedan

afectar a la representatividad de las muestras.

Los niveles de emisión se medirán en chimenea (Art. 16 ), salvo

cuando los efluentes no estén canalizados, en cuyo caso se medirán en

ambiente exterior.
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El cumplimiento de los niveles de emisión debe observarse durante
el tiempo en que esté en funcionamiento la instalación en las condiciones
normales de funcionamiento. Salvo que en la autorización de puesta en
marcha se especifique otra cosa , dichos niveles de emisión serán medidas
durantes un mes, si se superan las siguientes cantidades:

- 15 Kg/ h de polvos.

- 100 Kg/h de S02 -20 Kg/h de óxidos de nitrógeno (expresados
como 10) (salvo en caso de combustión).

- 5 Kg/h de CO

- 1 Kg/h de cloro

- 1 Kg/h de compuestos inorgánicos de claro

- 1 Kg/h de 41 o de flúor

- 1 Kg/h de compuestos orgánicos (expresados como C)

y durante una semana si son menores.

El artículo 28 impone a las empresas industriales potencialmente

contaminadoras de la atmósfera, el ejercicio de un autocontrol de las

emisiones de contaminantes aéreos, pudiéndose exigir a las empresas la

instalación de equipos de medida continuas , regulados y comprobados por la

administración.

Las empresas del grupo A deberán realizar al menos una medida cada

quince días a los contaminantes emitidos a la atmósfera . En el caso de que

no se disponga de los equipos adecuados realizarán balances de azufre,

halógenos, etc.

Desarrollos recientes

La O.X. del Ministerio de Industria y Energía de 25 de junio de

1984 , es aplicable a todas las centrales termoeléctricas de potencia

superior a 50 Mw que quemen carbón , y las de fuel-oil o gas natural de

potencia superior a 200 Mw. La citada orden obliga a dichas centrales a

instalar , preferentemente en chimenea , aparatos de control con transmisión
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de datos al cuadro de mandos de la central. Dichos aparatos deberán
permitir la medida en forma continua de las emisiones de SO2, partículas y
óxidos de nitrógeno de cada hogar o grupos de ellos concectados a la misma
chimenea de la central (art. 1).

El art. 4 establece la obligación de disponer en el entorno de las

centrales térmicas una red automática para la medida de inmisianes de SO2,

partículas y NO2, tal que sea posible el tratamiento informatizado de los

datos que generen.

Las centrales de carbón deberán disponer de un equipo de análisis

del contenido de azufre en el carbón utilizado, con capacidad suficiente

para la determinación del mismo en todas las partidas adquiridas. Equipos

y emplazamientos deberán cumplir las exigencias más severas en estos

aspectos de los países de la C.E.E.

4.3.- LEGISLACIÓY BH OTRM PAISES

4.3.1.- COIIDIIDAD ECOHÓIIICA EDHOPBA

La política comunitaria de lucha contra la contaminación

atmosférica, contempla la promulgación de normas de calidad del aire con

el establecimiento de normas de emisión más o menos estrictas, combinando

aspectos técnicos y económicos, y el mantenimiento de unos valores de

calidad del aire fijados con criterios sanitarios o de protección del

medio. Ya se han establecido valores límite y valores guía de

concentración en ambiente para dióxido de azufre y partículas en

suspensión (80/779/CEE), plomo (82/94/CEE), y dióxido de nitrógeno

(85/203/CEE).

El Consejo Europeo de Jefes de Estado y de Gobierno celebrado en

Stuttgart en junio de 1983, estableció los dos grandes ejes en torno a los

que girará la acción comunitaria relativa a la contaminación atmosférica a

lo largo de la presente década: la lucha contra la lluvia ácida y la
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supresión del contenido de plomo de las gasolinas.

A continuación se resumen las disposiciones adoptadas en relación

con la contaminación atmosférica procedente de fuentes fijas.

• Directiva 84/360/CEE. de 28/VI/84, relativa a la lucha contra la

contaminación atmosférica procedente de instalaciones industriales

Se acostumbra a denominarla "Directiva-Narco 84/360".

Esta directiva establece una serie de principios que deberán

aplicarse en los estados miembros a partir de Julio de 1987, en lo que

concierne a determinados tipos de instalaciones industriales que emiten

contaminantes a la atmósfera.

Además de la prevención y reducción de la contaminación

atmosférica, la Directiva busca la armonización de las dispares

legislaciones nacionales en la materia. Estas disparidades, que tenderían

a acentuarse en los próximos atas, pueden originar distorsiones de

competencia en el Mercado Común , al someter a las empresas a diferentes

cargas financieras según el Estado en que se encuentren.

La Directiva prevé, esencialmente, la instauración de un sistema

que somete la construcción, explotación y modificación sustancial de

determinadas instalaciones I ndustriales fijas a la exigencia de

autorización previa. La autoridad competente no podría conceder esta

autorización más que si se cumplen las siguientes condiciones (art. 4):

- que se hayan tomado todas las medidas apropiadas para la prevención de

la contmainación atmosférica, incluida la utilización de la mejor

tecnología disponible, a condición de que la aplicación de tales

medidas no suponga costos excesivos.

- que la explotación de la instalación no suponga contaminación

atmosférica de un nivel significativo, en particular por la emisión de
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compuestos de azufre, compuestas de nitrógeno, monóxido de carbono,
compuestos orgánicos (especialmente hidrocarburos, excluido el metano).
metales pesados y sus compuestos, polvos, amianto, fibra de vidrio y de
roca, cloro y compuestos de cloro, flúor y compuestos de flúor

(Anexo 2).

que no se sobrepase ningún límite de emisión aplicable.

que se hayan tenido en cuenta todos los valores límites de calidad del

aire aplicables.

Los sectores industriales sometidos al régimen de autorización

previa se recogen en el Anexo 1 de la Directiva, e incluyen a las

centrales térmicas no nucleares de potencia calorífica nominal superior a

50 Mw.

En la misma línea se establece que el Consejo podrá , en caso

necesario , fijar límites comunitarios de emisiones de contaminantes

prioritarios, desarrollando directivas de aplicación sectoriales. Es de

destacar que se trata de límites de emisión y no valores indicativos como

los contemplados, por ejemplo, en el sistema británico tradicional.

Proposición de directiva relativa a la limitación de emisiones de

contaminantes a la atmósfera procedentes de grandes instalaciones de

combustión <83/ 7 04)

Presentada el 15/%II/83 par la Comisión al Consejo de Ministros de

la CEE, esta directiva proponía la fijación de un objetivo global de

reducción de las emisiones anuales totales para grandes instalaciones de

combustión ( potencia térmica nominal mayor o igual a 50 Mw) antes de

finales de 1995, del orden del 60% para los óxidos de azufre, 40% para los

óxidos de nitrógeno y 40% para las partículas, respecto de los

correspondientes a 1980 , tomado como perído de referencia.

Esta directiva se inspira ampliamente en el Reglamento alemán en
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vigor desde el 1/VII / 83. Como resumen de sus aspectos más importantes
señalaremos:

a) Campo de aplicación: grandes instalaciones de combustión de potencia
termica nominal igual o mayor que 50 Mw y cualquier tipo de combustible
(sólido, líquido o gaseoso ). Se excluyen las instalaciones de
combustión destinadas a secado o tratamiento de materiales por contacto
con los gases de combustión (excepto las sometidas a la directiva

anterior), y los dispositivos de postcombustión.

b) Se aplica tanto a las instalaciones nuevas como a las antiguas. Para

las instalaciones antiguas (autorizadas antes del 1/I/85), la Directiva

propone establecer programas anuales de reducción progresiva de

emisiones procedentes de estas fuentes , no más tarde del 31/XII/86,

para alcanzar en 1995 los objetivos generales de reducción de emisiones

globales establecidos. Queda un amplio margen de flexibilidad en las

medidas a tomar.

Para las instalaciones nuevas (autorizadas después del 1/1/85), la

Comisión propone que todas las autorizaciones previas se subordinen al

cumplimiento de unos valores límite comunitarios. Sin embargo, para

instalaciones de potencia termica nominal inferior a 100 Mw, la fecha

anterior se retrasa 5 años . Este retraso tiene, entre otros motivos, el

de facilitar el desarrollo de calderas de CLF de potencia superior a

50 XV.

Para instalaciones de más de 50 Mw los límites de emisión que se

aplican son las siguientes (expresados en mg/Nm3):

PARTICULAS SOLIDAS :

- Combustible sólido: á 50

- Combustible líquido: ( 50

- Combustible gaseoso : í 5 en general

4 10 para gas de alto horno

1 100 para gases de siderurgia
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OXIDOS DE AZUFRE (expresados come SO-,)

- Combustible sólido: á 400 en general desde 1/1/85

4 250 en general desde 31/12/95

1 2000 hogar de parrilla o carbón pulverizado

y potencia < 300 Mw

- Combustible líquido: 1 400 en general desde 1/1/85

á 250 en general desde 31/12/85

1 1700 instalaciones de potencia < 300 Mw

- Combustible gaseoso : b 35 en general

F 100 para gas de coquería

í 5 para gas licuado

OXIDOS DE NITRÓGENO (como BOA)

- Combustible sólido: í 800 en general desde 1/1/85

1 1300 hogar de carbón y extracción de cenizas

fundidas, desde 1/1/85

1 400 en general desde 31/12/95

1 800 hogar de carbón y extracción de cenizas

fundidas, desde 31/12/95

- Combustible líquido: 450 desde 1/1/85

1 220 desde 31/12/95

- Combustible gaseoso : 1 350 desde 1/1/85

f 180 desde 31/12/95

Puede verse que la imposición de límites de emisión se plantea en dos

etapas . Según estimaciones de la comisión , el valor límite 85 para S02

puede cumplirse con una desulfuraclón de un 907. de rendimiento

aproximadamente , mientras que el limite 95 requeriría un rendimiento en

torno al 95%.

c) Derogaciones temporales: se preve la posibilidad de que los estados

miembros soliciten exenciones temporales en los siguientes casos-

- Pocas emisiones globales en relación con el total de la Comunidad.

- Planes energéticos basados en combustibles autóctonos de baja

calidad.
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- Regímenes transitorios para casos de avería en los equipos de
depuración o problemas de aprovisionamiento de combustibles.

d) Restricciones al uso de chimeneas altas: se establece un límite de
200 m., con ciertas excepciones.

e) Puesta en práctica de las medidas:

- Condiciones de referencia: los límites de emisión se expresan en

condiciones normales ( 0'C, 1 atm. y gas seco ) y un exceso de aire

de referencia , que se especifica como un 6% de 02 presente en los

gases residuales.

- Condiciones de medida y registro : medidas continuas de SO2, NOS,

partículas sólidas y 02 para instalaciones nuevas y antiguas con

más de 10 . 000 horas de vida útil . Se admiten determinaciones -

alternativas y control limitado a medidas aisladas. Ho será nece-

saria la medida de 102 en caso de que represente menos del 5% de

las emisiones de 10. totales , pero deberá tener en cuenta por

cálculo.

- Condiciones de cumplimiento : Se considera que los límites se respe-

tan si a lo largo de un año civil las emisiones son tales que:

Para medidas continuas:

Ningún valor medio diario sobrepasa los valores descritos en la

tabla.

• El 97% de los valores medios de 30 min . no sobrepasan el 120% de

los valores límites de emisión.

• Ningún valor medio de 30 min. sobrepasa el 200% del límite.

Para medidas aisladas:

. Todos los resultados están por debajo del límite.

En su formulación original esta propuesta fue sometida a críticas

importantes por parte del Centro Europeo de la Empresa Pública (CEEP), con

excepción de los representantes alemanes . Hay que tener en cuenta que una

parte importante de las instalaciones afectadas por la directiva

pertenecen al sector pública . En síntesis , los puntos de crítica pueden
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resumirse coma sigue:

- La Directiva está elaborada sobre bases insuficientes . El estado actual
de los conocimientos hace prematuro cualquier intento de hacer balance
objetivo de las ventajas a esperar de los controles de emisión
propuestos, y los gastos que pueden ocasionar.

- Las medidas son dispendiosas desde el punto de vista económico. Según

el CEEP el análisis de costos en que se apoya la directiva es

incorrecto , su evaluación de costas para la reducción del 60% de las

emisiones de óxidos de azufre respecto de los niveles de 1980 es del

orden de 4,1 a 6,1 miles de si llones de dólares anuales, sin considerar

los costos de reducción del 40%, de las emisiones de NO,< y partículas.

- Las medidas son poco realistas desde el' punto de vista técnica (en

particular la reducción del 40% de los óxidos de nitrógeno). Además,

según la CEEP los límites previstos para 1996 son imposibles de

alcanzar actualmente , por lo que la Dirección adelanta 'desarrollos

tecnológicos futuros.

- Las medidas están en contradicción con algunas de las políticas

internas de la CEE. Penalizando , por ejemplo , el uso del carbón en

calderas convencionales.

Por otra parte, un informe del Comité de representantes

permanentes de los Estados miembros de la CEE, de mediados de junio de

1984 , señalaba importantes diferencias entre ellos:

Alemania y Holanda consideraban la propuesta de la Comisión como

un mínimo aceptable . Francia , Bélgica y Dinamarca serían partidarios en

general de la propuesta de directiva , considerando que las reducciones

propuestas son un poca elevadas. Bélgica mostraba su preocupación por el

calendario y los costos.

Italia y el Reina Unido mostraban serias reservas acerca de la

eficacia real de las medidas propuestas desde el punto de vista de la
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protección del medio ambiente, los costos de puesta en práctica e

incidencia de la situación económica de las empresas, la oportunidad de

fijar límites comunitarios y los problemas técnicos planteados por el

control de las emisiones de óxidos de nitrógeno . Estos mismos países

señalaban que las excepciones propuestas por la Comisión , tendrían como

consecuencia un reparto desigual del esfuerzo pedido a los estados

miembros.

Los griegos , irlandeses y luxemburgueses también mostraban su

desacuerdo general. Según ellos, la proposición no tendría en cuenta

adecuadamente las situaciones industriales y energéticas de sus

respectivos países . La puesta en práctica de las medidas propuestas

tendría como consecuencia una agudización de la situación de competencia,

y un retrasa en el desarrollo de la industria energética de sus países,

cuya contribución a la contaminación transfronteras sería mínima.

En la actualidad la discusión se centra en la consideración del

año base de cálculo de emisiones , los porcentajes y los plazos para

alcanzar las reducciones de emisiones.

4.3.2.- REPUBLICA FEDERAL DE ALEXARIA

La regulación más importante relativa a calidad del aire es la Ley

para la Protección de los Efectos Peligrosos de la Contaminación del Aire,

Ruido, Vibraciones y Procesos Similares (BImSchG) de 151111/94.

Existe un sistema de "instalaciones sometidas a exigencia de

autorización" (98 categorías ). Estas instalaciones no deben generar

efectos perjudiciales para el media ambiente , y las medidas de control

deben tomarse según el estado de la tecnología , entendiendo como tal los

métodos avanzados de control de emisiones que hayan sido probados en

operación suficientemente.

Las normas de calidad del aire y los límites de emisión están

recogidos en su caso en las Instrucciones Técnicas para la Purificación
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del Aire (TA Luft), y los gobiernos regionales son los responsables de su

aplicación. Los límites de emisión se han establecido tradicionalmente de

modo que no supongan costos desproporcionados , y normalmente se basan en
campañas previas de medidas en instalaciones modernas.

Además , los gobiernos locales pueden imponer medidas adicionales,

en zonas contaminadas o condiciones meteorológicas desfavorables, tales

como restricciones de ubicación, o el uso de determinados combustibles

(<0,3% en peso de S en el gas oil, tipo A en la CEE). En Berlin el
porcentaje máximo permitido de azufre en el lignito es el 1%.

Con fecha 1/7/1983 entra en vigor la 13th BImSChG Regulation, con

el objetivo de reducir drásticamente las emisiones de dióxido de azufre,

óxidos de nitrógeno , monóxido de carbono, compuestos halogenados, polvo,

compuestos tóxicos y metales pesados . La regulación se aplica a grandes

instalaciones de combustión de potencia superior a:

- 50 Mw (para combustibles sólidos a líquidos)

- 100 Mw (para combustibles gaseosas)

Se excluyen las instalaciones de combustión de residuos, las

baterías de cake, turbinas de gas e instalaciones de postcombustión.

Las plantas existentes con tiempo de vida proyectado de más de

30.000 horas pueden ser equiparadas , en cuanto a necesidades de equipos de

control para SO2, a las nuevas plantas, y deberán cumplir los nuevos

límites dentro de los cinco años siguientes a la promulgación de la

ordenanza . Las antiguas han continuado con los límites anteriores hasta el

1-7-85 si la potencia de la instalación es superior a 300 Mw, y

continuarán hasta el 1-7-88 en las demás casos . A partir de 1993 todas las

plantas deberán cumplir los nuevos límites, sea cual fuere el tiempo de

vida proyectado.

Se considera que los límites se respetan si a lo largo de un año

civil las emisiones son tales que:
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- Ningún valor media diario sobrepasa los valores descritos en la tabla.

- El 97% de los valores medios de 30 min , no sobrepasan el 120% de los

valores límites de emisión.

- Ningún valor medio de 30 min. sobrepasa el 200% del límite.

Los límites de emisión se expresan en condiciones normales (0'C,

1 atm y gas seco ) y un exceso de aire de referencia que se especifica coma

% de O2 presente en los gases residuales.

El operador de la instalación está obligado, como parte de las

responsabilidades exigidas en la autorización , a medir sus emisiones y los

niveles de inmisión para evitar efectos ambientales peligrosos.

Aunque no tiene estatua legal , la TA Luft requiere , en diversas

instalaciones , que las emisiones de partículas , SO2, CO y Ni. se midan en

continuo . Esto se aplica a centrales térmicas , excepto para emisiones

procedentes de unidades que quemen combustibles gaseosos con capacidad

menor de 400 Hwth ( megavatios térmicos). En plantas pequeñas se realizan

medidas cada 3-5 años.

Con esta reglamentación se pretende disminuir las emisiones de SO2

en la R.F.A., para las aproximadamente 1500 instalaciones afectadas por el

decreto, desde 2 Xt/afio a unas 0,? Mt/afio.

En 1978 se adoptaron diversas medidas legales para dotar a la

Administración de un Instrumento que le permitiera requerir datos de

emisiones y de proceso hasta de dos años anteriores.

Los límites de emisión que se aplican son los siguientes:

PA�?ÍCULAS SÓLIDAS

Capacidad Límite de emisión
Combust , de la planta Especificación (mg/Im3)

Todos 1 50 Xw th plantas nuevas 50 (2,5,6)
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Capacidad Límite de emisión
Combust. de laplana Especificación (mg1Hm�)

Todos menos 3 50 Mw th plantas nuevas suma de As, Pb, Cd,
carbón y Cr, Ni, Co 40,5
madera (3,5,6)

Lignito plantas existentes 80 (2,5,6)
(a modificar)

Otros " " 125 (2,5,6)

Todos menos " suma de As, Pb, Cd,
carbón y Cr, Ni, Co 41,5
madera (3,5,6)

Líquidos ) 50 Mw th plantas nuevas 50 (2,5,6)

Líquidos " plantas existentes 50 a 100 (2,5,6)
(a modificar)

Gas < 100 Mw th < Ringelman 2

Gas de 1 50 y < 100 50 (4,5,15,16)
siderurgia Mw th

Gas de horno ) 100 Mw th plantas nuevas 10 (3,5,6)
alto

Gas de 100 (3,5,6)
siderurgia

Otros gases " 5 (3,5,6)

6IID( DE AZUFRE

Capacidad(1) Límite de emisión
Combust. de la planta Especificación (mg/Em3)

Todos ) 50 Todas las nuevas 2000 (8)
< 100 Menos CLF (2,5,6)

Todos ) 50 Plantas nuevas 400 6 25%, de
< 300 de CLF emisión residual

(2,5,6)

Todos ) 50 Existentes (9) 2500 (10)
< 300 (tiempo limitado) (2,5,6)

Todos ) 100 Todas las nuevas 2000 y 40% de
1 300 Menos CLF emisión residual

(11,2,5,6)
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Capacidad(1) Límite de emisión
Combust. de la planta Especificación ( mg/Nm3)

Todos 1 300 Nuevas y modifi- 400 y 15% de
cadas (12) emisión residual

(13,14,2,5,6)

Líquidos 1 50 Plantas nuevas 1700 (11,2,5,6)
< 100

Líquidos 3 50 Existentes (tiem- 2500 (10,2,5,6)
4 300 po limitado) (9)

Gas Oil > 100 Plantas nuevas 1700 y 40% de
í 3% S < 300 emisión residual

(2,5,6)

Gas Oil > 300 Nuevas y existen- 400 y 15% de
í 3% S tes (a modificar) emisión residual

(13,14,2,5,6)

LPG 100 XV th Plantas nuevas 5 (3,5,6)

Gas de " 100 (3,5,6)
coquería

Gas indus- 200 a 800
trial (3,5,6)

Otros 35 (2,5,6)

6IIDOS DE NITRáGEIO (como NOS)

Capacidad Límite de emisión
Combust. de la planta Especificación (BaIJIM3)

Todos > 1 - Lo más bajo posible
< 50 (7,15)

Todos ) 50 Nuevas, extrac. Mejor tecnología
escoria seca disponible (7)

máximo 800 (2,5,6)

Todos 1 50 Nuevas, extrac. Mejor tecnología
escoria fundida disponible (7)

máximo 1800 (2,5,6)

Carbón 3 50 Pulverizado, Mejor tecnología
escoria seca, disponible (7)
existentes máximo 1300 (2,5,6)
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Capacidad Límite de emisión
Combust. de la planta Especificación (Da/1221-

Carbón 150 Pulverizado, Mejor tecnología
escoria fundida disponible (7)
existentes máximo 2000 (2,5,6)

Todos ) 50 Otras existentes Mejor tecnología
disponible (7)
máximo 1000 (2,5,6)

Líquidos 50 Plantas nuevas Mejor tecnología
disponible (2,5,6)
máximo 450 (7)

Líquidos >. 50 Existentes Mejor tecnología
disponible (2,5,6)
máximo 700 (7)

Gas 1 100 Plantas nuevas Mejor tecnología
disponible (2,5,6)
máximo 350 (7)
(2) cuando 1 400Mwth
(1); (3) cuando 1400
Mwth (1)

Gas 1 100 Existentes Mejor tecnología
disponible (2,5,6)
máximo 500 (7)
(2) cuando 1400Mwth
(1); (3) cuando 1400
Mwth (1)

I3IÓIIDDDECAEO)<O

- C. sólido: 250 mg/Nm3

- C. líquido: 175 mg/Nm3 (4,5 ,15,6) si < 50 Mwth
(2,5,6) si ) 50 Mwth

- C. Gaseoso : 100 mg/Mm3 (2,5,6)

CLOFII IIIQ2GIIIICQS GA.SE( E (ca BGL)

Capacidad Límite de emisión
Combust . de la planta Especificación (mes/Bm3)

Todos 50, ( 300 Nuevas , excepto 200 (3,5,6)
CLF
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Capacidad Límite de emisión
Combust, de la planta Especificación (mg/HmP)

Todos > 300 Nuevas , excepto 100 (3,5,6)
CLF

Líquido 1 50 Plantas nuevas 30 (3,5,6)

FLIIORDR(IS IIORGAIICOS GASEO90S (como NP)

Capacidad Límite de emisión
Combust, de la planta Especificación ( mg/Nm3)

Todos 1 50, 1 300 Nuevas, excepto 30 (3,5,6)
CLF

Todos > 300 Nuevas, excepto 15 (3,5,6)
CLF

Líquido : 50 Plantas nuevas 5 (3,5,6)

NOTAS:

(1) Capacidad por planta, no por unidad.

(2) Xedida continua: medidas diarias por debajo de límite, el 97% de
las medias semihorarias por debajo del 120% del límite y todos los
promedios semihorarios por debajo del 200% del límite.

(3) Vigilancia por medida una vez cada tres años: al menos tres
medidas, todas las medidas dentro de límites.

(4) Medida continua o por intervalos dependiendo del tamafio y
emplazamiento , combustible y condiciones de autorización.

(5) 0'C, 1013 mbar, seco.

(6) 7% 02 para combustión en parrilla y lecho fluidizado. 5% 02 para
combustión pulverizada con escoria líquida, 6% 02 para otros
quemadores de combustible sólida.

(7) A establecer en la autorización, cifras previstas para plantas de
1 300 Xwth: 200 mg/Nm3.

(8) Aplicable 2500 mg/Nm3 durante un alía si no se dispone de carbón
bajo en azufre.

(9) Plantas con un período de vida a 10.000 h, válido hasta 1993,
luego igual que las nuevas.
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(10) Aplicable 3200 mg/Nm3 durante un ata si no se dispone de carbón
bajo en azufre.

(11) Emisión media resultante 1000 mg/Nm3.

(12) A modificar en menos de 5 atas.

(13) 650 mg/Nm3 y máxima eficacia de retención cuando se empleen
combustibles de contenido de azufre muy alto o muy variable.

(14) Plantas existentes con vida de más de 30.000 h: 2500 mg/Nm3 (10),
hasta 1993.

(15) En revisión.

El Gobierno Federal Alemán estaba trabajando en el desarrolla de
diveras enmiendas a la Ta Luft para la primavera de 1985, entre ellas las
destinadas a regular las instalaciones de combustión de menos de 50 Xw de
potencia.

4.3.3.- ESTADOS IITIDOS

La Clean Air Act de Diciembre de 1970 y posteriores enmiendas,
permiten la legislación de programas imponiendo el usa de tecnologías de
control de emisiones de alto rendimiento para fuentes nuevas, e imponen
regulaciones de protección especial para determinadas regiones.

Las normas para fuentes preexistentes (en 1970) están ligadas a
los Natianal Ambient Air Quality Standards, establecidos por la EPA e
impuestos a través de las normativas de control de la contaminación
atmosférica de los diferentes estados.

La Clean Air Act insta a cada estado a desarrollar planes de

control, con el fin de mantener y mejorar los estándares de calidad de

aire. Estos planes están sancionados por la E.P.A. y, en general, están

diseñados para minimizar los efectos de las emisiones en las zonas

próximas, teniendo en cuenta las características dispersivas en las

mismas . Pero por otra parte, en la sección 123 de la Clean Act se hace

especial hincapié en la limitación de las emisiones a la hora de obtener
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unos determinados estándares de calidad de aire, regulando más desde el

punto de vista del control de emisiones que desde el de la dispersión.

Las fuentes nuevas o modificaciones importantes posteriores a 1970

están sometidas a regulaciones más exigentes. Las centrales térmicas están

sometidas a límites establecidos, con carácter general, para calderas de

vapor desde esa fecha. Para centrales térmicas construidas después del

18/8/78 (y algunas centrales de lignito posteriores al 22/12/76) existen

límites específicos . Los diversos límites en vigor se recogen anualmente

en el CFR (Cade of Federal Regulations), parte 50, título 40. Los que se

refieren a centrales térmicas están recogidos en el subapartado Da.

Pasadas las pruebas de funcionamiento inicial en las condiciones

que se especifican, los límites para partículas sólidas y óxidos de

nitrógeno se aplican en todo momento, excepto en períodos de arranque,

parada o averías . Los límites para óxidos de azufre se aplican también en

todo momento , excepto durante períodos de arranque, parada o averías y si,

durante condiciones de emergencia , se siguen los procedimientos

especificados. La determinación del cumplimiento de los límites para

óxidos de azufre y de nitrógeno se basa en la emisión media para 30 días

sucesivos de operación de la caldera. Al final de cada día de operación se

calcula una nueva emisión media de S02 y JOx para determinar el

cumplimiento de las normas.

El propietario u operador de las plantas afectadas debe instalar,

calibrar, mantener y operar sistemas de medida continuada , y registrar sus

resultados para medir capacidad (salvo si se queman sólo combustibles

gaseosos ), óxidos de azufre (salvo si se quema sólo gas natural) a la

salida y a la entrada del sistema de control y óxido de nitrógeno.

El cumplimiento de los limites impuestos para partículas sólidas

se comprueba mediante la medida continua de algún parámetro relacionado

con la masa total de partículas emitidas , tal como la opacidad o bien se

recurre a los métodos manuales discontinuos normalizados por la EPA. Cada

fuente está sujeta a controles periódicos, a discreción de las agencias de

control.
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A continuación se presenta un resumen de los límites actualmente

aplicables a plantas cuyo input energético supere los 73 Xw,

Especif. de Emisión
Contaminante Combustible la planta (ng/J)

Partículas Carbón (inclu- Generadores de 43
yendo mezclas vapor posterio-
carbónlmadera) res a 17/8/71

Carbón y com- Centrales térmicas 13
bustibles deri- posteriores a <1,2)
vados del mismo 18/9/78

S02 Líquido Generadores de 340
vapor posteriores
a 17/8/71

Sólido Generadores de 520
vapor posteriores
a 17/8/71

Combinación 340*Y+520*Z/
líquidolsólido Y+Z (3)

Sólido Centrales térmicas 520 & 260
posteriores a (4)
18/9/78

Líquido/gas Centrales térmicas 340 (5)
posteriores a ó 86 (6)
18/9/78

110. Carbón Generadores de 300 (7)
vapor posteriores
a 17/8/1971

Lignito » » 260 (8,9)

» » 130 (7)

" » » 86 (8)

Combustibles Centrales térmicas 210 (10)
derivados del posteriores a
carbón 18/9/78

Carbón subbi- 260
tuminoso, bi-
tuminoso y
antracita

Residuos de exento
carbón
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Especif , de Emisión
Contaminante Combustible la planta (ng/J)

Combustibles 210 (10)
líquidos

Comb . gaseosos 210
derivados del
carbón

Otros combust. " 86

NOTAS:

( 1) 1% de la concentración potencial de combustión (CPC).

(2) Menos del 20% de opacidad , excepto un período de 6 minutos cada
hora que puede ser menos de 27%.

(3) X = porcentaje de gas , Y = porcentaje de líquido , Z = porcentaje
de carbón.

(4) 10% de la concentración potencial de combustión (90% de reducción)
ó 30% de CPC (70%, de reducción) cuando las emisiones sean menores
de 260 ng/J.

( 5) 10% de la CPC (90% de la reducción).

<6) La reducción no se aplica si las emisiones son menores de 86 ng/J.

(7) Excepto lignitos o combustibles fósiles sólidos que contengan 25%
o más de residuos de carbón.

(8) A los lignitos de Dakota del Norte, Dakota del Sur y Montan,
cuando se queman en quemadores ciclónicos , se les aplica el valor
340 ng/J.

(9) Se aplica el limite de 340 ng/J a cualquier combustible que
contenga el 25% en peso de lignito , si dicho lignito ha sido
previamente tratado . A los demás lignitos se les aplica el límite
de 260 ng/J.

(10) Combustibles líquidos derivados del carbón y pizarras bituminosas
210 ng/ J, resto de combustibles líquidos 130 ng/J.
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4.4.- TEBDETCiAS ACTUALES Y PERSPECTIVAS

1) Control de los emplazamientos

La tendencia actual en la mayor parte de los países
industrializados es la de exigir evaluaciones de impacto ambiental
multimedio, para proyectos industriales importantes, incluidas las
centrales térmicas . Los problemas asociados a estas evaluaciones se
entrelazan , en muchos casos , con el nivel actual del conocimiento
científico-técnico a nivel general, y con la experiencia y el know-how

existente en la comunidad científica y los niveles técnicos de la
administración y de las empresas implicadas , en cada país.

II) Especificaciones relativas a los combustibles

Como ya se ha señalado, el método de especificar una calidad de

combustible asociada a cada utilización se ha aplicado tradicionalmente a
carbones de alto contenido en cenizas , dado el desarrolla de la . tecnología

de control de emisiones de partículas , y a los combustibles líquidos para
consumo doméstico o en zonas problemáticas . Es común encontrar limitado el
uso de combustibles de baja calidad a grandes plantas , y especificaciones

más estrictas de calidad de combustibles para usos domésticos o en plantas

de baja capacidad.

En la actualidad ésta parece ser también la tendencia en algunos

de los países industrializados para el control de los óxidos de azufre,

basada en la consideración de que las tecnologías de control necesarias

pueden soportarse para escalas de planta del orden de los 300 Hw en

instalaciones en fase de proyecto.

III) Especificaciones técnicas sobre equipos y/o condiciones de operación

Para instalaciones grandes, las tendencias recientes pueden

resumirse como sigue;
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- Altura de chimenea. La tendencia tradicional ha sido la construcción de

chimeneas progresivamente más altas, como medio prácticamente exclusivo

de reducir los efectos de las emisiones de contaminantes gaseosos.

Si bien el empleo de chimeneas altas continuará en el futuro (siempre

como medio de prevención de condiciones de emergencia), las

consideraciones de costo económico y el desarrolla de los convenios

internacionales sobre transporte de contaminantes a larga distancia,

tenderán a limitar, salvo excepciones, la altura máxima de chimenea a

emplear.

- Características y modificaciones de los equipos de combustión. Este ha

sido el método tradicional en los países en que se ha intentado el

control de emisiones de óxidos de nitrógeno, y seguirá siendo

importante en el futuro, especialmente en instalaciones que no

requieran de la utilización de tecnología de control de óxidos de

azufre por el tipo de combustible.

IV) Xedi das de apoyo

El tratamiento especial a instalaciones de demostración de

tenologías de combustión más limpias, es el procedimiento empleado

actualmente como medio de impulsar el desarrollo de alternativas tales

como la combustión en lecho fluidizado.

Es también general la tendencia a apoyar las medidas encaminadas a

la reducción de consumo de combustibles y ahorro de energía, a

modificaciones de proceso que permitan reducir las emisiones . Sin embargo,

las subvenciones a la instalación o mejora de rendimiento de sistemas de

control, tienden a ser más selectivas con criterios de innovación

tecnológica.

Vl Límites de aplicación general

Existe una tendencia común en los países avanzados a fijar límites
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de aplicación general, con una casuística cada vez más desarrollada en el
sentido de incorporar diferencias respecto a la tecnología, los
combustibles empleados y la antigüedad de las plantas, estableciéndose

pocas excepciones y reconociéndose a la administración la capacidad para
imponer límites más rígidos en situaciones especiales.

VI) Formas de expresión

La tendencia actual en los países que mantienen normas con límites
de concentración, es definir con detalle las condiciones de referencia del
volumen al que se refiere la masa de contaminante: temperatura , presión,
gases secos o húmedos , y condiciones de exceso de aire que se consideran
normales , en función del tipo de combustible y equipo empleado . En general
se adopta un determinado % 02 o de C02 de referencia, al que se corrigen
las concentraciones medidas.

El otro criterio de uso común actualmente (ng/J de calor de
entrada ), requiere la determinación de mayor, número de parámetros,
asociados , por un lado, con el caudal de gases emitidos , y por otra, con
las características y cantidad de combustible consumido.

En general , la determinación de estos parámetros auxiliares
implica procedimientos de medida y verificación elaborados (éste no es el
caso en Estados Unidos por ejemplo, donde la conversión de los resultados

de medida de concentración a ng/J de entrada se apoya en la aplicación de
una sencilla fórmula , establecida en función del tipo de combustible,

medida de diluyente y concentración. Este procedimiento simplificado se

apoya en un conocimiento exhaustivo de la estadística de consumo y

análisis de los combustibles que se están empleando , y del margen de
variabilidad -error- que se comete con la simplificación).

VIII Procedimientos de verificación

Si se parte de la idea de que las condiciones de excedencia de los
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límites corresponden a estadística de valores extremos, se justifican
claramente algunas tendencias comunes en las normativas más recientes:

- establecer la obligación de informar de las emisiones en exceso, aún
cuando correspondan a condiciones de operación anormales.

- definir las límites como valores que no deben sobrepasarse nunca en
programas de verificación por muestreo con métodos de medida
discontinua.

- especificar la realización de los programas de verificación a carga
máxima.

- el recurso creciente a técnicas de medida continua.

Además, las disposiciones de verificación apoyadas en métodos de
medida continua incorporan , por razones ligadas al estado de desarrollo de
la tecnología de medición, especificaciones muy variadas , según el
desarrollo tecnológico de cada país , acerca de:

- comprobación de la representatividad de las medidas con motivo de la
instalación inicial.

- calibración periódica de los instrumentos.

- procedimientos alternativos de medida para los períodos de avería de
los equipos de medida, etc.

VIII) Condiciones de cumplimiento

En la definición de las condiciones de cumplimiento de límites
verificados por procedimientos de medida continua , las tendencias

existentes están relacionadas con el tiempo de promediado y con la forma

de incorporar la tolerancia de medición en la propia definición de los

límites.



140.

La idea subyacente es la de combinar tiempos de promediado

adecuados para eliminar el efecto de los errores aleatorios , pero no tan
largos como para permitir puntas de emisión que puedan resultar
peligrosas.

Hay que tener en cuenta que una de las razones más importantes de
la vigilancia continua es la de proporcionar datos de las emisiones al
aperador de la planta, que le permitan tomar decisiones en plazos de
tiempo relativamente cortos.

4.5.- It IIATTTA =LIMA Y COIUIIT RTA

4.5.1.- MORIi&TIVA ESPA9fOLA

* Decreto 2414/1961, de 30 de Noviembre , por el que se . aprueba el
Reglamento de actividades molestas , insalubres , nocivas y peligrosas
(B.O.E. 7/XII/61 y corrección de errores B.O.E. 7/111/62).

* Decreto 1775/1967, de 22 de Julio, sobre el régimen de instalación,
ampliación y traslado de industrias (B.O.E. 25/VII/67).

* Decreto 1776/1967, de 22 de Julio, por el que se clasifican
determinadas industrias a efectos de su instalación , ampliación y
traslado (B.O.E. 25 /VII/67).

1 Ley 38/1972, de 22 de Diciembre, de protección del ambiente atmosférica

(B.O.E. 26/111/72, pp 23032-23034).

t Decreto 3025/1974, de 9 de Agosto, sobre limitación de la contaminación

atmosférica producida por los vehículos automóviles (B.O.E. 7/XI/74).

* Decreto 833/1975, de 6 de Febrero , por el que se desarrolla la Ley

38/72, de 22 de Diciembre , de protección del ambiente atmosférico
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(B.O.E. 22/1/75, pp 8391-8416 + modificaciones).

* Decreto 795/1975, de 20 de Marzo , por el que se desarrolla el art. 11
de la ley de protección del ambiente atmosférico (B.O.E. 18/IV/75).

* Decreto 2204/1975, de 23 de Agosto, por el que se tipifican las
características, calidades y condiciones de empleo de los combustibles
y carburantes (B.O.E. 19/IX/75, pp 19861-19867).

* Real Decreto 1280/1976, de 9 de Abril, por el que se incluyen en el
grupo 22 del art. 22 del Decreto 1775/1967, de 22 de Julio, las
industrias dedicadas a la fabricación de hormigón preparado, y se
regula el régimen de sanciones aplicables por incumplimiento de las
obligaciones establecidas (B.O.E. 4/VI/76).

* Orden de 10 de Agosto'de 1976, del X. de la Gobernación, por la que se
establecen las normas técnicas para el análisis y valoración de los
contaminantes de naturaleza química presentes en la atmósfera (B.O.E.
5/XI/76, pp 21822-21832 y correcciones B.O.E. 10/I/77, pp. 455).

* Orden de 18 de Octubre de 1976, del Ministerio de Industria, sobre

prevención y corrección de la contaminación industrial de la atmósfera

(B.O.E. 3/XII/76, pp. 24097-24117 y correcciones en B.O .E. 23/11/77,

pp 4397).

* Orden de 1 de Febrero de 1977, del Ministerio de la Gobernación, sobre

la Red Nacional de Vigilancia y Prevención de la Contaminación

Atmosférica (B.O.E. 18/11/77, pp 3936).

* Real Decreto 378/1977, de 25 de Febrero, sobre medidas liberalizadoras

en materia de instalación, ampliación y traslado de industrias (B.O.E.

14(18)1111/77).

* Orden de 13 de Junio de 1977, del Ministerio de Industria, por la que

se dictan normas complementarias del Decreto 378/1977 de 25 de Febrero,

sobre medidas liberalizadoras en materia de instalación, ampliación y
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traslado de industrias (B.O.E. 18/VI/77).

Real Decreto 2512/1978 de 14 de Octubre, para aplicación del art, 11 de

la Ley 38/1972 de 22 de Diciembre (B.O.E. 25/X/78 pp 24854-24856).

Real Decreto 547/1979 de 20 de Febrero, sobre modificación del Anexo IV

del Decreto 833/1975, de 6 de Febrero, por el que se desarrolla la Ley

38/72, de 22 de Diciembre, de protección del ambiente atmosférico

(B.O.E. 22/111/79).

Real Decreto 735/1979 de 20 de Febrero, donde se fijan las normas

generales que deben cumplir las Entidades Colaboradoras (B.O.E. 9/IV/79

pp 8385).

* Real Decreto 262411979, de 5 de Octubre, por el que se modifica el

735/1979 de 20 de Febrero, en el que se fijan las normas generales que

deben cumplir las Entidas Colaboradoras (B.O.E. 16/XI/79 pp 26485-

26486)

f Decreto 2826/1979, de 17 de Diciembre, por el que se complementa y

modifica el Real Decreto 2512/1978, de 14 de Octubre, para aplicación

del art. 11 de la Ley 38/1972 de 22 de Diciembre (B.O.E. de 20/111/79).

* Orden de 25 de Febrero de 1980, del Ministerio de Industria, por la que

se regulan las Entidades Colaboradoras en materia de medio ambiente

industrial (B.O.E. 24/111/80 pp. 6525-6527).

* Real Decreto 213511980, de 26 de Septiembre sobre liberalización

industrial (B.O.E. 14/1/80).

* Orden de 19 de diciembre de 1980, del Ministerio de Industria, sobre

normas de procedimiento y desarrollo del Decreto 2135/1980, de 26 de

Septiembre sobre liberalización industrial <B.O.E. 24/XII/80,

correcciones B.O.E. 17/1/81).
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* Orden de 22 de Octubre de 1981, del Ministerio de Industria, por la que
se modifica la de 25 de Febrero de 1980 regulando las Entidades
Colaboradoras en materia de Medio Ambiente industrial <B.O.E. 18/XI/81,
pp. 27066).

* Real Decreto 2403/1982, de 12 de Agosto, por el que se fijan nuevas
especificaciones para los diversos tipos de fuel-oil <B.O.E. 17/IX/82,
pp 26320-26321).

* Orden de 25 de junio de 1984, del Ministerio de Industria y Energía,
sobre instalación en centrales térmicas de equipos de medida y registro
de emisión de contaminantes a la atmósfera (B.O.E. 4/7/84, p. 19535).

Resolución de 2/7/85, de la Dirección General de la Energía, por la que
se prorroga el plazo de instalación de equipos de medida y registro de
la emisión de contaminantes a la atmosfera establecido por la orden de
25/6/84 (B.O.E. 9/7/85, pp 21588).

Real Decreto 1613/1985, de 1 de Agosto, por el que se modifica
parcialmente el Decreto 833/1975 de 6 de Febrero. y se establecen
nuevas normas de calidad de aire en lo referente a contaminación por
dióxido de azufre y partículas (B.O.E. 12/IX/85, pp. 28797-28799).

# Resolución de 17/IV/86, de la Dirección General de la Energía, por la
que se establece un período de pruebas para el ajuste y calibrado de
los equipos de medida, control, registro y transmisión de datos
relativos a la emisión de contaminantes a la atmósfera a que se
refieren la Orden de 25/6/84, y la Resolución de 2/7/85 de la Dirección
General de la Energía (B.O.E. 25/4/86, pp. 14766-14768).

Real Decreto legislativo 1302/1986, de 28 de Junio, de evaluación de
impacto ambiental (B.O.E. 30/6/86, pp. 23733-23735).
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4.5.2.- DIRECTIVAS C.E.E.

t Directiva 70/220/CEE, de 20/II1/70, referente a la armonización de las

legislaciones de los estados miembros relativa a las medidas a tomar

contra la contaminación del aire por los gases provenientes de motores

de encendido controlado que equipan vehículos a motor (B.O. L 76

6/IV/70 + adaptaciones).

* Directiva 72/306/CEE, de 2/VIII/72, referente a la armonización de las

legislaciones de los estados miembros relativa a las medidas a tomar

contra la contaminación del aire por los gases provenientes de motores

diesel destinados a la propulsión de vehículos (B.O. L 190/1

20/VIII/72).

* Directiva 74/290/CEE, de 28/V/74, incorporando la adaptación al

progreso técnico de la Directiva 701220/CEE, referente a la

armonización de las legislaciones de los estados miembros relativa a

las medidas a tomar contra la contaminación del aire por los gases

provenientes de motores de encendido controlado que equipan vehículos a

motor <B.O. L 159 15/VI/74).

t Directiva 75/716/CEE, de 20/XI/75, relativa a la armonización de la

legislación de los estados miembros referente al contenida en azufre de

ciertas combustibles líquidas (B.O. L 307 27/XI/75).

t Directiva 77/102/CEE, de 30/XI/76, incorporando la adaptación al

progreso técnico de la Directiva 70/220/CEE, referente a la

armonización de las legislaciones de los estados miembros relativa a

las medidas a tomar contra la contaminación del aire por los gases

provenientes de motores de encendido controlado que equipan vehículos a

motor (B.O. L 32 3/11/77).

t Directiva 77/537/CEE, de 28/VI/77, referente a la armonización de las

legislaciones de los estados miembros relativa a las medidas a tomar

contra las emisiones de contaminantes procedentes de motores diesel

destinados a la propulsión de tractores agrícolas o forestales de
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ruedas (B.O. L 220/38 29/VIII/77).

�t Directiva 79/611/CEE, de 29/VI/78, referente a la armonización de las

legislaciones de los estados miembros relativas al contenido de plomo

en la gasolina (B.O. L 197 22/VII/78).

Directiva 78/665/CEE, de 14/VII/78, incorporando la adaptación al

progreso técnico de la Directiva 70/220/CEE, referente a la

armonización de las legislaciones de los estados miembros relativa a

las medidas a tomar contra la contaminación del aire por los gases

provenientes de motores de encendido controlado que equipan vehículos a

motor <B.O. L 223 14/VIII/78).

t Directiva 80/779/CEE, de 15/VII/80, relativa a los valores límite y

valores guía de calidad atmosférica para el anhídrido sulfuroso y las

partículas en suspensión (B.O. L 229 30/VIII/80 y modificación

81/857/CEE, de 19/X/81).

f Directiva 82/844/CEE, de 3/XII/82, relativa aun valor límite para el

plomo contenido en la atmósfera (B.O. L 378 31/XII/82).

t Directiva 83/351/CEE, de 16/VI/83, incorporando adaptación al progreso

técnico de la Directiva 70/220/CEE, referente a la armonización de las

legislaciones de los estados miembros relativa a las medidas a tomar

contra la contaminación del aire por los gases provenientes de motores

de encendido controlado que equipan vehículos a motor (B.O. L 197

20/VII/83).

t Proposición de directiva 83/704, relativa a la limitación de emisión de

contaminantes en la atmósfera procedentes de grandes instalaciones de

combustión (C 49 21/II/84).

Directiva 84/360/CEE, de 28/VI/84 relativa a la lucha contra la

contaminación atmosférica procedente de instalaciones Industriales

(B.O. L 188 16/VII/84).
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Directiva 85/203/CEE, de 7/III/85, relativa a las normas de calidad del

aire para dióxido de nitrógeno (B.O. L 87 27/111/85).

Directiva 851210/CEE, de 20/111/85, referente a la armonización de las

legislaciones de los estados miembros relativas al contenido en plomo

de la gasolina (B.O. L 96 3 / VI/85).

• Directiva 85/580/CEE, de 20 / XII/85 , sobre la adaptación , en razón de la

adhesión de España y Portugal , de la Directiva 851203/CEE referente a

las normas de calidad del aire para el dióxido de nitrógeno.

* Directiva 85/581 / CEE, de 20 / XII/85 , sobre la adaptación , en razón de la

adhesión de España y Portugal , de la Directiva 851210/CEE referente a

la aproximación de legislaciones de los Estados miembros relativas al

contenido de plomo en la gasolina.

* Decisión del Consejo 86 /277/CEE , de 12 / VI/86 , relativa a la celebración

del Protocolo del Convenio de 1979 sobre la contaminación atmosférica

transfronteriza a gran distancia , relativo a la financiación a largo

plazo del Programa de cooperación para la vigilancia continua y la

evaluación del transporte a gran distancia de contaminantes

atmosféricos en Europa (EMEP).

Directiva del Consejo 87/219/ CEE, de 30/111/87, por la que se modifica

la Directiva 751716/CEE relativa a la aproximación de las legislaciones

de los Estados miembros en materia de contenido de azufre de

determinados combustibles líquidos.
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NIVELES DE METALES PESADOS EN SUELOS

PROXIMOS A UNA CENTRAL TERMICA
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Universidad Autónoma de Madrid

I.INTRODUCCION

La investigación relativa a los efectos' contaminantes

en suelos, por metales pesados emitidos por centrales

térmicas, está escasamente desarrollada.

Diversos investigadores ( Fbstner et al .,1981; Page et

al., 1979;Kleing et al .,1975; Natusch et al.,1974)han

comprobado la existencia de elementos tóxicos emitidos por

centrales térmicas durante la combustión del carbón.Entre

los elementos más significativos se encuentran!Co.Cr,Cu,Ni,

V,Hg,Cd,Se,As, Zn y Pb.

Otros investigadores (Kleing et al.,1975 y Wangen et

al.,1980 ), han encontrado , en suelos y plantas próximos a

centrales térmicas, concentraciones apreciables de Co,Cd,Zn,

Pb,Cu,Cr y Ni,con preferencia según la dirección dominante

del viento.

IX-13



M

}

El presente trabajo aborda esta problematica

estudiando la dispersión y los niveles de Cd,Cu,Ni y Zn en

suelos situados en la zona de influencia próxima (un radio

de 15 Km .) a una central térmica del NO de España . Se pretende

de este modo,contribuir a evaluar el impacto ambiental

producido por la contaminación de metales pesados en suelos.
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ematica II . AREA DE ESTUDIO

Zn en

n radio La central térmica objeto de estudio está situada en
retende un valle relativamente abierto conformado por la cuenca del
biental rio Sil.Dentro de un radio de 50 Ka.,la zona se presenta
suelos. confinada por una serie de elevaciones que alcanzan cotas

de 1500 m.

El viento , considerado como uno de los factores que

gobiernan la distribución de la deposición seca,presenta

una dirección dominante según los sectores

oestesuroeste -estenoreste.

Los suelos representativos de la zona son clasificados

dentro de los órdenes entisol, inceptisol y alfisol de la

Soil Taxonomy ( USDA,1975).

En terminos generales se trata de suelos

caracterizados por un escaso desarrollo de los horizontes

edafogenéticos pH ácidos,texturas dominantes del tipo

franco -arcillo - limosas;bajas capacidades de cambio;

desaturación elevada ; moderados contenidos en materia

orgánica y pobres contenidos en elementos nutritivos.

Podemos considerar globalmente , que la suceptibilidad

de los suelos de la zona de estudio a la contaminación por

metales pesados es moderadamente elevada.
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III.HATERIAL Y METODOS

El muestreo se realizó según una malla circular en

torno a la central con un radio de 15Km.,tomando muestras en a•:"

sectores radiales . l.a densidad de muestreo se intesificó en

los sectores a favor de la dirección dominante del

viento,tratando de combinar este factor con la diversidad

tipológica de los suelos de'la zona.

Las nuestras se tomaron mezclando el suelo en los 10

primeros centimetros de profundidad.por considerar la

superficie del suelo como la zona más afectada por la

deposición seca.

Los métodos de análisis de suelos empleados en este

trabajo son los propuestos por U . S.Department of

} Agriculture ( 1972 ). Los metales pesados ' fueron determinados

por absorción atómica y espectrometria de emisión ( IPC).

IV. RESULTADOS

Los resultados obtenidos se ofrecen en las tablas y

gráficos adjuntos.
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TABLA 1.ANALISIS QUINICOS E INDICES FITOTOXICOS

( elementos totales el ppm).

muestra x y pH COZ Cd Cu Ni 2n equiv .Zn Zn:Cd

1 20 13 5 .2 3.1 6 17 16 231 393 39

2 20 19 5.5 1.6 5 19 24 331 561 66

3 15 17 5.3 .2 0 77 3 190 368

ular en 4 23 12 4.3 . 5 0 23 32 250 552

tras en 5 17 13 4.7 4.3 7 136 25 240 712 34

'.icó en 6 22 24 5 .8 .1 3 3 16 100 234 33

:e del 7 15 13 6.3 . 9 0 8 13 100 220

rsidad 8 17 23 5.4 2.8 0 2 14 135 251

',. 9 14 13 5.2 3 .6 0 12 25 100 324

los 10 10 14 16 5.9 1 . 6 0 13 24 140 358

ir la 11 15. 24 5 2.3 3 13 24 24• 458 80

'or la 12 17 25 6 .1 .1 0 16 44 19' 574

13 21 16 5.1 .1 8 35 33 27 v 604 34

este 14 23 19 5.3 .6 0 12 14 200 336
i '

of 15 20 'l9 5.1 2.2 0 15 15 65 215

'ados 16 20 24 6 4 .3 0 41 36 80 450

17 27 23 6 2.4 6 31 36 80 430 13

18 31 25 5.4 5.5 .1 21 23 240 48 2400

19 31 21 4 .5 3.8 0 7 '18 200 358

20 35 21 5 .5 6 19 16 290 456 48

21 27 15 4.2 .2 0 18 15 :i2 386

s y 22 26 15 5.4 1.5 0 29 28 200 482

23 24 10 6.4 1.6 0 26 26 310 574

24 14 22 6.2 .4 0 46 33 250 rji)6.

25 12 22 5.6 2 .1 98 31 50 494 °,00
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i'. podemos observar que el valor medio obtenido para los

elementos estudiados supera su rango habitual en suelos.

El valor adoptado como limite máximo admisible para

estos elementos en el suelo , por la CEE , esta ampliamente

rebasado para el cadmio y de zinc en algunas

muestras.pudiendo considerar estos casos como suelos

contaminados.
•i'

El valor mínimo del rango establecido por la CEE,es

superado por los cuatro elementos considerados , si bien eñ el

caso del cromo tan sólo en una muestra.

Los sectores más afectados por la contaminación parecen

ser aquellos que se encuentran a favor de la dirección del

viento, sin observarse una variación apreciable con la

distancia dentro de los 15 Km considerados.

El factor equivalente de Zn,considerado como un indice

de Pítotoxieidad potencial por diversos sutores,supera en

la mayoria de las muestras el valor limite de 250 aceptado

como umbral de fitotoxicidad.

Otro criterio ampliamente utilizado es la relación

Zn/Cd,fundamentado en el efecto antagónico de estos
.S ;

elementos en relación á las plantas . Pareee recomendable que

este indice se aproxime a 1000.hecho que no sucede en

nuestro caso.

IX-18
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V.DISCUSION
i los

Comparando los resultados obtenidos de Cu,Cd,Ni y Zn
para

(TABLAS 1 y 2) con los rangos medios de referencia
.mente

establecidos para estos elementos en el suelo (TABLA 3),
gunas

uelos
TABLA 2.RESUHEN ESTADISTICO.

-E.es
DETERMINACION pH COZ Cd ( ppm) Cd ( ppm) Ni ( ppm) Zn(ppm;

Yñ el

NUMERO DE MUESTRAS 25 25 25 25 25 25

•ecen MEDIA 5.4 1.6 29.6 1 . 8 23.4 188.6

del MEDIANA 5.4 1.6 19 0 24 200

n la MODA 5.4 1.6 12 0 24 100

} VALOR MININO 4.2 0.1 2 0 3 50

dice VALOR HAXIHO 6.4 5.5 136 E 44 331

s en

:ado

ión TABLA 3.CONCENTRACIONES DE REFERENCIA (PPH).

tos

que ELEMENTO Cu Cd Ni Zn

en
NIVEL MEDIO 25 <0.5 20 50

RANGO CONTAMINANTE CEE 50-140 1-3 30-75 150-300
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VI.CONCLUSIONES

ir

►} Del estudio cabe deducir que los suelos situados•dentro

de la zona de influencia de la central térmica presentan

niveles anormalmente elevados de cadmio y zinc , pudiendo

deducirse que algunos suelos se encuentran contaminados en

estos elementos.

Los indices de fitotoxicidad estudiados revelan la

existencia , en la mayoría de los suelos, de una

• fitotoxicidad potencial elevada.En este sentido los pH

ácidos y la alta desaturación de los suelos no contribuye a
ti.

favorecer la situación.

Parece dificil demostrar, en base al estudio realizado,

que la central térmica sea la causante de la contaminación

citada , ya que no se han evaluado otras posibles fuentes de

f1 contaminación como pueden ser la ' actividad agrícola o

industrial de. la zona.

ti
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HEAVY METALS in the ENVI RONMENT
International Conference Athens , 10-13 September 1985

ENVIRONNENTAL IMPACT OF TRACE METALS FROM DISPOSED ASH OF COAL-SURUING
?OWER PLANTE

G. BIGNOLI , L. GOE:Z and E . SABBIONI

ABSTRACT

In the context of the programme of action of the European Communities
on the environment directed to prevent and reduce pollution , a study on
the potential impact of trace metals ( TM) on groundwater , food chains
and man as a result of coal combustion in electric power plants has
been undertaken at the JRC-Ispra. It has been estimated that about 30
million tons of fly ash will be produced in the countries of the EC in
the year 1990 as a result of the use of hard Goal in electrical power
stations . Using data obtained by our laboratory studies a fly ash leach-
ing in dynamic environmental models, we have simulated Cr migration and
its possible chemical speciation from fly ash repository through the
different environmental compartments to man. Information on Cr impact
on groundwater , soil , vegetation and intake by man comprise the most
important results of this long-term approach.

1. INTRODUCTION

As concerns future energy demanda in the European Community it is envi-
saged that there vill be an increased use of coal for electrical ener-
gy production which will result also in an increased mobilization of TM
to the environment /1/. The magnitude of this release is substantially
comparable to that originating from major sedimentary cycles such as
from rivers and natural sediments /2/. However , because of the comple-
xity of the possible interactions of TM with the biosphere and with man,
the nature of the risks that metals released from coal-fired power
planta represent is uncertain . It has also been estimated that 530.000
m3 per year of fly ash containing TM and in particular 200 ppm of chro-
mium /3/ should be retained by the filters of a typical 2500 . MW CFPP.
This amount today poses significant environmental and ecological pro-
blems because most of this waste must be disposed of in some way such
as in land fills and could be leached by water /4/.
The long-term assessment of the environmental and toxicological impact
of Cr released from stored coal ash is related to the study and use of
particular dynamic models /5/ and to the resulta of laboratory studies
on water leaching using nuclear and radiochemical techniques /4/.

2. MODEL AND RESULTS

Fig. 1 shows the results of Cr and As as obtained by laboratory studies
and matematically implemented by a computer as the input for TM to the
environmental models developed :

a geochemical model whicb treats Cr migration from an ash reposi-
tory 10 m thick , to the groundwater system



Cr migration by irrigation fro.n groundwater to surface soil and
by food chains to man.

The system analysis method has been applied to predict Cr (VI) movement

through the soil syster.. /6/ considering its particular mobility and bio-

chemical interactions with soil components /7/ which can reduce Cr (VI)

to Cr (III) which is considered not to be bioavailable for vegetables

and grass /8/. The sane figure shows the long-term Cr exposure of man

(average lifetime 70 years) as a result of the applied exposure model

in compariscn with present intake /9/ and as a function of the distance
from the fly ash repository which he lives.
It is important to note that even if half life of 50 years for a typical
CFPP is considered the remaining Cr for commitment to the population is
due to its continuous leaching from the repository.

3. CONCLUSIONS AND NEEDS FOR FURTHER RESEARCH

The results clearly demonstrate the need te consider the possible spe-
ciation and chemical forms of TH an element which may be responsible
for the mobility and bioavailability in the environment and organisms.
The more mobile chemical forro of chromium (Cr (VI)), determines the ef-
fective intake of this element by man and, therefore, the more realistic
evaluation of the nature of the biological risks . The results obtained
for chromium using the critical path analysis approach allow us to make
specific recommendations for further research :

(i) chemical and environmental parameter studies such as soil di-
stribution coefficient between TM and soil components ;

(ii) studies of Che uptake by plants as related with the particular
chemical state because even the present results demonstrate
that vegetable diet is the most important Cr pathway to man

(iii) biochemical and toxicological studies to determine more reali-
stic dose response relationships for TM which at present are
scarce.

Since such criteria are largely developed from toxicological studies on
laboratory animals , studies on animals should also take into account the
chemical forro and the biochemical mechanisms under long-term, low-level
exposure conditions . These studies impose special requirements on the
analytical techniques to be used as neutron áctivation analysis and ra-
diochemical tracer techniques.
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FIGURE CAPTIONS

Figure 1. General view of trace metals pathway modelling released from

coal fly ash deposit.
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TRANSPORT OF AIRBORNE MERCURY
EMITTED BY COAL BURNING INTO
AQUATIC SYSTEMS

Cyrill Brosset

Swedish Water andAir Pollution Research Institute, P.O. Box 5207, 5-402
24 Golhenburg, Sweden

ABSTRACT

Concentrations of watersoluble and insoluble mercury compounds in air, pre-
cipitation and smoke from coal combustion have been measured.

It has been found that in western Sweden 10 -20 % of airborne mercury is in
an oxidised watersoluble form . The corresponding figure from one boiler
is %70 %.

INTRODUCTION

e Faced with the.possibility of increased use of coal for energy production the
Swedish government decided some years ago to sponsor a comprehensive inves-
tigation of all kinds of emissions connected with the combustion of coal and
their eventual impact on the environment . One of the problems to be elucidated
emphasized the consequences of the emission of mercury.

At the time when this project was started our understanding of the behavior
and transport of Hg in the environment was rather incomplete. Therefore, this
study had to be undertaken in two steps.

The first one comprised the establishing of the present concentration levels
of different important mercury species in air, precipitation and natural water.
Data obtained should be evaluated in terms of transportation mechanisms.

The objective of the second step was to characterise the concentration and
properties of mercury in smoke produced by coal combustion.

A short survey of the results hitherto obtained is given in this presentation.

Total mercury in the air

During the initial stage of this study total airborne mercury ( HgT) was moni-
tored at 14 different cites in Sweden using the wpll-known gold trap techniquell)
These measurements showed that there was a very even geographical distribution
of HgT indicating a slight decrease ot the concentration with latitude and
possibly somewhat higher concentration at the Baltic Sea region as compared
with the Swedish westcoast . Further, at all places there is a clear seasonal
variation with a maximum in January-March and a minimum in May-July . A second-
ary maximum may exist in September to October.

JW$T t,:,: -L 59
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These features are shown in Fig. 1 where the monthly averages of Hg are given
for the period October -79 to September -80 from places representini the Baltic

{ Sea region (Hoburg at the south end of the island Gotland) and the Swedish
westcoast (R$rvik, located 40 km south of Gothenburg).

ftl

n9/m Ibburg ( Baltic reglon)

It

3
2

Rbnik (Swedish westcoast)

I Npv Jan Mar May July Sp

)I ( Fig. 1.

Next, it was important to elucidate if HgT was varying with high- level wind
directions which would indicate the eventual existence of long-range transport.

For that reason the lame data material used in Fig . 1 was divided into 4 groups
corresponding to high-level winds f rom N-E, E-S, S-W, and W-N . This was done
using 18 h trajectories supplied by the Norwegian Meteorological Institute.

The result is shown in Fig. 2 (the solid line).

HOBURG RORVIK

j.,1 N N

rNgT�

� ,resma¡ � �

Fig. 2. Wind-rose diagrams for [HgT] and [HgB], Hobur
(Baltic region), and Rbrvik (Swedish westcoast.
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As the shape of these wind-roses for Hg was resembling the shape of the cor-
responding wind-roses for black particles (soot) there seemed to be a possible
correlation between the concentrations of these two pollutants.

For that reason, linear regression equations of the type [HgT = [HgB) + m[C 1
were calculated. Here [HgT] is the concentration (ng/m ) of total airborne
mercury, [C] is the concentration ( ug/m3) of soot ( carbon), [HgB] (background
mercury) is the intercept, i.e. the value of[Hg.] for [C] = 0, and finally,
m is the slope ng Hg/ug C.
The result is given in Table 1.

TABLE 1 . Hoburg and RSrvik Oct . -79 to Sept.-SO, [Hg ] denotes the
concentration of total mercury in ng/m, [CTJ the concentration
of soot (ug/m3) and IN9 the concentration of soot-independent
mercury ( background mer ury ) in ng/m3, W is the high-level
wind sector , n the number of [Hg ] - [C] pairs, r the cor-
relation coefficient and m the sloTe ng Hg/ng C,

W n r m [HgT) [HgB] [C[
Hoburg N-E 23 0.48 0 . 15 3.17 2 . 80 2.39

E-S 20 0 . 67 0.18 3 . 92 2.84 6.05
S-W 20 0 . 65 0.13 4 . 88 3.20 12.67
W-N 26 0 . 39 0.26 3 .14 2.67 1.79

Rdrvik N-E 17 0.46 0.10 2 . 62 2.08 5.35
E-S 20 0 .77 0.13 3 .32 1.97 11.00
S-W 23 0.72 0.072 3 .81 2.80 14.10
W-N 29 0 . 35 0.073 2.97 2.53 6.08

The values of [Hg6] are also seen in Fig. 2 (dashed lines)

This result indicates that the total airborne gaseous mercury consists of two
parts . The big part ( % 80 % ) is not correlated to soot particles and conse-
quently may not be produced by combustion . This part is considered here as a
kind of a backg round (HgB).

The smaller part ( % 20 % ), however, is directly proportional to the soot par-
ticle concentration , which may mean that this part of the airborne gaseous
mercury has been released by the same sources as the soot particles.
(See also ref. 2).

The watersoluble mercury

It is well known that in air and natural water mercury is present in different
molecular forms.

The following are considered to be the most important:

Hg0 (metallic vapor)

HgCl2 (mercury chloride)

CH3 HgCI (methyl mercury chloride)

lar' ,�:t.t,j' .'.tk _�r.¡;��-•
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Hg° is only slightly soluble in water . On the contrary, HgC12 and CH3 HgC1
are easily soluble.

The high concentrations of mercury in precipitation found by many authors may,
consequently , indicate the presence of the last two or similar compounds in
important concentration in the atmosphere.

In such case , at equilibrium conditions , these mercury compounds would be dis-
tributed among air and precipitation according to Henry's law.

Thus, for the further study of the behavior of mercury in the atmosphere nume-
rical values of the respective Henry law constante were necessary.

When this investigation was at its start , the distribution between gas and
water was known only for Hg° (3).

On my suggestion in 1980, A. Iverfeldt and 0. Lindqvist determined the con-
stants needed ( 4). At the moment , the figures given in Table 2 are at hand.

TABLE 2. Distribution of different mercury species
�• between air and water.

Species Temp . C° Assumed Equilibrium Comments
concent. concentration
in air in waterng/m3 ng/ l

CH3 HgCI 10 1 110 True equilibrium

25 1 67

HgC12 10 1 33 Stoichiometric
equilibrium

25 1 32 IC1-1 =0.2.10-3m

Hg° 10 1 0 . 0099 True equilibrium

25 1 0.0036

The concentration ratios in Table 2 indicate that it should be much easier
to find HgC12 and CH3 HgC1 in precipitation than in the gas phase (air).

For that reason, a number of precipitation samples on the Swedish westcoast
were analysed.

The procedure used was based on reduction to Hg° and capturing the last on
gold for subsequent thermaldesorption and spectrophotometrical analysis.
Reduction was performed using NaBH4 and SnC12 , respectively . In the first case,
all dissolved mercury was obtained ( Hglaq ), in the second case only HgC12-
types mercury ( H9 inorgaq ) ( 5, 6).

The result is sunmarized in Table 3.
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TABLE 3. Precipitation data
Swedish westcoast 1981 - 82

Precipitation Hg-type Concentration range
ng 1-1

Rain Hg1 aq 20 - 50

Snow Hg1 aq 50 - 100

Snow Hg1 inorg aq ti 10

In first place, Table 3 indicates that 80 - 90 % of the watersoluble mercury
in precipitation is of the type that is not reduced by SnC12.

If
l
t is assumed that this part consists of an organic mercury compound

(Hg org) probably CH HgCI,and true Hglinop is HgC12 , the figures in Table 2
and Table 3 give for tle possible concentratidn of watersoluble mercury in air
the figures given in Table 4.

TABLE 4. Calculated concentrations of watersoluble mercury in air
Swedish westcoast Nov. -81 to Jan. -82

Species Concentration
ng/m

H9linorg (9) 0.3

H91org (9) 0.3

Hgl (9) 0.6

Direct measurements of Hg1 ( g) at ground level using a new method based on
filtration of air ¿hrough a polymer that retains all oxidised fonms of mercury
but is inert to Hg have given the data collected in Table S.

TABLE S. Watersoluble mercury in air
Swedish westcoast

Year Month No. of Average concen- Hgl/Hg %samples tration in ng/m31 q - T
H9T Hg

n
H9

-81 Aug . 7 2.2 2.0 0.2 9
Sept . 3 2.9 2.5 0.5 17
Oct. 8 3.0 2.7 0.3 10
Nov. 5 3.0 2.5 0.6 20

-82 Febr . 13 4.94 4.52 0.43 8.7
March 22 3 . 58 3.21 0.37 10.3

-mk
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From Table 5 two conclusions now may be drawn.

1. The concentration of watersoluble mercury in air as compared with the
concentration in precipitation indicates a possible state near equi-

l., librium.

2. The watersoluble fraction which represents that part of the total
mercury which i s in oxidised state i s in Fig . 5 denoted as q.
As is seen from this table q amounts to 10 - 20 %.

•i About the same q-values have also been found in air samples taken up to 1500 m
aboye ground ( to be reported later on).
On the other side, in the same connection it has been shown that Hg (and,
consequently, also Hg°) clearly decreases with height . At 1500 m abbve ground
its concentration is ti60 % of the value at ground level.

The possible conclusion is that mercury is emitted at ground a evel by natural
and/or anthropogenic processes. This i s certainly true for H . Concerning Hg 1
it may be partly emitted in the same way and/or fonned through oxidation of Hg°
in the atmosphere . The re are strong indications of the existence of such oxi-
dation processes.

Hgl, especially Hglo , is an undesired form of mercury as it enters eco-
systems and is enrich din eco-chains. For that reason it seemed very important
to elucidate in which fonn that part of atmospheric mercury is emitted which
is correlated to soot particles.

This will be discussed in the next section.

v`ti,.•..;" Watersoluble mercury i n smoke from coal combustion

Ik The aboye mentioned implies that the content of different mercury forms had to
be determined in smoke from combustion of coal.

Obviously , there are many parameters to be conside red i n such investigations
necessitating many measurements.

At the moment , only a few have been perfonned . However, as the results are
rather interesting such measurements from one boiler will be reported.

The measu rements were undertaken as follows.
A stream of smoke was drawn through a quartz fiber filter and then through
two quartz bubblers in series containing water with known (very low)
mercury blank . Part of the gas leaving the bubblers was drawn through gold traps.

The water was analysed using the same reduction technique as
g

describgearlier
in connection with the analysis of recipitation, giving Hg1 and Hginorg, and
the gold traps were analysed for Hg .

The result obtained is presented in Table 6.
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TABLE 6 . Concentration and ratios of mercury species
in smoke from a coal fired boiler.

m3 %
1Hg0

Hg1inorg
U9/H910rg

HgT H91 / HgT
119 org/HgT

0.62 0 . 07 0.73 1 . 43 56 51
0.52 0 . 53 1.07 2.13 75 50
0.83 0 . 83 1.17 2 . 83 71 41

As is seen from this table the combination of the boiler construction, the
firing conditions and the kind of coal used in this case have resulted in
gaseous emission of total mercury amounting to 1 - 3 Ng/m3.

Most important i s the observation that in average %70 % of this total mercury
was watersoluble . About 50 % of it was not reducible with SnC12 indicating the
possibility of being organic mercury compounds.

When this is written the identification of this mercury species is going on.

SUMMARY

It has been established that there is a concentration of total airborne mercury
at remote places in southwestern Sweden amounting to 2 -4 ng/m3. About 20 % of
it is probably anth ropogenic.

As the concentration in this fraction is proportional to the concentration ofas?�?
soot particles it is probably emitted in connection with coa] burning.

The total airborne mercury includes a watersoluble fraction of 10 - 20 %. A big
part of this last fraction (x.80 %) has stability properties indicating organic
mercury compounds , possibly methyl mercury salts.

The smoke from coal burning seems to have a similar composition. However, its
watersoluble concentration fraction may be near 70 %. This fraction can be
easily wet and dry deposited into aquatic systems.
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CONTAMINACJON
ATMOSFERICA DE LAS
CENTRALES TERMICAS:
SITUACION ACTUAL Y

PERSPECTIVAS LEGISLATIVAS
Emilio CASTIELLA VILLACAMPA y Olga ASUAR ALONSO

T

RAS el ingreso de España en las Comunidades Euro- c) La posibilidad de que la transformación química en los
peas, las instalaciones de combustión de nuestro país sistemas tísicos y biológicos origine sustancias secundarias
deberán adaptarse a una nueva legislación relativa a la más tóxicas o más perjudiciales que el compuesto original.
contaminación atmosférica qye será común a todos los d) Omnipresencia o movilidad.

paises que las integran, con algunas particularidades que se e) Frecuencia y magnitud de la exposición.
describirán más adelante. f) El posible valor de la información obtenida para evaluar

En concreto, las centrales termicas con potencia térmica el estado del medio.
nominal igual o superior a 50 MW, se regirán por la "Directiva g) La posibilidad de utilizarlo, por su distribución generali-
del Consejo de 24 de noviembre de 1988 sobre limitación de zada, para realizar mediciones uniformes dentro de un pro-
emisiones a la atmósfera de determinados agentes contami- grama mundial regional o local.
nantes de grandes instalaciones de combustión' (88/609/ A partir de los cuales se eligieron , para la Red Mundial deCEE). Vigilancia , los siguientes contaminantes del aire:Esta nueva directiva considera la importancia de la preven-
ción y la reducción de la contaminación atmosférica modifi- - Anhídrido sulfuroso. SO2.
cando el tratamiento que recibía hasta ahora el tema de la - Partículas en suspensión.
contaminación ambiental: ya no hace hincapié en el tema - Oxidos de nitrógeno, NOx.
"quien contamina, paga', sino que lo hace en el criterio de la - Ozono, 03.
reducción de la contaminación atmosférica en su propio ori- - Plomo, Pb.
gen. Este cambio de actitud es muy significativo, porque no es - Monóxido de carbono. CO.
suficiente pagar por cualquier deterioro ecológico que pueda - Anhídrido carbónico, CO,.
producirse , sino que deben evitarse, en la medida de lo posible. - Asbestos.
dichos defectos , asumiendo que el hombre es un mero usu- - Hidrocarburos reactivos.
fructuario de la Tierra y tiene la obligación de legarla a las ge- A pesar de lo cual, generalmente se opera con menos pará-
neraciones venideras en iguales o mejores condiciones que él metros, siendo los más utilizados: SO2, NOx, Co- CO2 y pa rt i-
la heredó . culas sólidas.

Para adaptarse a estos criterios paulatinamente, las centra- A continuación , aunque de una manera sucinta, no podemos
les térmicas europeas , y con ellas las españolas, han ido adop- dejar de describir los efectos negativos de tales compuestos
tando medidas tendentes. primero, a cuantificar la magnitud sobre el medio ambiente. con objeto de poner de manifiesto la
de sus emisiones y, poste riormente, a limitarlas . a medida que necesidad de la limitación de su emisión (debe señalarse que.
se comprobaba el carácter nocivo a cort o o medio plazo, y po- actualmente . tienen limitada su emisión : SO2, NOx y particu-
s i blemente también a largo plazo, de ciertas sustancias en el las . aunque no se descarta que en un futuro no muy lejano
ambiente . La selección de estas sustancias se llevó a cabo por pueda limitarse también la emisión de óxidos de carbono) .
el grupo Intergubernamental sobre Vigilancia del Medio, de las - Particulas sólidas : pueden ser partículas de metales.
Naciones Unidas, definiendo los contaminantes prioritarios, in- carbón , alquitrán, cenizas. óxidos, etc. Su presencia en exceso
dicadores de la calidad del aire, de acuerdo con los siguientes en el aire puede incidir localmente reduciendo la temperatura.
criterios: ya que reducen la radiación solar sobre la Tierra . incremen-

a ) La gravedad de los efectos sobre la salud y el bienestar tando la reflexión de la misma. Adicionalmente. pueden produ-
del hombre. sobre el clima, y sobre los ecosistemas terrestres cir procesos de catálisis sobre la superficie y dar lugar a reac-
acuáticos, teniendo en cuenta la estabilidad de los ecosiste- ciones tóxicas . En general son más dañinas las partículas mas

!nas en cuestión . pequeñas, por su mayor poder de reacción y penetración den-
bi La persistencia y resistencia a la degradación en el me- tro de los organismos.

dio ambiente , así como la acumulación en el hombre y en las - Anhídrido sulfuroso SO2 : en combinación con la hu-
cadenas alimentarias. medad ambiente, contribuye a la formación de las tristemente
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sobre limitación de emisiones a la atmósfera que, en concreto
para las instalaciones existentes en España antes del 1 de ju-
lio de 1987. establece los siguientes porcentajes de reducción
sobre emisiones de 1980 en tres fases para SO2:
- 1993: 0%.
- 1998: - 24 %.
- 2003: -37%.

mientras que para las nuevas instalaciones, se establecen 4
unos valores limite de emisión de la siguiente forma:
Combustibles sólidos:
50:5 W < 100 MW: La Comisión lo decidirá en 1990.
100:5 W<500 MW: (SO2] 2400-4W mg SO2/Nnt.
W ? 500 MW: IS02J :5 400 mg S02/Nrn3.

Combustibles liquidas:
50:5 W < 300 MW: [SO2) 1700 mg S02/Nm3.
300:5 W < 500 MW: [SO2) - 3650-6,5 W mg S02/Nm3.

donde W es la potencia térmica generada en MW.
Asimismo, se establece que las nuevas instalaciones que

.r: quemen combustibles sólidos nacionales podrán superar los
valores limite de emisión fijados anteriormente cuando no pue-
dan respetarse las emisiones de dióxido de azufre sin recurrir
a una tecnología excesivamente costosa, debido a las caracte-
rísticas especiales del cólnbustible. Esto sólo será admisible
cuando se alcance los indices de desulfuración establecidos, y

famosas lluvias ácidas, entendiéndose por "lluvia ácida' un que son los siguientes:
conjunto de procesos que tienen en común producir un mismo 100 -< W < 170 MW th: indice de desulfuración ? 40 %.
resultado: la acidificación del agua de lluvia y, con ella, la aci- 170 _< W < 500 MW th: indice de desulfuración ? 0,15
dificación de los lagos y bosques. Este efecto, a medio o largo W+ 15 %.
plazo, degrada y anula la vida vegetal y piscícola continental, W? 500 MW th: indice de desulfuración? 90 %.
con el consiguiente riesgo para el resto de la vida sobre el pla- No obstante, todo lo anterior se particulariza el caso de Es-
neta La emisión de SO2 por las centrales térmicas que que- paña. permitiéndosele la autorización, hasta el 31 de diciem-
man combustible sólido es inversamente proporcional a la ca- bre de 1999, de nuevas centrales eléctricas de una potencia
lidad del combustible. térmica nominal igual o superior a 500 MW que utilicen com-
- Oxidas de nitrógeno , NOx: sus efectos fundamenta- bustibles sólidos nacionales o de importación y que entrando

les se deducen de su participación en los fenómenos atmosfé- en operación antes de final del año 2005, cumplan los siguien-
ricos de formación del denominado "smog fotoquimicó". Reac- tes requisitos:
cionan con la humedad ambiental, con el ozono como - Combustible sólido de importación:catalizador, produciendo ácido nítrico, el cual, junto con el

a
nToácido sulfúrico mencionado anteriormente, contribuye a la for-

- Combustible
) S800 mg/.

mación de lluvias ácidas con efectos negativos a medio plazo.
sólido nacional:

A más largo plazo, parece que pueden tener un carácter mu-
Indice

d
dee desulfuración >_ 60 %.

tante sobre las bacterias nitrogenadas, prolongándose su siempre y cuando la capacidad total autorizada no su-
efecto a toda la cadena alimentaria. pere los 2.000 MW para instalaciones que utilicen com-
- Monóxido de carbono . CO: su exceso en la atmós- bustibles sólidos nacionales ni los 7.500 MW para ins-

fera puede producir efectos mortales sobre el hombre, ya que talaciones que utilicen combustibles sólidos de
el monóxido forma con la hemoglobina un complejo muy esta- importación.
ble (carboxihemoglobina) que impide el transporte de oxigeno LIMITES DE NOx
de ésta a las células.
- Anhidrido carbónico, CO.: absorbe parte de la radia- Análogamente al caso del SO2, para las emisiones de NOx

ción infrarroja que refleja la superficie de la tierra hacia el ex- procedentes de centrales españolas existentes el 1 de julio de
terior, calentando la atmósfera. mares y tierras. Este aumento 1987, se establecen dos plazos:
de temperatura del agua hace que el CO2 disuelto pase par- - 1993: + 1 %.
cialmente a la atmósfera y que aumente la cantidad de vapor - 1998: - 24 %.
de agua en la misma. que también absorbe radiación infrarroja, mientras que los valores limite de emisión de NOx para lasaumentando el electo de calentamiento o "invernadero'. Esto nuevas instalaciones son:
puede originar una disminución de los hielos polares y, conse-
cuentemente. un aumento del nivel de los océanos. - Combustible sólido en general: [NOx) 5 650 mg/Nm3.

- Combustible sólido con menos del 10% volátil:

LIMITES DE SO2 [NOx]<-1300 mg/Nm3.
- Combustible liquido: [NOxJ -< 450 mg/Nrr►&.

Bajo estas premisas. se ha editado la Directiva del Consejo _ - Combustible gaseoso: [NOx) 5 350 mg/Nrm'.

Cr~ E
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LIMITES EN CENIZAS ción, pueden obtenerse unos valores bastante aproximados a
partir de un balance estequiométrico que considere la compo-

Los valores limite de emisión de cenizas para nuevas insta- sición real del combustible y otros parámetros, medidos en
laciones son: tiempo real, tales como potencia generada, opacidad o extin-
- Combustible sólido: W ? 500 MW th: [ceniza) ción, exceso de oxigeno en economízador, cantidad de com-

_ 50 mg/Nm3 W< 500 MW th: (ceniza) bustible consumido, temperatura de humos en chimenea, etc.
<_ 100 mg/Nrn3. Resulta evidente que no puede manejarse tal cantidad de

- Combustible liquido: [ceniza] <_ 50 mg/Nm3. información sin disponer de una unidad de procesamiento de
- Combustible gaseoso: (ceniza) <_ 5 mg/Nrn . datos, es decir, un ordenador dedicado a esta tarea. Para ello,

la solución más sencilla y completa consiste en instalar una

MEDIDA DE CONTAMINANTES
aplicación de adquisición de datos, tratamiento de los mismos
y emisión de partes mensuales en un ordenador personal. Di-

Adicionalmente a la normativa europea descrita anterior- cha aplicación puede ser tan versátil y completa como se de-
mente, de obligado cumplimiento para España, existe en nues- see, aunque una instalación tipo constaría de los siguientes
tro país una reglamentación relativa a la medida de contami- elementos:
nantes emitidos por las centrales térmicas (decreto del 25 de - Un ordenador personal con disco duro de 20 Mb.-
junio de 1984) y a la frecuencia y modo de presentación a la - Un monitor monócromo o en color.
Administración de los informes que recogen las emisiones de - Una impresora de 80 columnas.
las centrales térmicas (resolución del 17 de abril de 1986 de - Una o varias tarjetas de adquisición de datos en tiempo
la Dirección General de la Energía). real

Esta última resolución exige que, durante los diez primeros - Una tarjeta gráfica
días del mes siguiente al periodo que se informa, se remita a la - Toda la instrumentación necesaria, convenientemente
Dirección General de la Energía la siguiente información mensual: cableada al ordenador.
- Tabla 1: Concentraciones medias diarias de emisión por Se han desarrollado diferentes tipos de programas de con-

chimenea de SO2, NOx y partículas (en mg/m3N) nor- trol de emisiones por chimenea, pasando seguidamente a des-
malizadas a un contenido en oxígeno predeterminado, cribir el programa EMISION-DT de EPTISA-GHESA-TRSA,
en base seca EMPRESARIOS AGRUPADOS, S. A y sus aplicaciones en

- Tabla 2: Valores de concentraciones mediohorarias de centrales térmicas de fuel-oil
cada mes, normalizadas al contenido en oxígeno prede- Este programa en concreto está concebido de modo que sea
terminado, agrupados por frecuencias absolutas en in- fácilmente utilizable por el usuario, aun cuando éste no esté
tervalos de tamaño t (el tamaño se determina el primer muy familiarizado con el uso de ordenadores siendo el propio
mes de funcionamiento). programa el que lleva el control de la aplicación y guía al usua-

- Tabla 3: Energía en barras de salida de central, cantida- río hasta el fin deseado a través de diversos menús suficiente-
des totales. de SO2, NOx y partículas emitidas diaria- mente autoexplicativos. Todos los datos introducidos manual-
mente y por KWh producido, calculados en función de mente desde teclado así como los generados por el propio
las emisiones medidas. programa, se almacenan en ficheros secuenciales, de modo

- Listado: Listado ordenado de los valores de concentra- que siempre se puede acceder a ellos, ya sea a través de los
ciones promedio mediohorarios, de los cuales deberán menús o a través de los informes y gráficos generados debién-
envairse los n valores mediohorarios más altos, siendo dose inicialmente introducir la configuración de la Central,
n igual al 10 % del número de periodos informados (Fig. 1). . para lo que se utilizan los cuadros de configuración que se

describen a continuación:
1. Configuración del Proyecto. En principio, todos los datos

que componen este cuadro serán constantes durante toda la
a-o a:�av rsrs �s+oca _ a:rlrr a :.:ae . vida de la Central a.excepción del número de unidades en fun-

cionamientou ;:t�:l t sa1S rE ►;-.o :;;•t. en el caso de Centrales con más de un Grupo. Es-
.: :.c wi In. ge:: t.•+a:: tos datos son: Nombre de la Central, diámetro de la chimenea

;�:�,, su ,aa z.:5:a atara , y del punto de medida de extinción/opacidad, oxigeno de refe-
rencia para normalización, potencia nominal potencia núnimat etc.

11. Configuración de las tarjetas de adquisición de datos,
' 4::tit• a.•A.+B , 4: J:,iri , ::a:.d J: , 11:iv 'Y.J7

•,,::� «•�. : �::-� í ,:a1.~ que recogerán las variables recibidas en tiempo real y los va-
:,,:w lores máximo y mínimo de tales variables. Se incluye un

::4 r.: : 4: i:.: i• :151..= í J: i I+:itt i ie5.8=
,:; . �;::+= +,: ,:51.:, :,,!•; t �: 'e campo adicional de opción gráfica.
w 111. Configuración de los valores calculados por el pro-

grama En este cuadro se incluyen todos los parámetros de in-
terés calculados por la aplicación, debiéndose completar con

- - los fondos de escala esperados para representación gráfica.
IV. Configuración del trigger temporal. Tiene como objeto

Fig. l.-Lisiado ordenado de los N valores mediohorarios determinar a partir de qué momento se desea que comience
más altos automáticamente la adquisición de datos en tiempo real.

Y. Configuración del combustible. Se introducirá el análisis
En principio. la normativa comentada anteriormente, se re- elemental del combustible utilizado.

fiere a emisiones reales, por lo que las centrales deberían dis- VI. Configuración de las regresiones matemáticas. Dado
poner, preferentemente en las chimeneas, de equipos de me- que muchos parámetros sólo pueden determinarse á partir de
dida de las emisiones de SO2. NOx y particular; pero dado que otros parámetros por regresión matemática, se incluirán en
esto no es siempre posible en las unidades actuales en opera- este cuadro los valores constantes de tales regresiones.
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Una vez completada la configuración de la Central , se pa- gráfico en tiemporeal. pero con valores medios semiho-
sará a la función de ejecución. la cual realiza simultáneamente rarios.
las siguientes tareas : - Representación gráfica de un parámetro frente a otro
- Adquisición de datos en tiempo real de las señales . parámetro en diferido. De gran utilidad para relacionar
- Seguimiento en tiempo real de las señales anteriores in- dos variables y establecer fórmulas de regresión (Fig. 3).

dicando los estados de "calibración ` o "avería ' cuando - Emisión de todos los partes mensuales requeridos por
estos se produzcan la Administración y grabación de los ficheros de lista-

- Representación gráfica en tiempo real de los paráme- dos ordenados decrecientes . Adicionalmente, genera-
cros previamente seleccionados en el cuadro de confi- ción de informes diarios y anuales.
guración de las tarjetas . - Conversión de los ficheros generados por la aplicación

- Seguimiento puntual (cada dos minutos) de todas las en ficheros utilizables por otras aplicaciones, tales
variables calculadas. como hojas de cálculo electrónicas.

Cada media hora el programa realiza las medias de todos - En caso de disponer de estaciones de vigilancia am-
elel programa puede generar el mapa geográficolos valores puntuales medidos y calculados y las graba en un del emplazamiento con los niveles de inmisión de diver-fichero diario de tipo secueciat Estos ficheros son la base para sos contaminantes (Fig. 4).

la obtención de todos los informes mensuales requeridos por la
En resumen podríamos decir que es de vital importanciaAdministración y que se han descrito previamente . Adicional- el

mente el programa posee otras utilidades que los convierten control de las emisiones procedentes de centrales térmicas a
en una herramienta muy versátil para el control de las emisio- la atmósfera y. por tanto, la Directiva de Consejo de 24 de no¿.
nes, como pueden ser las siguientes: viembre de 1988, recientemente publicada, es un paso más

hacia la protección del medio ambiente , y consecuentemente
- Sinóptico en diferido de la instalación Utiliza como las centrales térmicas deben realizar un importante esfuerzobase los ficheros diarios con medias semihorarias gra- de adaptación. Hemos visto también que éstas últimas tienen

bados durante la fase de ejecución Con esta opción. a su alcance la capacidad de cuantificar sus emisiones y dis-
puede "recrearse' la evolución de las emisiones ( Fig. 2). ponen de pl azas aparentemente suficientes para reducirlas

- Representación gráfica en diferido, en todo similar al

COKTROL DE E111SIOMES Hora : 16:22:3?
Fecha : 15-12-88

2.6 x POT 118 MW
3.81158.Al- ox!

,

. Z F.O. 497 .7 ]/mi"
642.

MEDIA 2 sin. MEDIA 38 sin . tlAXIt10 38 sin.
OPACIDAD 14.45 14.45 22.73
(PARIs Mg/1W3 198.3 198 .3 276.4
[3021s rg/t1m3 488?. 4887. 5268.
[ NOxls ag/N0 946 .9 946.9 1825.
02 chisenea x 6.276 6.276 7.164
11UILRC LEC;URt;S 8

Fig. 2.-Sinóptico en diferido.
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DEPOSICION SECA Y HUMEDA. TRANSFORMACIONES QUIMICAS

Transformaciones Procesos de
químicas deposición

1 Emisiones Atmósfera 4 Receptores

Transporte Difusión

I.- Transformaciones químicas en la atmósfera

Las reacciones químicas en la atmósfera son responsables de la
generación . de contaminantes secundarios (ozono, sulfatos , etc.), que
a veces son más perjudiciales para el medio ambiente que los emitidos
directamente desde las fuentes ( smog fotoquím ico, lluvias ácidas).
Las reacciones químicas pueden clasificarse en dos grandes grupos:

a) Termoquímicas , por las que las especies de caracter reduc-
tor se oxidan , dando lugar a productos termodinámicamente
más estables.

b) Fotoquímicas , por las que se generan ciertas sustancias óaxi-
das, termodinámicamente menos estables que sus precursoras,
por medio de un aporte adiccional de energía procedente del
sol.

En. los.procesos de canbusti6n los contaminantes gaseosos gene-

rados en mayor cantidad son los SOx y los Nx (exceptuando el CO2).

-I.1.- Química atmosférica de los SO.-

A pesar de los grandes esfuerzos dedicados, el conocimiento de

la química de los SOx en la atmósfera es atan incompleto . No obstante,

-existen claras evidencias de que la mayoría del SO2 en la atmósfera se

oxida , formando ácido sulfCrico y sulfatos ácidos , los cuales dan lu-

gar al aumento en la acidez de la precipitación. La concentración de
sulfatos a sotavento de las fuentes de SO2 depende del ritmo al que

éste se oxida , produciendo S04H2. La velocidad de oxidación es muy va-

riable, dependiendo-de las condiciones atmosféricas , ya que ésta puede

producirse por varios procesos , incluyendo reacciones homogéneas con

otros gases atmosféricos , reacciones heterogéneas sobre hidrometeoros

o sobre otras partículas.
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1.1.1.- Oxidación homogénea

El mecanismo que más contribuye a la oxidación hcm ogénea del

S02 es:
HONO + hy O <400 rm ) ---� OH•+ NO

03 + hY (A4319 run ) ---+ 02 + o-

0- + H2O --- 2 OH-

OH • + S02 ---- HOSO2

HOSO2• + 02 --�- H02• + S03

H02• + NO N02 + OH-

S03 + H20'-- SO4H2

Suponiendo una atmósfera urbana [OH ]ct 107mol - an-3, el ritmo de

'c
.
x idacibn del S02 será aproximadamente 4%/hr, o bien 96%/24hr. En

una atmósfera rural I0H J_ 1.5 . 106mol • cm-3, el ritmo de oxidación se-

ria alrededor de 0.68/hr, o bien 14.4%/24hr. Durante el verano la

concentración de [OH-1 es mayor que durante el invierno.

1.1.2.- Oxidación heterogénea sobre hidraneteoros

Cttando el S02 se encuentra en un medio acuoso , se produce de
forma muy rápida (< 1 seg. ) -el siguiente mecanismo:

S02 (gas ) + H20 (liquido ) -�- S02-H20 (disuelto en agua?

S02 • H2O ----�- S03H- + H+

S03H- --� S03-

Una vez producido el ion sulfito S(IV) hay dos mecanismos de

cx idaci6n a ion sulfato S(VI):

a) Por el oxigeno disuelto en el hid±aneteoro con la presencia
de catalizadores (14n, Fe, etc)

b) Por otros oxidantes atmosféricos (H202, 03, etc)

La importancia de uno u otro mecanismo depende, además de la

concentración de los reactivos o catalizadores , del pH de la soluci&

acuosa ( ver figura 1), de la temperatura y, por supuesto, de la canti-

dad de agua presente en la nube. A una temperatura de 298 K y un conte

nido de agua de 1 gr/m3, la velocidad de oxidación de S (IV ) a S (VI)

varia desde el 100%/hr en presencia de H202 a menos del 1% /hr en pre-

sencia de Mn 6 Fe con pH<4.5.
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I.1.3.- Ox idaci6n heterogénea sobre partículas

La importancia relativa de la oxidación del SO2 sobre la su-
perficie de determinadas partículas, como cenizas de carbón, óxidos
metálicos o sales metálicas, no está aún hoy día bien determinada.
En estos casos la humedad del aire es muy importante. No obstante,
parece que en condiciones de humedad relativa menor del 70% este me-
canismo no es muy influyente

1.2.- Química atmosférica'de los NOX

En los procesos de combustión de carburantes fósiles se generan

NOx, la mayor parte de los cuales en forma de NO (90%) y el resto en

forma de N02. La transformación química de estos dos compuestos en la
atm6sfera puede producirse por vía fotoquímica o termoquímica (ver fi-
gura 2).

1.2.1.- Fotoquímica de los NOX

El mecanismo básico es:'

N02 + hl (X<390 run) NO + O

0 + 02 03
NO + 03 N02 + 02

En presencia de hidrocarburos reactivos se generan radicales

libres orgánicos e inorgánicos, los cuales producen una oxidación

adiccional de NO a NO2, dando lugar a una acumulación de ozono y a

la producción de nitratos de peroxiacetilo (PAN), que son dos conta-

minantes característicos del "smog fotoquímico". En este proceso se

producen asimismo N03E y nitratos. Mediante este mecanismo, la velo-

cidad de conversión química de los NOx puede. llegar a ser del orden

del 50%/hr o superior. No obstante, para que esto se produzca han de

c unplirse dos requisitos: radiación solar suficiente y una proporción

inicial NOx/HC idónea, la cual no suele registrarse en penachos pro-

cedentes de combustiones industriales, a no ser que éstos-pasen por

a tnósferas ricas en HC's cano son las urbanas.

1.2.2.- Reacciones en medio acuoso

Al igual que ocurre con el SO2, los NOX en medio acuoso dan

lugar a ion nitrito N(III), el cual se oxida a ion ñitrato N(V).

.Sin embargo, el mecanismo químico es diferente, dependiendo de la

concentración de NOx, del pH y de la cantidad de agua presentes (ver
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figuras 3, 4 y 5). No obstante, estas reacciones productoras de N(III

y N(V) no tienen demasiada importancia en el mecanismo de transforma-

ción química de los NOx. Por contra, el NO3H generado fotoquím icament

es una sustancia que se incorpora con gran rapidez y eficiencia a los

hidreneteoros, provocando una disminución en el pH de la precipitacif

II.- Procesos de'deposición

Los contaminantes atmosféricos son finalmente eliminados de l¿

atmósfera por uno de los dos mecanismos siguientes (o por ambos al

tiempo):

Deposición seca: captura por el suelo, el agua o la vege-

taci6n de la superficie terrestre

Deposición htmeda: absorción por hidremeteoros y posterior

precipitación. Para referirse a este tipo

de deposición se suelen utilizar otros tés

minos: rainout (captación dentro de.,la. nu-

be) o' taaáhout (captación por bajo de la

nube).

Estos procesos limitan el tiempo de residencia en el aire de

los contaminantes, contrlan la distancia a la que son transportados :•

en definitiva determinan las concentraciones que éstos alcanzan. Es

difícil determinar de forma global la importancia relativa de ambos

procesos, aunque parece que la deposición seca contribuye algo más

que la himeda (60/40) en la eliminación de contaminantes, aunque es

claro que la mayor o menor frecuencia de precipitación en una zona

determinada es un factor decisivo.

II.l.- Deposición seca.

Exceptuándo las partículas mayores de 5-10rLm, el resto de
ellas y, por supuesto, los gases se depositan en el suelo por efecto.

de la difusión turbulenta especialmente. El posterior impacto, la ab'

sorción química y otros procesos varios hacen que las sustancias

sean retenidas.

• A pesar del gran número de experiencias realizadas, los valor-ss
de deposición seca de gases y partículas pequeñas no son de validez

general, pues incluso en superficies del mismo tipo los resultados

discrepan considerablemente.
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El flujo vertical descendente de una especie se representa por

el producto de un parámetro empírico llamado velocidad de deposición
Vd y la concentración que ésta alcanza en el aire a una altura z (,X(z))

Fd= Vd-X(Z)

El proceso de deposición seca puede ser contemplado conceptual-

mente cano una analogía con el flujo de calor o electricidad a través

de una serie de resistencias ( ley de Omh), de forma que para los gases

Vd= (ra+rs+rt)-1

siendo ra la resistencia aerodinámica que tiene -en cuenta la difusión
turbulenta del material hacia la proximidad inmediata al sue
lo (subcapa laminar ), luego depende de los parametros meteo-
rológicos habituales

rs la resistencia dentro de la subcapa laminar que representa
el transporte a través de dicha subcapa

rt la resistencia de transformación que depende de la interac-
ción fisico-química entre el material y la superficie

Para las partículas , rt=O pues se considera que si chocan con la
superficie allí permanecen. También en este caso es preciso tener en
cuenta la velocidad de calda (Vs) en caso de que ésta'sea apreciable,

de forma que:

Vd= (ra+rs+ra•rs•Vs)-1+ Vs

Para estimar la velocidad de deposición seca se utilizan tres
métodos: modelos de caja, . análisis de perfiles y medidas de correlación
turbulenta . Los resultados con respecto a diferentes sustancias gaseo
sas pueden observarse en la figura 6. Para el , caso de partículas, en la

figura 7 se comprueba que las partículas mayores de 10pm se depositan

por efectos gravitatorios , mientras que las menores de 0.lym se compor-

tan cano gases prácticamente . Las de deposición menor son las compren-

didas entre 0.1 y l),m .

Cpmo puede suponerse , son muchos los factores que influyen en

los procesos de deposición seca de gases , como efectos estacionales,

diarios ( luz solar , estabilidad atmosférica ) y meteorológicos ( tempe-

ratura, hunedad , viento, etc ). Además hay varios mecanismos de trans-

ferencia hacia - el interior de las hojas : a través de su-epidermis (re-

sistencia cuticular ), a través de los poros. (resistencia de estomas),

etc. La tabla I sugiere algunos valores de velocidades de deposición

promedio para utilizar en modelos de transporte y difusión.
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11.2.- Deposición htmeda.

El tratamiento teórico se suele dividir en "rain-out" (sorción

dentro de la nube) y "wash-out" (sorción por bajo de la nube), aunque

en aplicaciones prácticas los dos procesos se agrupan, ya que se pue-

den evaluar de forma similar. Asimismo, hay dos formas de abordar el

problema: coeficiente de sorción (scavenging coefficient) y coeficien-

te de lavado (wash-out ratio).

11.2.1.- Coeficiente de sorción

El. flujo de contaminantes hacia el suelo debido a la depos.i-

„ ci6n húnéda puede expresarse como :
•

H
Fw=

Jó
(z,t) •x(z,t) •dz

siendo J. un coeficiente de sorción o arrastre, x la concentración de

contaminante y H la capa atmosférica donde se produce tal sorción o
arrastre por hidremeteoros. Por analogía con 3,a deposición seca se
puede definir una velocidad de deposición htmeda:

Fw
Vw=

x(o,t)

de forma que si se supone que los contaminantes estan distribuidos
de forma uniforme en toda la capa, entonces:

H
V JA(z,

(
t) - dz = R.H

El problema surge en la evaluación de A. En el caso de partí-

culas, pareca lógico que A dependa del tamaño de éstas, del de los

hidram eteoros y de un coeficiente de colisi6n entre ambos:

00
A(Dp)= J0 1.(Dp+~p)2-(Vt(Dp)-vt(Dp»-E(Dp,~p)-N(Sp)-d54p

siendo Dp y Dp los tamaños de las partículas e hidrotneteoros, respecti

vamente; vt y Vt las velocidades de caída de las partículas y de los

hidraneteoros respectivamente; N(Dp) la distribución de tamaños de los
hidraneteoros; y E(Dp,Dp) la eficiencia de colisión.

2Suponiendo que Vt (Dp)» vt (Dp) y que (Dp+Dp) DP , resulta:
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J(Dp)= ) 4 DpVt(Dp) •E(Dp.Dp) •N(Dp) •dDp

y teniendo en cuenta que:

po (mm/hr) =1 6 DP •Vt (Dp) • N (Dp) •dDp
0

puede suponerse que:

P _E

Ahora bien, el problema se complica porque la eficiencia de
colisi6n E(Dp,Dp) depende tambien de la distribución de tamaño de las*
partículas contaminantes. En las figuras 8 y 8bis se puede observar el
valor de JL3(coeficiente de sorci6n volumétrico) normalizado con po,
en función de Dg para varias desviaciones geanétricas típicas,*corres-
pondientes aaBos tamaños de hidraneteoros.

En el caso de gases, el problema es atn más complicado, pues
al contrario del de las partíc ulas aquí no puede suponerse que la
captura de una molécula gaseosa es un proceso irreversible , salvo en
casos muy particulares de composición q uímica .tanto del hidraneteoro
cano del contaminante . El flujo de una especie gaseosa hacia un hidro-
meteoro es proporcional al llamado coeficiente de transferencia másica
entre el contaminante y los elementos químicos presentes en los hidro-
meteoros (Kc en cm/s), e inversamente proporcional a la velocidad de
caída y tamaño de estos últimos. Así:

6 Kc
x(ac) _ %z

ñpvt

Observando la figura 9 se comprueba que cuanto menor es el ta-
maño del hidraneteoro, más efectiva es la sorción de los contaminan-
tes gaseosos . Por ejemplo, para el caso del NO3H: Íi(rainout)_0.2 s-1
y A(washout)=2.10-4s'1, en igualdad de contenido total de agua.

II•.2.2.- Coeficiente de lavado

Otro método de cálculo de la deposición húmeda es utilizando

el llamado coeficiente de lavado (washout ratio), que se define:

Ko
Wr =

xo

siendo Ko y Xo la concentraci6n de contaminante contenido en la preci-

pitación y en el aire junto al suelo, expresadas- normalmente en unida-

-7-
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des masa/volunen . DE esta forma , el flujo de contaminante hacia el

suelo debido a la precipitación será:

FW= lo•PO = •Wr•po

Y cano por otra parte:

VW = FW/o = Wr' Po y tambien VW l1• H

los coeficientes de sorci6n (A ) y de lavado (Wr) pueden relacionarse:

Wr'po

H

segun se ha comprobado experimentalmente , el coeficiente de la-

vado disminuye con la *cantidad de precipitación (ver figura 10), lo

que puede deberse a las razones anteriormente señaladas con respecto

a la relación entre 'el tamaño de las gotas y la eficiencia de sorción,.

entre otras razones . La ventaja de este procedimiento radica en que

es posible realizar medidas directas del coeficiente - de lavado. La ma-

yor parte de ellos tienen un valor incluido entre 10-3 y 10-5 para

partículas y entre 10-4 y 10-6 para los gases . Estta gran variabilidad

en el valor de Wr se da no solo a igualdad de especie contaminante,

sino tambien a igualdad de intensidad de precipitación . Esto es lógi-

co pensarlo pues el proceso de sorción y arrastre de contaminantes por

los hidraneteoros es muy complejo, y sería ingenuo esperar que todas

las variables meteorológicas que intervienen en él puedan parametri-

zarse por medio de una sola variable . No obstante, prescisamente por-

que Wr representa el pranedio de muchas variables (por ejemplo, dis-

tribuciones de tamaño de partículas e hidrometeoros , distribuciones

verticales , tipos de precipitación , etc.), este método parece más a-

propiado para estimaciones a .largo plazo, de forma que la gran varia-

bilidad de valores del coeficiente de lavado se compensen entre los

diferentes casos a lo largo de ese intervalo de tiempo. Para prediccic

nes a más corto plazo, parece mas apropiado utilizar el método del cc_

ficiente de sorción o arrastre (scavenging coefficient ) , siempre que

se conozcan o se puedan estimar la distribución vertical de los conta-

minantes, distribución de tamaño de partículas , características de la

precipitación , tipo de precipitación , etc., que ignorar estos datos y

utilizar directamente el coeficiente de lavado.
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III.- Aplicación al caso de modelos de penacho gaussiano para Sop e

kl

S02 S

ve. A s A l Vd,
dry wet dry
dcposition deposition deposition

III.1.- Reacciones químicas/

Entre las simplificaciones que un modelo gaussiano incluye
está la suposición de que:

fljft(xiYiztt) dx dy dz dt = oM•dt Q

sin embargo los procesos químicos que se han expuesto anterior-
mente hacen que esta condición deba modificarse, de forma que:

f.dt=Q_R

Así, si R (x) 2 KR-X entonces :

X(t) = x(0) • e- ( K,-t)

En el caso de reacción SO2_ - SO4 homogénea:

K,: 3.10-6- 8.10-6 s-1 (aire rural)

K,: 2-10-5- 3.10-5 s-1 (aire urbano)

En el caso de reacción heterogénea en medio acuoso:

KO: 8.10-5- 2.10-4 s-1

111.2.- Deposición seca

Hay varios procedimientos para incorporar el efecto de la de-

posición seca de gases y partículas menores de 5-10 micras a la expre-

si6n del modelo de penacho gaussiano:

-9-



a) "Source depletion":

aQ/ax = - Vd•x(x,y,O)•dy = -(2)1
/2

•
Vd •Q

exp(-
h2

2
u • úz 2 �z

b) "Partial reflection":

xix*7 =_ Q, "(- FI.) (Qxp(_ � oC (x)
21CG�C 0

donde oz(x) = f (Vd,x )

c) "Mass deposition":

X(t) = .(0)•exp(Vd•t/ Hz) para x>xg

siendo Hz=extensi6n vertical del penacho gaussiano.

En el caso de gas (SO2) : Vdg= 0.44 an/s

en el caso de partícula (SO4) : Vdp = 0.26 cm/s

Ver tabla II.

I1I.3.- Deposición húneda (washout)

Sd utiliza tambien el procedimiento "mass deposition":

(t) = ((0) exp (-A t)

en el caso de gas (SO2) : Ag= 10-5- 3.10-5 s-1

en el caso de partícula (So:)* : Ap =10-4- 3.10-4 s-1

-10-
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SOs aud SuVats A7etape Depbsitlob Veo~ Used la
Atmosphssie Tran o i sud Re~ C ions

Source Material Vd , cm ix-

Henmi (1980) SO,2 - 0.4
SO2 2.0

EIiassea (1978) SO.,- 0.2
SO2 0.8

l
nightSbanaon (1981) SO4 2, 502 sum~ 0. 1

0.9 noon
0.1 night

TABLA 1 0.6 naos
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SO2 Deposition Ratee*

Surface 'd, cm/eec Commeat

Short crac 0.3 0.1 m in h- i ;ht
Mcdiutn crup U.: 1.0 in in hc4ht
Calcareoua {oil 0.8 Wet or dry
Acid soil 0.4 Dry
Acid soil 0.6 Wet
Dry snow 0.1 If wet, behava like water
Water 0.7
Count ryside 0.8
atice 0.7 Based on London data onh•

TABLA II aFrom T. A. McMahon and P. J. Denison , Empirical
Atmoapheric Deposition Parameters-A Survey. Atmoi.
Environ., 13: 575 ( 1979 ); by permiasion of Pcrgamon Proas,
Ltd.
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Acid precipitation
in historical perspectiva
Awareness of ¡he acid rain problem has developed

in many countries over more [han a century

Ellis B. Cowling -iGURE 1
Chairnian, :Nacional rltmospheric About two-thirds of the total land area of North America

Deposition Program recelves acid precipitatlona
North Carolina State University

Raleigh, N.C. 27650

Some years ago the terms "acid
precipitation" and "acid rain" were `.;
bits of esotericjargon used almost ex-
clusively by scientists in certain spe-

fields of ecology and atmo-cialized
spheric chemistry. Recently, these �->
tercos have become worrisome house S ó 'z r :.:

Vil,hold words in many countries around �--� ss
the wordd. While they have inspired rr°
sensacional and sometimes exagger-

headlines about "death from theated
sky," they also have prompted a more
deliberate and careful examination of r t�
the role of humans in the biogeochem -
istry and chemical climatology of the
earth. How did this transition come
about? Who was responsible? Why did ty
it take so long for acid precipitation to
be recognized as an important envi-
ronmental problem? What factors of
scientific awareness and public per-
ception have influenced che course of •1 ismappreparedinJan. 1962showsaverayeannualpHfromS t. t9�s toOct 1980. U la based on me dan de„elopedresearch on acid precipitation ? 2y me Naeonat Atmoephene D6QOSfeon Program (NADP/NC- 14 in me U.S . and me Canadan Ne w k for Sampling

This brief article is an attempt to of Precestahon (CANSAP ) in Cenada. These two networks prep arad me rus[ concino[--cale map of almosphene

illuminate some of these questions.
for Norm Amertca m 1wo.

Our approach will be to review various
steps in the transformation of the stances to those that circulate natu - forests, fish, crops, soils, surface wa-
concepts of acid precipitation from the rally among the air , the water, the soil , ters. and buildings and other structures
domain of scientific curiosity to the and all living things. Some of these (Figure 1).
domain of public concern and de- man-made materials were beneficial Table 1 contains a historical resumé
bate. nutrients : some were inert; others were of the progress that has been made

Since che beginning of life on earth, toxic or injurious depending upon their toward understanding these phenom-
plants have obtained an essential part concentration or the nature of the or- ena and their biological consequences.
of their nutrients from the atmosphere. ganism receiving che deposition. Contributions are presented in the
From time to time, plants and animals Because man now influences the chronological order of their occur-
have been injured by toxic substances chemical climate of the earth in so rence, whether or not the work was
dispersed in the atmosphere. When che many important ways . it is essential recognized or accepted at the time.
industrial revolution started. people that we understand the sources, The names of major scientists. the
bogan to exert more and more inllu- transpon, transformations. and country in which the research was
once on che biogeochemical circulation chemistry of atmospheric deposition. conducted, and che principal contri-
of the earth. \Ve added progressively We also must kno%v che various effects bution to science or public affairs are
larger amounts of many kinds of sub- that the deposited substances have on presented with appropriate references



w•hen chal is possible.
Selecting particular accomplish- TABLE 1

ments for inclusion in such a chronol-
ogy is a hazardous undertaking be- A historical resumé of progress toward understandingogy
cause of che likelihood that some im- acid precipitation
portant contributions will not be given •wr
che credit or priority they deserve . 1 Y"r($) arwwumry PrlnclpslooMrlWMee
hope the Cable will serve a useful pur- 1661- Evelyn . Graunt, Notad che influence of industr ial enlíssions on tire health
pose, and look forward to receiving 1662 England oí plants and people . the transboundary exchange of
commcnts from anyone who may be polk tants between England and Franee; and suggested
interested in helping to describe the remedial measures including placement oí industry
record more adequately. outsideoftownsanduseof taller chtrmeystospread

che "smoke- arto "distant parís" (Evelyn, 1661; (�aunt,
Early awareness 1662; sea also Gorham, 1981)

features of the acid rain 1687 Hooke, England On che basis oí experiments by Brotherton. Hooke con-Many
b

cluded *M ptants have "two-fold kind oí mata, one
anh

con-Many features
of he acid r

English chemist named Robert utW
branchos
~ asid

and
shooís lhe air:ir blksxoroots

Angus Smith in the middle of the l9th serve to recelve asid carry their proper no rishment
century. In 1852, Smith published a lo te bodY o( te pbnt" (Fboke, 1687; sea afso Gor-
detailed report on the chemistry of rain ham, 1965; asid Wittwer asid Bukovac, 1969)
in and around the city of Manchester, 1727 Hales, England Noted that dew and rain "contain salt, sulphtr, etc. For
En_land. In this rcmarkably earh ac- the air is fufl oí acid asid sulphureous particles ..."

count, Smith called attention to the (Hales, 1727; sea also Gorham, 1981)

cha nges in precipitation chemistry as 1734 Limé, Sweden Described a W0-year-oíd emener at FaIm. Sweden: ".. .

one moves from che middle of a poi- we felt a strong sme0 oí sulptw, ... riaing to che west

luted city to its surrounding country-
oí fhe clty ... a poi~, pu cont sulphv sneail
poisonirlg che al wide arotstd ..

.
oorrode(ing) che eartll

side: "We may therefore find three so mal no herbs can grow around lt" Jnné, 1734)
kinds of air-that with carbonate of 1852 Smith, Ergland Anayzed te dtemistry oí rain crear Manchester, Engiand
ammonia in the fields at a distance, and notad concentric zonas with "three kinds of
that with sulphate of ammonia in the air-chal with carbonate of ammonia in che flelds at
suburbs, and that with sulphuric acid, a distance, that with sulphate oí arm onla in the sub-
or acid sulphate, in town." Smith also urbe, and chal with sulpMric acid, or acid aulphate in

che town." Smith also notad chal sulhrla acid in town
pointed out that the sulfuric acid in aircausedfading In the color oí texulesandcorrosion
city air caused the colors of textiles lo oí metals (Smith , 1852; seo aleo Gorham, 1981.
fade and metais lo corrode. Austria)
Twenty years later, in an extraor- 1854... Austria and Estabfished "General Clowns Laws" prol*lting disposal

dinary book entitled "Air and Rain: 1856 Germany oí wastes by individuals on a neighbor's property. in
The Beginnings of a Chemical Cli- che interest oí encovaging Industrfalizatlon, however,
matology," Smith (1872) first usad che these sama laws specificaly exckded ktdustries from
term "acid rain" and enunciated many legal Ilabiliy when waste dispoeel causad pollution oí

of the principal ideas that are part of water and air

our present understanding. On che 1855- Way, Englar d Completad a very detailed series oí anayses oí nutr ient

basis of detailed studies in Enland ,
1856 substancesinprecipitationa thamstedExper-

gimentStation and 0~
cba
he

val
velos oí these sub-

Scotland, and Germany, Smith dem- stances in crup production (Way, 1855)
onstrated that precipitation chemistry 1872 Smith, England In a remwkable publication entitted "Al and Rain: The
is influenced by such factors as coa¡ Beginnings oí a Chemical Climatology," Smith first
combustion. decomposition of organic usad che term "acid rain" and enunciated many oí fhe
matter, wind t rajectories. proximity to ideas that we now conskier parí oí che acid precipita-
the sea, and the amount and frequency tion problem. These ideas included regional variation

of rain or snow. Smith proponed de- in precipitation giemist ry as It is Influenced by such

tallad procederes for the proper col-
faetors as combustion oí coal, decomposition oí or-
ganic manar, wind direction, proximity to te sea,

lection and chemical analysis of pre- amountofrain ,etc. Afterextenslvetieldexperiments,
cipitation. He also noted damage by Smith proposed detailed procedres for the proper
acid rain to plants and materials and collection and chemical analysis oí precipitation. He
commented on the atmospheric depo- aleonotedacidraindamagetoplarrtsandmaterlalsand
sition of arsenic. copper. and other atrrwspheric deposition oí arseniic, copper , and other

metals in industr ial regions (Smith, 1872; see Gorham,
metais in industrial regions. 1981)

l;nforlunately, however. Smith's 1881 Brógger, Observad "smudsig snefeld" (dirty snowfall ) in Norway
pioneering and prophetic book appar- Norway and attributed it to either a large town oran industr ial
ently has been overlooked by essen- district in Great Britain (Brógger, 1881)
tially every subsequent investigator. 1909 Serenen, DevelopedthepHscaletodes cribelheacidityotaqueous
Eville Gorham (1981) developed che Denmark solutions (Serenen. 1909)
first detailed analysis of Smith's early 1911 rowtherand Demonstrated gradients in acidity oí precipitation de-
wwwork for a report by the National Ruston . creasing from che center oí Leeds, England ; associated
:\c;tdemv of Sciences. England che acidity with combustion of coal: and showed that

both natural rain and dilute sulfuric acid inhibited plant
\lodcrn a% areness growth and seed germination , as well as ammonifi-

Contemporan. conceptsabout acid cation, nitrification. and nitrogen fixation in soil

precipitation and its en•ironnlental
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effects originated in three seemingly
unrelated fields of science: limnology

b•t« (the study of lakes), agricultura, and
Y..r( s) srW Co~ Prarclpal coros Ut1O 1 atmospheric chemistry.

(Crowther and Ruston. 1911 ; seo atso Cohen and Progress in limnology. The rela-
Ruston, 1912; and Gorham, 1981 ) tionship between ralo or snow and the

1919 Rusnov , Austria Demonstrated that deposition of substances trom the water in streams and lakes was obvious
atmosphere accelerated the acidification o( both even to prehistoric man. But the con-
poorty-buffered and well-buffered forest soils (tusrbv nection between changas in the
1919) chemistry of ralo and snow and alter-

1921 Dahl, Norway Recognized the relationship between acidlty of strtace ations in the chemistry of lake waters
water and troutproduction (Dahl. 1921. 1927) remained obscure until the middle of

1922 Atkins . England Measured the alkalinity of sufaee waters and notad a the 20th century.
relationship between alkalinity and blological pro- In a long series of papers beginningductivity (Atkins , 1922) - in 1955, Gorham (1955, 1957,

1923 Macintyre and Made the firrst detailed study of preclpitatlon chemistry 1958a-d, 1961, 1965), now professorYoung, U.S. in the U.S. (Meclntyre and Yotrtg,1923) for1925 Shutt &M Made very early measurements of the r~ Conh-
n

a
b

yuil
t t
th

ethe
major
Universityfoundndations forHedley, Pis present In ralo and arow and comentad nesota,e

Canada the value of atase compounds sor crop growth (Shutt our present understanding of the
and tiedley, 1925) - causes of acid precipitation and its

1926 Sunde. Norway Demonstrated the value of adding limestone to water in impact on aquatic ecosystems. On the
a fish hatchery (Sunde, 1926) basis of research both in England and

1939 Erichsen,)ones. Demonstrated the relatlonship between acfdriy and the in Canada, Gorham and his colleagues
Sweden toxiclty of aluninun to fish (Erkthsen.lones. 1939) demonstrated the following princi-

1939 Katz et al., Reportad acidification and decreases In base sattration pies:
Canada of soils causad by sUHhr dioxide emisskxhs from the • Much of the acidity in precipi-

lead-zinc smelter near Trail, Britlsh Columbia (Katz tation near industrial regions can be
et al.. 1939) attributed to atmospheric emissions

1939 Bottini , Itay Detectad hydrochloric acid in precipitation near time produced by the combustion of fossil
volcano on Mount Vesuvius, lhus demonstrating that fuels;
there are natural sources of strong acida in precipita • Progressive losses of alkalinity in
tion (Bottinl , 1939) surface waters and increases in the

1942 Conway . Ireland Completad the first modero review of precipttation acidity of bog waters can be traced lo
chemistry (Conway, 1942) the atmospheric deposition of acidic

1948 Egnér. Sweden Initiated the first Iarge-scale precipitation chemist ry substances by precipitation;
network in Europe (Egnér el al., 1955; Rossby and • The free acidity in soils receivingEgnér. 1955)

1950- Eriksson , EnulclatedageneralttrecKyotb logeoáhemicalckcula - acid precipitation is due primarily to
sulfuric acid;1955 Sweden tü ~theabltospthera (Erlcssan. 1952.1954954,,1919599,,

19
1960) • The incidence of bronchitis in- . r

ExpandedttroregionalnetworttestablishedbyEgnbr humana can be correlated with theInto
ttte continent-wide Europeas Air Ctaennist ry Network , acidity of precipitation;
whidhthasprovidedaconulrinorooordotpredpltation • Exposure lo sulfur dioxide and
chemistry br ttree decades (Emanuelseon et al., the resultant acid ralo contribute lo the
1954) deterioration of vegetation, soils, and

1953 Viro. Fintand Developed a regional chemtcal budget by eomparinp lake water quality around metal
anaytical data for precipitation arad rtver waters in smelters.

- Finland (Viro, 1953) Thus, by the mid 1950s and early
1953- Tamm. Sweden . Demonstrated the great dependence of moeses on at- 1960s. Gorham was the second scien-

1958 mospheric sources of nn 'cents. espeeialy nltrogen tist to establish a major part of our
(Tamm, 1953) and expended this co~ lo lhclde •present understanding of the sourcesmost forest planta (Tamm, 1958)

and environmental consequences of1953- Various Simuttaneousyinvestlgatedpraápitatiortchei sbydata
acid reci itation. Out bis ioneerin1955 investigators for evidence ol atmospheric acldlty (Banett and Brodln, P P P g

in severa¡ 1955 , Sweden ; Parker, 1955. and Gorham, 1955. research, like that of Smith a century
countries Engtand; ~ton, 1955, U.S.) before, was met by thundering silence

1954- Gorham, Demonstrated that acidity in precipita~ markedly in- from both the scientific community
1961 England fluenced geological weathering processes arad and the public at large. One plausible

te chemistry of lake waters , bog waters, and soils (Gor- explanation is that Gorham's work,
ham, 1955, 1958b, 1958c, 1961 ) being highly interdisciplinary, was

Demonstrated that hydrochloric acid from combustion published in a diverse array of scien-
of coas rich in chlorine predominated in urban pro- tific journals. In any event, because
cipitation whereas sulfuric acid predorninated in eral
precipitation (Gofiam, 1958a. 1958b)

Gorham's work was nos recognized,
there resulted a further lag in both the

Established that acidity In precipitation affects the alka- scientific and public awareness of acid
linity and buffering capacity of lake and bog waters precipi ta t ion .(Gorham. 1957. 1958b)

Progress in the agricultural sciences.
Establishedthattheincidenceofbronchitisinhurnanscan The importance of the atmosphere asbe correlated with the acidity of precipitation (Gorham,

1959) a source of nutrients for the growth
and development of plants was first
recognized by Robert Hooke in 1687
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(see also Gorham, 1965). From 1855
to 1916, scientists at che Rothamsted
Experiment Station in England also bv. asao

asa COun$ry Prwroq.l eaxrmulbndemonstrated the relationship between Y~#)

nutrients in air and che growth of var- 1957 Europa, During che Intemational Geophysical Year, a one-year
bous crop plants (Way, 1855: Miller, U.S.S.R., and study of precipitation chemistry was nade in Europe.
1905). U.S. che U. S.S.R., and che U.S.

In the mid 1940s an imaginative 1958- Jungeand Madethefirst regional studiesofprecipitatkxlchemistry
Swedish soil scientist. Hans Egnér, 1959 Werby . Jordan in che U.S. and notad che importante of atmospheric
developed a systematic way to look at et al., U.S. sulfur as a source oí nutrients for crops (Junge and
the fertilization of tropa by nucrients Werby, 1958 ; Jordan et al., 1959)

from the atmosphere. Working from 1959 Dannevig , Recognized che retatkxiship between acid precipítation,
his laboratory at the Agricultura) Norway acidity in surface waters, and disappearance of fish

College near Uppsala, Egnér created (Dannevi9.1959)

the first 20th-century network for the 1960- Gordon and Estabüshed that exposure lo sulhv dioxide and resuttant

collection and chemical analysis of
1963 Gorham, acidrarocontlbutedtomedeteriorationoflakequaliy,

reci itation. A lar number of
Canelo vegetation , and soda near mil amanera

(fin
aM

P P ge Gordon, 1960; Gordon and Gotham, 1963)
sampling buckets were set out at ex- 1960- McCormlidc, Operatedthe8rstcontirtent-wideprectpitationcherrds try
perimenta¡ farms all over Sweden, and 1966 U.S. network in North America for aix years ( 1960-66).
the major chemical constituents in Showed that precipitation la generaiy acidlc east but
what we now cal¡ bulk deposition ( raro. alkaline west of the Mississippi River (Lodge et al.,
snow. and dust fall)'ere measured on 1968)
a regular monthly basis. The acidity of 1962 Carson, U.S. Stimulated a global revolution in environmental aware-
precipitation was one of severa ) reas by publishing "Silent Spring" in which che ter,
chemical parameters that were tested. "for raro" was usad to describe concem about

Other agricultura¡ scientists gradually atmospheric trans~ and deposlilon of pollutants

echis network-first lo Nor-
(Carson, 1962)

expanded
x Denmark, andworkFinland and later 1967- Odén,Sweden Qutl'med thedtangingacid~yofprecipitationasa regional
y , 1968 and temporal phenomenon in Europa (Odén, 1968,

lo most of western and central Europe. 1976)
It cama to be callad the Europeas Air t sed trajectory anayslaofair massestodemonstratethat
Chemistry Network and it provided acidity in precipitattor , in Scandk►avia *vas attributabie
che first large-scale and long-term data largey lo emissions of sultur In England and central
on the changing chemistry of precipi - Europe (Odén, 1968)
tation and its importante for agricul- Demonstrated temporal trends In acidity and in che con-
ture and forestry (Emanuelsson et al. centrations of major cations and en" in precipitation
1954; Egnér et al.. 1955). In 1956, the over various parta of Europa (Odén, 1968)
International Meteorological Institute Demonstrated cha increasing acidity of Scandinavian
in Stockholm assumed responsibility rtva<s (Odén,1966)
for further coordination of che net- Des«íbed biolog(cal q~ and lon.exdtarge pro
work. In 1957, as part of che Interna- by which natural ecidiflcatlon of solis would be ae-
tional Geophysical Year, it spread eelerated by atmospheric deposition of amxnonla and

ochar tahona (Odén, 1968)eastward to include Poland and much
Postulated that acid precipitados would leed to dis-of the Soviet Union. In marked con-

trast to monitoring efforts elsewhere in placees of nutrlent cations, reduction in nitrogen
fiuation . and ralease of heavy

metais
etals (especially Hg)

che world, the original European net- wtlichwoulddamagasufacewatersandgrouldwatars
work with more than 100 collection (Odén, 1968, 1976)
stations has remained in continuous Postulated acidity in precipitation as a probable cause of
opefation for nearly three decades. decline in fish populations , impoverishment of forest

Progress in the atmospheric sci- soils, decreased forest growth, Increased disease in
ences. Under che imaginative leader- planta , and accelerated corrosion and other damage

ship of Carl Gustav Rossby and Erik lo materiaLs (Odén, 1967, 1968)

Eriksson. the science of atmospheric 1970 Odén and Ahl, Discovered that soluble poltutants in snow accumulate

chemistry bagan in Sweden and )atar Sweden in the show pack and are released almóst totaily with

spread across Europe and finaily to
che first meltwater in spring (Odén and Ahl, 1970)

North America (N.A.S., 1975). 1970 Huttberg, Demonsstrated che effect ot acimty on fish populattoru in
Sweden two Swedish lakes (Hultberg asid Stenson, 1970)

Rossby and Eriksson were convenced
1971- Rodhe et al., Developed the first quantitative analysis of long-distancethat atmospheric processes were effi- 1972 Sweden transport of sulfur in Europe . Showed that distantes

cient mechanisms for che lona-distance of transpon frequenty exceed 1000 km, the residente
as well as short-distance dispersa¡ of time of sulfur in che air is 2-4 days , and fields of de-
many different substances. The data position are roughy symmetrical and slighty displaced
from Egnér's precipitation chemistry to che northeast from sources of emission (Munn and

Rodhe. 1971 ; Rodhe, 1972)network provided che means to test
various hypotheses about che trajee- 1972 Bolis el al ., Dratted Sweden 's Case Study for che United Nations

Sweden Conference on che Human Environment "Air Pollution
processesair mases. íent dispersa) Across National Boundaries : The Impact on che Envi-
roce, and atmosphphereríc ;caven�_il�_ ronment of Sulfur in Air and Precipitation.' Noted

and deposition processes (Rossby and damage to materials as well as ecosystems by acid
Egnér, 1955). These observations led precipitation (Bolin et al., 1972)
Eriksson to enunciate a general theor%
to describe the bie eochemical circu-
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lation of master on the earth (Eriksson,
1952, 1959, 1960).

�,,.ab.r« The transport and deposition of
v't•> ••� rv Prlnc .l oo�+trlbwron water by atmospheric processes has

1972 Hvatum, Demonstrated tncreasing oontent of leed nearthe su,tace been well known since the carliest
Norway of tJorwegian peat boga and postutated kxlg-distanoe observations of evaporation, cloud

transpon as the probable cause (Hvatum, 1972) movement, and ralo. But the notion
1972 Tyler, Sweden Reponed heavy metal accunwlatlon in forest so l as and that atmospheric transport and depo-

speculated about their probable effects on forest sition were a major means for the
producWity (Tyl«. 1972) dispersa¡ and chemical transformation

1972 Granat, Sweden Descxibed the temporal and spatial deposttlon of suifate of many other substances was still only
and acid ovar northem Europe (Granel, 1972, 1978) a working hypothesis in the early

1972 Jonsson and Established an experimental besas Sor the susptcion d 1950s. Rossby and Eriksson champi-
Sundberg. acid precipitation had decreased the g owth offarests oned these then-novel ideas and ¡ni-
Sweden InSweden (JonssonandSurtdberg , 1972) tiated various 'experimental tests of

1972 Varlous initlatedtheSNSFProlect •AdiPrectpitatlonEffectse . their hypotheses, using as a very pow-
agencies, Foresta and Fish (Sea Ambá, 1976, and Braeldce,' erful tool data from the European AirNorway 1976) Chemistry Network. Rossby and Eriks-

1972- Overrein, Demonstrated accelerated losa of calchm Ud ornar son also sponsored a series of European
1980 Norway cation from selle receiving acid precipitation (Over- conferences on atmospheric chemistryralo, 1972)

and dispersal processes. which at-
Provided leadership Sor the SNSF Project from lis tracted the interest of scientists intounding in 1972 until its completion in 1980 (Ambio,

many other fields of in uir includin1976; Overrein et al.. 1980; Tollan, 1981) 9 y g
1972 Lucen el al., Dlscussed tele regional dislribution of acid preclpk~ biology, forestry, agricultura, meten-

u.s. and lis rology, and medicine (Eriksson, 1954).algoalacena ter aquetic and !wr~W eco-.-- Both Gorham and Svante Odén weresystems In North Amedca (Lacen et al, 1972)
Indicated that nitric acid r fram a >c among the students at these confer-

trensforrrmtlon of NO., adds to tse ackfity of preclpi- ences , but they never mes personally
tation In the eastem U.S. (Lucen et al., 1972) until 1975.

1972 Jensen and Showed ttlat acidity in Iakes and streams causad major
Integration of knowledgeSnekvlk, decreases in salmon and trout populations in Norway

Norway (Jensen and Snekvllc, 1972) The first major unification of
1972 Beamish and Reponed decline In fish populations duo to acldificatlon knowledge about acid precipitation in

Harvey, of lake waters in Canada (Beamish and Harvey, the fields of limnology, agriculture,
Canada 1972) and atmospheric chemistry was

1972- Various Showed that mustrooms, meases, and othervegetat ien achieved by Odén, a soil scientist at the
1980 Investlgators In foresta accunuiate heavy metals, especially load Agricultura¡ College near Uppsala in

and cadmiun. Fou1d that wildufe feeding on ihese Sweden. In 1961, asa young colleague
P also acctrnulete tlle rrrotels málcing of E nér, Rossby, and Eriksson, Odénboth tse plante and e* wIk lfe hazardous Sor hurreit g
eonsurlptlon (Munshower, 1972; Huckabee and started a Scandinavian network to
Blaylock. 1974 ; Tyler. 1980)- measure surface water chemistry.

1973 Malmer, Scxrrnarized researeh on the ecologica1 effects of in. When data from this network were
Sweden creasing sulhr deposition, especlaly with reference combined with those from the Euro-

to Swedish conditions (Malmer, 1973) - pean Air Chemistry Network, a series
1973 Dickson et al.. Reponed on te pH status of 314 lakes in western Swe- of general trends and relationships

Sweden den (Dlckson et al., 1973) began lo emerge and were published
1973 Wiklander, Proposed a general lheory to account for the etfects of -- by Odén in two different media-

Sweden acid precipitation on soil chemical properties (WII - Stockholm's prestigious newspaper
¡andar, 1973) Dagens Nyheter (Odén, 1967) and in

1973- Ottar, Norway Led tic Organization for Econornic Cooperatlon and - 'an Ecology Committee Bulletin
1977 Development In Europa In fts oontlnent-wide study of (Odén, 1968). The newspaper report

tse long< nge transpor of alr polluterns (Onar• 1876; outlining Odén's audacious ideas aboutOECD, 1977) - an insidíous "chemical war" among
1974 Almer et al., Surrnarized iba effects of changing lake water act�tyx _ the nations of Europa captured iheSweden . on fish populatkxls In Sweden (Almer et al., 1974)' .�'-_.::i the1974 Grahn el al., Discovered that $p-a~ (peat moss) Invades acidif¡ed

pattention
of

publi
lic

presa, who
education

began
about acidSweden lakes and streams inducing a selfaceelerating ol•

processroc
trophication of the water body (Grahn etal ., 1974) precipitation in Europe. In much the

ee1974 Cogbill and Published maps showing changas in acidity of precipi- sama way, the Ecology Committee
Bulletin stimulated scientific interestLikens. U.S. tation in tse eastern U.S. between 1955-56 asid

1972-73 (Cogbill and Ukens, 1974) in acid precipitation and its ecological
1974 Hutchinson and Established that strongly acid raro near $udbury, Ontario effects. Odén's analyses of air masa

Whitby, ls accompanied by deposltion and/or mobilization of trajectories and temporal and geo-
Canada heavy metals (especlally nickel , copper, cobatt , ¡ron, graphical changes in precipitation

aluminum . and manganesa). Found toxielty of these chemistry clearly showed that:
metate sufficient to inhibit germination and establish- • acid precipitation was a large-
mentof many native and agricu lt ura¡ speciesof plants scale regional phenomenon in much of(Hutchinson and Whitby, 1974; Whitby and Hutchinson, Europe with well-defined source and1974)

link regions
• both precipitation and surface
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waters were becoming more acidic
• long-distante (100-2000 km)

transpon of sulfur- and nitrogcn-con- r,v..11y.1«
taining air pollutants was taking place Y'xfsl and O01 ry °r •' co
among the various nations of Europe 1974 StYiner , U.S. Demonstrated that simulated ralo acidifted with sulfuric

• there were marked seasonal acid can accelerate erosion of protective waxes on
trends in deposition of major ions and leaves, inhibit nodulation of Ieguminous plants, and
acidity alter host-pattwgen interactions of plants (Shriner,

• long-term trends in acidity could 1974. 1976. 1978)

be detected in many countries of Eu- 1975 Brosset el al., Describedthe ltransformatronsand trajectories
tope. Sweden Ihat leed to "white ep'lsodes" and "blaek episodes"

Odén also hypothesized that the of acid deposition in western Sweden. Showed *al
gaseous nitric acid inc reales acid deposition. Estab-

probable ecological consequences of lished a state-of-tne-att titration method for che de-
acid precipitation would be changes in terminatiart of acidity in precipitation (Brosset el al.,
surface water chemistry, decline of fish 1975)
populations, leaching of toxic metais 1975- Cowling, U.S. Tes ified in congresional hearings concerning the in-
from soils into surface waters, de- 1982 adequacy of research In the U.S. on che ecological
creased forest growth, increased plant effects of acid preclpitatlon (Cowfing, 1976)
diseases, and accelerated damage to Together with many other scierwsts In che U.S. and
materials. - Canaria, bagan che development of a permanent net-

These conclusions and hvpotheses workto monitor chemicalchangesinwetanddry de-
lec¡ to a vcritable storm of ;cientif t e a nd position and lo study their biological effects in various

public concern about acid
pregionsof the U.S. (Gailoway and Cowling, 1978)

tion. cSuddenly, limnological,
precipita-

ipitagricul-
1975 Cragin, Determinad che chernist y of precipitation in Greenland

rural, and atmos heric scientists bagan
Greenla nd from 1300 to 1975 A.D. Found a continuing trend of

P hx reasing sulfate and load boncentration beginning
to argue and debate with each other abeut 1800 and ristng oven more tapidly after 1945.
about Odén's unconventional ideas and (Cragin et al., 1975)
his general theory of atmospheric in- 1976 Schofieid, U.S. Reportad che resulta of lake surveys showing a decline
fluentes. Multidisciplinary discussions in fish populations associated with acidification of
and international conferences ensued - lakes in che Adirondack Mountains of New York State

all over Europe and around the world (Schofield, 1976)

as scientist after scientist was inspired 1976 Kucera . Sweden Srmrarized evidente that acid precipitation acceleratee

menta¡

corrosion of metals (Kucera, 1976)(or provoked) loto designing experi-
mental tests to prove or to disprove 1976 Summers and Summarized earlier studies of precípltation chemistry in

Odén's ideas. tftihelpdale, Canada and identified northwest Alberto , southern

The Swedish government responded
Ca-nada Ontario and Quebec, and che Atlantic Provinces as

areas of presentar potencial tmpact by acid ralo and
to the growing public and scientific snow (Summers and Whelpdale, 1976)
controversies by initiating an inquiry 1976 Leivistad and Docune~ a masiva fish klll on che Tovedahl Rlver
that culminated in Sweden's Case muniz, essocietedwtü, anowmeldrlginglesprlnpofl975and
Study for the U.N. Conference on the Norway esfablished Ihet dead and dying fish liad lost control
Human Environment: "Air Pollution of theír bbood satt balance . (Leivistad and Muniz. 1976:
Across National Boundaries: The Leivistadetal., 1976)

Impact of Sulfur in Air and Precipi - 1976 Tyler, Sweden Demonstrated that heavy metals In che litter ¡ayer of
cation" (Bolin et al., 1972). forests inhlbft microbial proceses, especially de-

The important ideas in both the composition of organic matter (Tyler, 1976)

Ecology Committee Bulletin and the 1976 Galloway, U.S.; Developed standardlzed protocols for precipitation col-

Swcdish Case Studv were debated in- Be►ry, lectors and collection techniques (Galloway and Lik-
Canada; ens, 1976 ; Berry el al ., 1976 ; Granat, 1976)

tensely all over Europe. Two major Granar.
scientific initiatives followed in short Sweden
order. The first took place in 1972 1976 Huttberg and Discovered a correlatíon between acidification of lakes
when three organizations in Norway Grahn, and the merct y content ot fish (Hultberg and Grant,
joined together to establish the so- Sweden 1976)
called SNSF Project: the Norwe- 1976 Pough, U.S. Showed that reproductioc t of salamanders is inhibited by
gian Interdisciplinary Research Pro- acidiy of surface waters (Pough, 1976)
gramme "Acid Precipitation-Effects 1977 Hagstróm, Showed that reproductlon of frogs Is inhibited by acidity
on Forest and Fish." These three or- Sweden of surface waters (Hagstrom. 1977)
ganizations included the Norwegian 1977 Rosengvist Enunciated a general theory that acidification of soils and
Council for Scientific and Industrial Norway surtace waters is due mainly lo natural processes in
Research. the Agricultura) Research soils and to changas in patterns of land use (Ros-
Council of Norway, and the Norwe- engvist. 1977)

gian \linistry of Environment. The 1978 Greszta, Demonstrated accumulation of heavy metals in forest
an nual budget for the SNSF Project Austria soils leading lo injury lo young pino and spruce seed-

was about 10 million Norwegian lings (Greszta. 1978)

kroner ($2 mili ion) per vear for 1978- Severa) Showedthat acidprecipitation occursin bothurbanand
1980 investigators. certain rural arcas in the western U.S. (Liljestrand and

19-2- 1980. This huge project had tNko U.S. Morgan. 1978: McColl and Bush. 1978: Lewis and
comprehensiva goals: Grant. 1980)

• to establish as preciscl� as pos-
'ible the effects of acid precipitation on
forests and freshwater fish
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• to investigate the effccts oí' air
pollutants on soils. vegetation, and

bw.tq•ror water lo the extent required to supportr•«t•1 •iid cowarp °' 9$I ` the primary objective.
1979 Altshutler, U.S.; Documented the transboundary exchange of soltar and Lars Overrein of the Norwegian

McBean , nitrogen oxides between che U.S . and Canada (Att- Forest Research Institute was ap-
Canada shuller and McBean . 1979) pointed rescarch director for chis

1979 Odén. Sweden Showed by studies of surface waters in Sweden that project from 1972-1980. The project
acidirroation dueto sutfur deposition had begun during produced a steady stream of technical
che early 1900s (Odén, 1979) and scientific reports on various as-

1979 Lil)estrand and Completed a rlgorous - statistical anaysis of trenas in pects of acid precipitation and its ef-
Morgan. U.S. precipitation chemistry in the eastem and western U.S. fects. The SNS F project also spon-

(Ul)estrand and Morgan, 1979) sored two major international scientific
1979 Cronanand Diseoveredthataluminumlonsare leachedbyacIdpre- conferences-one at Telemark, Nor-

Schoheld , cipitatfon from soils finto streame and lakes In con- way, in June 1976 and the second at
U.S. - centrations toxic to fish (Cronen and Shcofield , Sandefjord, Norway, in March 1980.1979) Braekke (1976) and Ambio (1976)

1979 Galloway, U.S.; Developed a new su8tr budget for eastem North Amenice
Whelpdale, and showed that atrnosphedc autfur In tMs re9ton is published major reports in connection

Canada predominantly of anthropogenic origin (about 95% ) with che conference at Telemark. The
and that a substantial fraction (about 30%) of sulfur Sandefjord conference was designed lo
emissions in this region are depositad outside this provide a forum for evaluation not onlv
region(Gallowayand Whelpdate 1979 ) of recent research aithin the S\SF

1979 Carter, U.S. Established a presidential initiative on acid rain calling -Project, but also the large amount of
for a 10-year-long, $10 mlllion-per-year tnterayency research currently being done else-
programofresearchonacidprecipitatlonanditsci where in the world (Drablos and Tol-
vironmental oonsequences In !ha U.S. (Carter. len, 1980). A final repon and bibli1979) ography from the SNSF Project was

1979 Herriksen , Developed a simple des ipdve modal for determining published at the end of 1980 (Overrein,Norway theextenttowtlichacidificationdecreasestheatka - Seip, and Tollan, 1980; Tollan,linity of cake waters and applied chis method to predlct
1981).che vulnerability of laves lo acid deposition (Harricsen.

1979 The second major scientific initia-
1980 Huttberg and Dtscovered acidincation of 9rarndwater in western tive was conducted by the Organiza-

Wenblad , Sweden.posa,latedacidprecipitatiortastheprobable tion for Economic Cooperation and
Sweden cause, established by surveys of 1300 wells che fre- Development (OECD) from 1973-

quency of heavy metal accwtwtation and plumbing 1975. This was a study of the long-range
problems associated with t~ese wells (ultborg and transport and deposition of atmo-Wenblad, 1980) spheric sulfur in eastern and western

1980 Abrehamsen, Su marized many years of research oa cha effects of Europe. The OECD findings, pub-
Narway acid prectpitatlon ce foresta and Cok that ter- lished in 1977, showed that the ares oftllization effects, par~byasmasphericdeposmon

o( nitrogen , tend to offset nutrtent leaching and ochar acid precipitation incl uded almost all
detrimental effects . Also emphaslzed that negativa of northwestern Europe. The findings
effectsofatrrlosphertedeposltion en growth are most confirmed the idea that pollutants are
¡Ley when nutrient deficiencias or imbatsnces are transported long distances and showed
increased by acid deposkion (Abrehamsen, 1980) that the air quality in each European

1980 Wetstone , u.S. Summarizedthebiologlcaiandmaterialsdarnageofacld country is measurably affected by
preclpitation In retation to che polution Control laves emissions from all other European
in NorthAmerica (Wetstone, 1980) Countries (OECD. 1977).

1980 Schindleretal ., Established an experimental system for controlled In October of 1977, the Economic -
Canada acidification of whole lakes (Schatdler et al., 1980). Commission for Europe originated the

Dern nsaated that acidiflcatán ellminated organisms of -Cooperative Programme for Moni-
severas trophic levels at pH vmkres es hlgh as 5.8-e.0 toring and Evaluating the Long-Range(Schindler, 19801 Also demontsirated that nilcrobias
reductiondst,lfatecouidpertietyprotectfarcesagainst Transmission of Air Pollutants in Eu-
acidification (Schindier et al., 1980) rope, which is now in operatiori. The

1980 ulridr et al., Demonstrated a signüncnt correlat1cn between amount - Economic Commission has nearly
Gemlany of soluble aluminum in forest soOs , death of feeder completed formulating a multinational

roots in spruce, fir, andbirch forests, and wídespread convention governing •nations' re-
decline in che growth of these forests (Ulrich et al., sponsibilities for combating the long-
1980 ; Schucketal ., 1979) range transboundary transport of air

1980 Various EstablishedanlntegratedLake Water ACidificationStudy pollutants. Arne Tollan and Brunjulf
investigators . (ILWAS). to determine detalted chemical budgets for Ottar of che SNSF project were com-
U.S. H+, SOL, NH'+, NO3-, Cl-, and other lona in three missioned lo develop working papersiakewatershedswithdiffering ~ces ofaciditication concernin both che atmos heric end(see Drablps and Talan , 1980 , pp. 252-267: and EPRI, g P

1981 ) biological influences of sulfur in the air

1981 Norton el al., Demonstrated by analysis of lake sediments mal in- and in precipitation.
U.S. creased depletion of soil nutrients and increased al-

North .-lmerican awarenessmospheric deposition of leed and zinc in northern New
England started prior to 188o (Hanson el al.. 1981 : Concern about acid precipitation
Johnstonetal., 1981) and its ecological effects in \orth

America developed first in Canada and
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then later in the U.S. Initial intcrests
were focused on thc effects of sulfur
dioxide exposure and associated acid
precipitation and heavy metal deposi- Veaf ) «a C~Iry Principal e~~%^
tion in the vicinity of metal smelting
and sintcring operations (Katz, 1939:

1981 Rodhe, Sweden; Developed a photoc~ical modal for nw formation of
Cmtzen, sulfuric and nitrie acid during k ng..dlstance transport.Gordon and Gorham, 1963), especially Vanderpol, The modal shows that the transtormation of both of

those near Sudbury. Ontario-the Sweden these acids are coupled processes and that "ir
largest point source of sulfur in the transforrnation rates and distantes of transpon are
world (Gorham and Gordon, 1960; influenced by hydrocarbons and various oxidants in the
Hutchinson and Whitby, 1974). Dur- atmosphere (Rodhe et al., 1981)
ing the early 1970s, interest spread to 1981 Rahn, U.S. Demonstrated that the I /V rato of aerosols can be usad
other parts of Canada as declining fish as a tracer lo determine te source of acid aerosols
populations were discovered in more sourcerece tomarrelationsh for acid

deposhiposRtining
and more lakes of southern Ontario p on in

North America ('RaM. 1981)
and Nova Scotia, remote from local
sources of atmospheric sulfur (Beam - Major Inter'natlonal conferences documenting further progresa
ish and Harvey, 1972). Very early
measurements of nitrogen compounds 1950s Eriksson , The International Meteoroogical instituto sponsored a
in rain and snow were made by Shutt Sweden series of conferences on vamos aspada of atoro-
and Hedlev (1925): the first mea- spheric chemistry (Eriksson, 1954)

surements of the pH of precipitation in 1975- Dochinger and U.S. Forest Service sponsored the First International
Canada were reponed b}. Herman and 1976 Seliga , U.S. Symposium on Acid Precipitation and the Forest
Gorham (1957). A summary of acid Ecosystem at Ohio State University. Columbus. Ohio

Canad
(Dochinger and Seliga . 1976a, 1976b)precipitationinipitation

1976
studies

by
in

Carladas and
was

1976 Overrein el al.. SNSF Pro~ and the Norwegian Ministry of the Envi-published
ale (1976).. ~ay ronment sponsored die Intematonal Conference on

Eflects of Acid Precipitaton. Telemark, Norway
The first detailed research on pre- (Ambio, 1976; Braekke, 1976)

cipitation chemistry in the U.S. was 1977 )tusar and The U.N. Environmental Program and severa ) other or-
completed by Maclnt%.re and Young Lodge , U.S.; ganizations sponsoredan International Symposiumon
(1923). Emphasis was given to the Moore, Sulfur in the Atmosphere, Dubrovnik , Yugoslavia
importance of airborne nutrients for England (Husar el al., 1978)
the growth of crops. This work was 1978 Hutchinson , NATO sponsored en Advanced Research Instituto on
followed by the work of Junge and Canada Ecological Effects of Acid Precipitation in Toronto,
other atmospheric scientists during the Canada (Hutchinson and Havas. 1980)

1950s (Junge and Werby, 1958). The 1978 Howells, The Electric Power Research Institute (U.S.) and the
carliest regional monitoring network England Central Electr icity Generating Board (Great Britaln)

for precipitation chemistry was sponsored an International Symposium on Ecotogical
Effects of Acid Precipitaton (Howells, 1979)

maintained
ed

by
byi

a group
p
of
of

State
scientis

Agri-
- 1978 Hendrey, U.S. U.S. EPA and Brookhaven No~ Laborato ry eponsoredcultura¡

1l Exper (ent
Station

el al., ntist
an International Workshop on Limnological Aspects

19
Acid Sagamore Lake, N.Y. (Hendrey,

and the first national monitoring pro-
gram was established under the aus- 1979 Shriner , U.S. The Oak Ridge National Laboratory sponsored a sym-
pices of the Air Pollution Program posium on the Potential Environmental and Health El-
within the Public Health Service fects of Sulfur Deposition, Gatlinburg . Tenn . (Shriner
Laboratorv at Cincinnati, Ohio. The etal., 1980)
data for 1960-66 were summarized by 1979 Agle, U.S.; A group of Canadian and U.S. environmental protection
Lodge (1968). As has been the case for Turnbull, organizations sponsored be_Action Seminar on Acid

al¡ such studies in North America , Canada Precipitation , Toronto, Canada (Reid, 1980)

however, these early programs were 1980 Overrein et al.. The SNSF proiect sponsored an Intemational Conference

redirected or terminated so that no Norway on Ecological Impacts of Acid Precipitation, Sand-

continuing records are available of efjord, Norway (Overrein et al., 1980 ; Tollan, 1981)

long-term trends in precipitation 1980 Miller et al.. The U.S. Forest Servicé and other U.S. and international

chemistry.
air pollution organizations sponsored an International

y. Symposium on Etfects of Air Pollutants on Mediterra-
•Scicntific and public interest in acid nean and Temperate Forest Ecosystems , Riverside,

precipitation and its ecological cense- Calif. (Miller, 1980) -
quences were stimulated in \orth 1981 Schindler et al., The National Academy of Sciences organized an inter-
America by Svante Odén with a series Canada and national committee of scientists to prepare an au-
of 14 lectures at various institutions in U.S. thoritative overview entitled: "Atmosphere-Biosphere
the G.S. during the fa¡¡ of 1971, and Interactions: Toward a Better Understanding of the

also by Torsten Ahl and Odén at the Environmental Consequences of Fossil Fueis Com-

19th International Limnological bustion." (NAS. 1981)

Congress in Winnipeg. Manitoba, in
1 q-4. A series of publications by Gene
Likens. Charles Cogbill. James Gal-

Carl S.'hofield. and othcrs
pros ided further stintulus ( Likens el
al.. 1972: Likens. 19'6: Cozbill and
Likens. 1974: Schofield. 1976: Gallo-
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wav and Likens, 1976: Galloway et al., In the late fall oí 1978. Congress research un the causes and conse-
1978; Likcns et al., 1979). Experi- passed a resolution calling fi)r bilateral quences of acid precipitation. The
mental studies of various biological discussions with Canada to preserve Energy Security Act (PL 96-264)
effects of acid precipitation were ¡ni- and protect mutual air resources. A passed by Congress in June 1980 pro-
tiated' at Cornell, North Carolina joint statement on the issucs was pre- vided a legislativa mandato for a na-
State. and other universities. David pared in July 1979, and on Aug. 5, tional effort. Title Vil of this act (the
Shriner's (1978) dissertation demon- 1980. the governments of Canada and Acid Precipitation Act of 1980) also
stratcd both direct injury to vegetation the U.S. signed a Memorandum of called for developmcnt of a National
and various indirect effects through Intent to develop a bilateral agreement Acid Precipitation Assessment Plan.
pathogens and parasites. Schoiield's on transboundary air pollution in- The purpose was to develop a firmer
(1976) research on the extinction of cluding "the already serious problem scientific basis for environmental and
fish populations in che Adirondack of acid ralo." To provide a suitable energy policy decisions regarding acid
Mountains was especially alarming. technical and scientific foundation for precipitation. After extensiva inter-
Growing awareness of the important the formulation of such an agreement, agency discussions, a formal proposal

impacts of acid precipitation on fish five bilateral workgroups were estab- was issued in draft form by the Inter-
populations and potential effects on lished to prepare scientific reports on -agency Task Force on Acid Precipi-
forests led the U.S. Forest Service to the following specific aspects of the tation (ITFAP, 1981) in January
sponsor the First International Sym- problem: impact assessment; atmo- 1981. Title VII also authorized addi-
posium on Acid Precipitation and the spheric modeling; strategies develop- tional financia) support from Congress
Forest Ecosystem in May 1975. The ment and implementation; emissions, for a comprehensive national program
proceedings of this symposium and the costs. and engineering assessments: of acid rato research. Leadership for
.issociatcd workshop reports were legal. institutional arrangements. and this interagency program va-; verted
published by Dochinger and Seliga drafting. Preliminary drafts of the first with administrators of the National
(1976a, 1976b). At congressional four of these reports were completed in Oceanic and Atmospheric Adminis-
hearings in July 1975, Cowling (1976) early 1981 and are presently being tration (NOAA), the Department of
testified about the inadequacy of re- refined in preparation for their sub- Agriculture (DOA), and the EPA.
search on acid precipitation in the U.S. mission to the Canadian Department In 1981 the three designated co-
Specifically, he said that the lack of of Externa¡ Affairs and the U.S. De- chairmen were Ferris Webster, an
coordinated research programs on partment of State in early 1982. assistant administrator in NOAA:
ecological effects and the absence of a Anson Bertrand, director of the
stable monitoring network were the Coordinated research programs Science and Education Administration
primary causes of the profound igno- During the past five years, signifi- at DOA; and Andrew Jovanovich, an
rance in North America about acid cant efforts have been made in North acting assistant administrator in EPA.
precipitation. America to develop well-coordinated The other agencies comprising the

Both Canada and the U.S. have re- programs of research on both the at- Interagency Task Force included the
cently started long-term programs for mospheric and biological aspects of the following: che Council on Environ-
the chemical analysis of precipitation. acid precipitation problem. In the mental Quality (CEQ); the Depart-
The Canadian Network for Sampling spring of 1976, a cadre of m,,ore than ments of Commerce (DOC), Energy
Precipitation began in 1976; the Na- 100 scientists from various state agri - (DOE), Interior (DO[), State (DOS),
tional Atmospheric Deposition Pro- cultural experiment stations and other and Health and Human Services
gram was started in the U.S. in 1978 federal. state, private university, and (DHHS); the Nacional Aeronautics
(Galloway and Cowling, 1978). By industrial research agencies in the U.S. and Space Administration (NASA);
late 1981, some 50 sampling stations began the process of creating che or- the Nacional Science Foundation
were operating in Canada and 93 in ganization now known as the Nacional (NSF); and the Tennessee Valley
the U.S. Atmospheric Deposition Program Authority (TVA).

The data from these programs (NADP) to meet the need for a coor- The National Acid Precipitation
(Figure 1) show that the area receiving dinated and long-term precipitation Assessment Program is now opera-
acid precipitation now embraces about chemistry monitoring and effects re- tional. It is designed as a 10-year-long.
two-thirds of the total land area of search program. In mid- 1976 the De- multiagency program of policy-ori-
North America. Although sulfuric partment of Energy initiated the ented research. In the 1982 fiscal year,
acid has been found to be the dominant Multistate Atmospheric Power Pro- its cost will be about $18 million. This
source of acidity both here and in Eu- duction Pollution Study (MAP3S) to program is governed by the Federal
rope, nitric acid accounts for almost improve understanding of the trans- Interagency Task Force on Acid Pre-
one third, and the fraction is rising. port, transformation, and fase of pol- cipitation, which sets policy for the

In 1978. the governments of Canada lutants released by energy-related ac- national program and oversees its im-
and the L.S. established a Bilateral tivities. plementation. The task force also has
Resesrch Consultation Group on the In the fall of 1977. the President's administrative responsibility for fed-
Long-Range Transpon of Air Pollu- Council on Environmental Quality erally sponsored efforts and their
tants to coordinate the exchange of contracted with the NADP to draft "A coordination with ongoing research
scientific information on acid precip- National Program for Assessing the and monitoring conducted by the
itation. This group documented the Problem of Atmospheric Deposition states. universities. industry, environ-
transboundary flow of air pollutants in (Acid Rain)" (Galloway et al.. 1978). mental organizations. and other groups
eastern North America, and showcd This document provided the basis for in the U.S.. Canada, Mexico, and
that about 11 times more oxides of a presidential initiative on acid pre- Europe. The task force will annually
nitrogen and two to four times more cipitation. which former President report tu the presiden¡ and Congress
;ulfur oxides are transponed from the Cárter announced un Aug. . 1979. in un the status of knowledge. additional
L.S. to Canada than che reverse his Second Environmental Message research needs. and alternative strat-
t.\Itshuller and \lcBean. 1979. (Carter, 1979). The presidential ini- egies for management ofacid precipi-
9301, tiative called for a 10-vcar program of tation and its effects.
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TABLE 2
Research tasks in the Nacional Acid Precipitation Assessment Program

Araos ano Leadtnp Parnclpa&lng agencias Contrlbuun agencias Owallon
~Me lasks PO-MI agancy NOAA OOA EPA 001 DOE TVA NOAA 00* EPA 001 DOE NSF IVA NASA 01h. Slsrl (yaa s )

Natural Sources NOAA
Assessment of High NOAA X X X X X X 1981 2
natural sources

Neutralizing High NOAA X X X X X X X 1982 3
materials in the
atmosphere

Man-made sources DOE
Modeling asid High DOE X X X 1982 8
economic
anaysis of
emissions

Syntttesis of Medium DOE - X - X X 1982 3
emissions data

Atmospheric NOAA
processes

Long-distance High NOAA X X X X X X 1982 5
transpon and
Ilisoersicn

Giooal ::.rcuialion High NCAA y x X X 1980 6
of acid
substances

Aqueous-phase High NOAA X X X X X X X 1980 10
conversion
processes

Scavenging of Hit NOAA X X X X X 1980 10
gases and
aerosols

Atmospheric Low NOAA X X X X 1981 4
modeling

Deposition DOI
monitoring

Global and High DOI X X X X X X 1980 10+
national trends
networks

Improving of High DOI X X X X X 1980 5
research
networks
Dry deposition High DOt X X X X X 1982 3
measurement
methods

Aquatic Impacts EPA
State and High EPA X X X 1980 4
regional water
surveys

Modeling lake High EPA X X X X X 1981 5
and stream
responses

Tolerance and High EPA X X X X X 1980 5
susceptibilty
of lakes

Eflects on High EPA X X X X X X 1980 10
watershed
productivity

ldentification of Medium EPA X X X X 1980 5
vulnerable
lite stages

Mitigation Low EPA X X X X 1984 5
strategies
for lakes

Acidification of High EPA X X HHS 1980 4
drinking water

Monitoring Medium x x HHS 1983 3
drinking
water quality

Treatment of Medium EPA X X 1983 3
drinking
water

Mobilization of Medium EPA X X X X 1982 5
toxic melals

Metal Medium EPA X X X 1981 2
contamination
of fish
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TABLE 2 (continued)

Research tasks in the National Acid Precipitation Assessment Program
Arcas and uadk g Parlclpatkg agsnciaa Conl~ng "enclea Doratkkt

speclrlc tacka Prlorlty agency NORA DOA EPA- 001 DOE TVA NOAA OOA EPA DOI DOE NSF TVA NASA Other Start (years)
Terrestrial DOA

Impacts
Effects on High DOA X X X X X X 1980 10
growth and
productivity
offorests

Identification of Medium DOA X X X 1980 10
vulnerable
lile stages

Effects on Medium DOA X - X X 1982 S
ptant .
metabolism

Effects on High DOA X X 1982 5
forest - -
diseases
and insects

Effects on . High DOA X X X- X X X 1980 5
growth and
productivity
of crops

Dose-response Medium OOA X X X 1982 5
relationships of
crops

Effects on cxop Low DOA X X HiS 1982 5
diseases and
insocts

Metal Medium DOA X X HHS 1982 2
contamination _
of crops

Predicting soil High DOA X X X 1982
vulnerability

Effects on soil High DOA X X x X X 1980 5
nutrient status

Effects on soil High DOA X X X X X X 1981 5
buffering _
capacrty

Mechanisms and Low DOA X 1982 5
amelioration of _
sdl impacts

Effects on 001
materiais

Effects on High D01 X X 1980 5
construction
materials

. Costs of Medium 001 X X 1984 3
materiais
effects

Use of Low DOI - _x X 1983 3
protective -
coatings

Control EPA
technologles -

Development H'lgh EPA X X X 1981 4

of limestone
injection
bumer

Assessments EPA
and policy
analysis

Computar High EPA X X X 1980 5
simulation
models

Modeis lo High EPA X X X 1980 5
guide policy
decisions

Analysis of Medium EPA X X X 1982 3
emissions
dispatching

Special scientific High EPA X X X x x X X X HHS, 1981 10
and policy DOS
assessments
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Table 2 outlincs the research efforts coordinated, and well-funded pro- present understanding has been illu-
in the Nacional Acid Precipitation grams of acid ralo research have been minated by the remarkable insights of
Assessment Program . Note that a total initiated by the Province of Ontario a few imaginative scicntists as weil as
of 43 specific research tasks are being and the federal Department of Envi- those of many others who have filled
undertaken . For purposes of coordi- ronment in Canada and by the Electric lesser voids in our knowledge.
nation and planning, [hese 43 tasks Power Research Institute in the U.S. Today, public interest in acid rain
have been grouped into nine general Especially noteworthy among these research is at an all-time high in many
categories . Research on each specific efforts are the Experimental Lakes parts of the world. The challenge for us
task and arca of scientific work is Studies initiated in northern Ontario as scientists is to satisfy that curiosity
coordinated by an Interagency Task by David Schindler el al. (1980) and by providing a more extensive under-
Group consisting of scientists and the Integrated Lake-Watershed standing of the atmospheric processes,
program leaders from the relevant Acidification Study sponsored by the soil transformations, vegetational
member agencies . Each task group Electric Power Research Institute changes, alterations in water chemis-
functions under the leadership of a (EPRI, 1981: see also Drablos and try, effects on materials , and physio-
representative from one of the cight Tollan, 1980, pp . 252-267). logical influences of acid precipitation
agencies . The task group leaders for (ITFAP, 1981: ÑAS, 1981).
each arca of research and their insti- Future research Research is che key to improved
tutional affiliations are listed in Table We have come a long way since the understanding . Improved under-
3. Chris Bernabo of NOAA has the earliest attempts of Smith, Gorham, standing is the key lo wiser public and
interagency role of executive director and Odén to alert che scientific com- prívate decisions that relate to the use
of the task force. He is located at the munity and the public at larse to the of energy and to the qualit\ of life in
Council on Environmental Qualit\ and causes and consequences of acid rain. our societ\.. Let us get on y. ith the /ob
his responsibilities include coordinat - Much has been learned both in Europe of learning so that the challenge of
ing the efforts of the nine task groups , and in North America. But much more managing acid precipitation and its
overseeing interagency planning, and remains to be learned about the many effects can begin as soon as possible.
providing liaison with the task force. aspects and effects of the phenomenon .

Acknowled mentsSimilarly comprehensive , well- The pathway that has led lo our g
any friends and colleagues provided

iMnspiration and assistance in the prepara-
TABLE 3 tiori of chis paper, especially Svante Odén,

Task group leaders in the Federal Interagency
Eville Gorham, William Dickson, Ivar
Muniz, Hans Hultberg, Torsten Ahl, Lars

Task Force on Acid Precipitation Overrein , Arne Tollan, Douglas
tuca Ta* wouo 1~ Whelpdale, Tom Hutchinson , Gene Lik-

ens, James Galloway, David Schindler,
Natural sources Dr. Daniel Albritton Rick Linthurst , Harriett Stubbs, and Chris

Environmental Research Laboratory Bernabo.
National Oceanic and Atmospherie Financia ) support for the preparation of

Administration chis paper was provided in part under a
Boulder, colo. Cooperative Agreement (CR806912) be-

Man-malle sources Dr. David J. Beecy tween the U.S. EPA, the Nacional Atmo-
Off ce of Foesil Energy spheric Deposition Program , and North
U.S. Department of Energy Carolina State University.
Washington. D.C.

Atmospharlc processes Dr. John Millar -
Afr Resources Laboratory
Na~ Oceanic and Atmospheric

Administratlon
Silver Spring, Md.

Deposition monitoring Dr. R. J . Pickering
- Water OuaIlty Branch

U.S. Geological Survey
Restan, Va.

Aquatic impacts Dr. Ray Wllhour
Air Pollution£ffects Branch
Environmental Protection Agency Chairman of che Nacional Armospheric
Corvallis, Ore. Deposition Program, Ellis B . Cowling is

Terrestrial imaets Dr. Lean Dochinger Assoeiate Deanfor Research in the School
Forestry Sciences Laboratory of Forest Resources at North Carolina
U.S. Forest Serviee State Unicersity (Raleigh ). A significan[
Delaware , Ohio parí of his educacional. research. and

Effects on materials Dr . Ray Herrman administratice efforts have been aimed at
Field Support Laboratory che derelopment of a more adequate un-
National Park Service dersianding of acid precipitation and jis
Fort Collins , Colo. effects on planes , animas, surface waters,

Control technology Dr. Ktrt Riegel and materials in che U.S. He holds a Ph.D.
Environmental Engineering and degree in plan[ pathology and biochem-

Technology istrv from che Unicersity of Wisconsin and
Environmental Protection Agency che Fi/osofie Doktor degree in phi-siolog-
Washington , D.C. ¡cal botanv from the L?nicersitr of L.'ppsala

Assessments and policy Dr. Lowell Smith in SK'eden.
Program Integration and Policy Staff
Environmental Protection Agency Referentes
Washington , D.C. Xbrihamsen. G. In " Ecological Impact ot:\cid

Precipitation": Drablyts. D.. Tollan..A.. Eds..
SNSF Project: Oslo, 1980: pp. 58-63.
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Mercury Residues in Soil around a Large Coal-Fired Power Plant
Alan E. Crockett' and Robert R. Kinnison
Monitoring Systems Research and Development Division, Environmental Monitoring and Support Laboratory,U.S. Environmental Protection Agency, P.O. Box 15027, las Vegas. Nev. 89114

r

Seventysoil samples were collected on a radial grill around cultivation and che soils are h►w in rnost elements including
the Four Corners puwer plant. The soil samples were analyzed mcrcury (1/).
for total mercury using a Zeeman atumic ahsorption spec- Estimares of che mercury concentration of the cual hurned
trophotometer. Even though the plant emits 1-2%:(, of al¡ the by the plant vary considerably. Based opon a very limited
mercury released by U.S. coal-fired utilities, che soil residue sampling• Rillings et al. (7) estimated the mercury conc•en-
leveis near che plant were Iow and did not differ statistically tration to he 300 ng/g. Creen and Robinson (12) sampled five
from background. Relatively high concent rat ions viere fc►und coa( blending piles as well as che mine and forrad the average
in the samples taken west of che plan( near the fly ash ponds mercury concentratiun to he 375 ng/g. However, the (1.S.
and just east of che plant. While (he Tate of mercury emitted Geological Survey analzed 21 coal samples from the mine and
by che plant is not yet known, it is not accumulating in che soil reported an average value of 60 ± 20 ng/g UU The lat ter
surrounding the plant's environs. analyses were made using accepted modern methods, although

it was recognized that the analyses might be slight¡y low owing
to inercury loss during drying and grinding. Thirteen sarnples

The toxicity and hazards of mercury are well established of Four Corners coa( were also anairzed hy che l.awrenee
and its distribution throughout che environment has been Radiation f. ahoratory for mercurv.'1'he concentrations varied
documented (1). Due to che known hazards, a number of re- from 67 to :390 ng/g with a mean of 179 ng/g (14). Data pre-
ports have focused on the sources of mercurv resulting frota sented by the Arizona 1'ublic Service show8O ng/g of mercury
mara'-, activities. The combustion of coa( is often cited as a in che cual . lf the true mean of these data is assumed to he
significant mercury source and various emüsion estimates hetween 100 and 200 ng/g, it can he calculated that the Fuer
have been calculated (2-4). Corners Power 1'lant crnitted roughiv 1-2% of oil mercury
The amount of mercury released tu the atmosphere hy released hy coa(-fired power plants ¡ti the United States for

cual-fred electric utilities can he estimated from che amuunt 1974.
of coa( consumed using the average mcrcury content of (he
coa( and a release factor . Cual combustion by che electric Sampfing and Anal�si.
utilities in the United States was about 365 X l0'' kg in 1975, The sampling desigo sc lect ed was a radial grill e•ntploring
and is projected to increase to 854 X 10•' kg hy the year 20( ( Iti evenlyspaced radii and ave appruximately logarithnticallr
(5). The mercury leve) in U.S. casal has been estirated froni spac'ed c•ircles, concentric around che puwer prora (Figure f).
different data bases to average 1000 ng/g (a), 300 ng/g (4 ), 200 The radii uf che circles (A-E) were 1.0. 2.9. fi.8,14.6. and 30 km.
ng/g (2). and 150 ng/g (6). The latter figure, representing the From che 80 sites on the grill, only 70 compr►site soil samples
most recent data. was compiled from (he largest data base and were collected since sume sites fell on si ripped hand er in t he
is probably che test estimate. Not al¡ mercury in coa ( is re- eooling Ixmd. Fa►ch sample %vas a co►nposite of 10 sul>samples
leased during combustion and a reasonable atmosphere re- c'ollec•ted 15 ni apart.'I'he upper 1 to 2 eni ofsoil was collected
tease factor appears to he 0.9 (7-9). Therefore, (he 1975 esti- by trowel and stored in pint glass jars.
mated mercury release from U.S. Goal-fired electric utilities The samples weredried at 60 °C asid sieved to 10 mesh (2
totalled about 49 000 kg. mm ), and 5 replicates of 150 to 200 mg were analyzed directh•
The fate of chis released mercury has not been extensively using an Isotope Zeeman atumic absorpt íun spect remeter (IR).

studied. Klein and Russell (10) studied heavy metal fallout The 7.eeman uses a 900 °C furnace for mercury analyses and
around a 6.50-MW coal-fired power plant equipped with a no digestion procedures are required . The geometric mean oí'
120-m stack. They state that che soils around the plant are che replicate standard deviations ( a mensure of analyt ical
enriched in mercury, but present nostalislical prouf. l3olton precision) was 1.9 ng/g with a range of 0.2 to 21 ng/g. The
et al. (9) conducted a major study o( trace clernents at the standard deviation of the replicate:is cuuld prohabh• have been
870-MW coa(-fired Allen Steam I'lant ami fuund nu signifi- reduced if che samples hall been pulverizad to homogenize che
cant evidence of elemental accumtala tiun. (annun and Ata- simple. Eleven percent of che samples were randornly selectcd
derson (11) reported ora elements around che Four Corners and reanalyred for quality control purposes. Of che eight re-
Power Plant in New Mexico, but showed no significant ele- runs, leven were within :El ng/g (t) 9% deviat ion( of t he
vation of mercury levels in plants or soil.'l'he rack of statistieal original ralee while t he eight h was off by 7 ng/g (2:h, devia-
treatment. che small number of sarnples invoh•ed. ata(¡ the tion).
terrain and background levelsof mercury lintit che usefulness The instrumental calil►ration curve was raleulated by re-
of these studies. For these reasons, and as a parí of a project gressing nanogrants of mercury in six liquid standards with
tu select a hiological monitor, an investigation was conducted che instrumental readout in millivolts. The regressiun was
to determine whether a mercury gradient exists around verified usinga U.S. Environmental Protection Agencvliquid
coa(-ftred power plants. standard and tino National liureau of Standards standard
The selection of a power plant was basad upan the esti- reference materials , orchard leaves (no. 1571) and cual (no.

mated potencial for contauninalion.'l'his report focuses on che 16:12). The lower limit of detection was less than 1 ng.
soil sampling portion of this study. AII samples were collected
in Deccmber 1974. l(esults

The Fuer Corners Power Plant was selectcd hecause of ¡as The overall arithmetic mean for che 7O samples was 1 4 i ng/{
size (>2150 MW). its cual consunrption (6.:3 X 110' kg/yr), its with a range of 6 to 45 ng/g and an overall standard deviation
length of operation (since 196:3), and its relatively short stacks of (3.7 ng/g (sea 'I'able D. In testing the data for norniality.
(two are 76 m asid two are 91 m). En additiun. the surroundiog . significant skewness and kurtosis were deterted. 'I'hese de-
arid terrain (15 to 20 cnr/yr prccipitation) is undisturhed by viations from normality wcrc eliminate•d from nll statistical
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Table 1. Mean Mercury Concentratlon In Soli by SIte ( ng/g)
1

r_dtus Cenc.MNC C4CN•
no. dbectbo A B C O E ,n.
1 NNE -O 6 12 10 9.3 3.1
2 NE 45 9 12 13(14) 19 20 15
3 ENE 30 (37)° 13 13 11(10) 9 15 8.4
4 E 22 11(11) 10 11 9 13 5.3 .
5 ESE 21 13 10 10 12 13 4.5
6 SE 16 14 10 14 11 13 2.4
7 SSE 23 - 9 6 14 13 7.4
8 S 12(12) 20 - 14 11 14 4.0
9 SSW 14 20 12 - 12 14 3.8
10 SW 15 26 14 21 14 18 5.3 1`.
11 WSW 27 22 23 14(14) 21 21 4.7
12 W 20 24 15(16) 13 12 17 5.1
13 WNW 24 23 18 22 17 21 3.1
14 NW 16 15 16 26 11 17 5.5
15 NNW - 14(15) 13 - - 14 0.7
16 N - 7 23 30 - - 20 12

mean 22 16 14 15 13 16
SD 8.7 6.3 4.4 6.8 3.7 6.7
• Radii of circles A-E are 1 .0. 2.9. 6 . 8. 15. and 30 km. respectively . *-.no sample . C Numbers in parentheses represeni a reanalysis of the sample.

nalyses by a logarithmic transformation of the data.
Initially the data were subjected Lo a two-way analysis of

ariance test using the five replicate analyses of each sample. N ts _E t ,c,
'he residual error was therefore a measure of laboratory
recision only. Since the computer program could not ac- r F
ommodate missing samples, six of the radii were dropped
-on1 the data analysis. The analysis of variance un ihe ten
maining radii showed the following:
(a) A highly significant difference between circles (Le., soil q >

iercury levels are related to distance from the power
lant).
(b) A highly significant difference between radii (Le., soil

iercury levels are related Lo compass direction from the power tr * R
lant). AsR tratos
(c) A highly significant interaction effect (i.e., the type of
Tect due Lo radii varíes significantly from circle to circie, or
)e type of effect due to circles varíes significantly from radii
radii). " A +
Attempts at subdividing the data to eliminate the interac-
un effects were not successful.
Since it was possible that the analytical error was insignif-
ant

tA A a,
relative tu field sampling error, a second approach was 11

tempted. A nested two-way analysis of variance was em-
oyed in which radii were grouped in twos or fours, which ' • A 1 �rovided a residual error term composed of both analytical
d field sampling errors. The grouping of radii was conducted RA011 Of CIRCltS • 1.A. 1.1. A.A . 14.4 a 30.1 k..
ice it was felt that small changes in compass direction would POWER PIANT ;.!
ve an insignif icant effect on residue leveis. The resulte of . SITES $AMPLIO
ese analyses of variance were similar Lo those encountered Figure 1 . Sol¡ sampling sites around the Four Corners Power Plant
eviously. Highly significant effects due Lo circles, radii, and
.craction were again discovered. Since the interaction effect
.,Id not be eliminated, it must be conduded that the dis- a plot was made of mean mercury residues by site. Isopleths
butiun of mercury residues around the plant is very com- of mercury residue levels were then plotted as shown in Figure
•x. 'I'herefore, no statement based un statistical analysis can 2. Aside from a couple of amall scattered sites exceeding 20
made concerning the relationship of mercury residue leveis ng/g, there are three areas with levels exceeding 20 ng/g. The
aove tu direction or distance from the plant. area due west of the plant may be related to the fly ash ponds
¡'hese results are in agreement with a study by Hurtan et located in this section. The 25 ng/g high Lo the north-north-
(17). They detected a signircant negative correlation when west cannot he accounted for by the wind direction, but an-'
nparing mercury leveis in soil vs. distance from the power other power plant (350 MW, 13 k north-northeast) is located
nt. 'I'heir analysis, huwever, did not cncounler problerns in thnt area. '¡'he samples with the highest mercury leveis
h interaction. detected were collected from an undisturbed island located
n an attempt to discern a distribution pattern of mercury, in the cuoling pond, sites 2A and 3A.
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cual•fired power plants states that the mercury residue leveis
in soils downwind from the plant are significantly higher )han

N c° those upwind. This diffcrence might. however, be due to the
ts _ - reported chango in soil type. No evidence is presented lo in-

dícate that re-,idue leveis decrease with distance frum the plant
oven though samples were collected frum as far away as 18

t* km.

t '�� ('oncluaiuns

' rs r Detailed soil sampling and analyses for mercury residues
r° indicate no signil•icant differences in mercury residue Ievels

to in soils within 30 km of a largo cual-fired power plant. These
to ro data are in general agreement with uther studles which have

reported little if any accumulatiun of mercury in soil or other
media (9, 11, 20). This study fails ti) confirm the existente of
(he often cited potential problem of mercury accumulatiun

s around coal-fired power plants.
The emissions of mercury from power plants should also

11 ,ro roes s be compared with uther sources of mercury release. Van Horn
10 (2) indicates that U.S. coal-fired utilities emit 9'u of all in-

dustrial releases to the atmusphere in the United States. Using
° the data of others, he also estimated that 1 X 1(y' kg/yr of

10 mercury is volatilized from natural sources in the United
States. From these data it was calculated that, in 1974, the
emissions from Goal-fired power plants arnounted tu altout 4%. - •wo •on rrriura. un,

° of the natural degassing mercury loss.

• SITES SAMPLEO
• AS" PONDS Acknotuledgment
• POWER PLANT Acknowledgment is made to bis. Wanda .Jo Schreweis for

Figure 2. Distribution of mercury residues in soil around Four Corners her aid in sample analysis.
Power Plant (ng/9)
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TECHNICAL REPORTS

Competitive Adsorption of Heavy Metais by Soils'
H. A. ELLIOTT, M. R. LIBERATI, AND C. P. HUANG'

ABSTRACT 1986). The lame sequence was documented for other soiis
ppe competitive adsorptioa of Cd , Ca, Pb, sed Za trom 0.025 M (Biddappa el al., 1981 ) or inferred from leaching ex-

Naao, soiudons cato tour soiis with differiag chemical propendes uvas periments (Tyler and McBride, 1982; Scokart et al., 1983).
iavestigated with batch adsorptlon experimcnts . For two mineral solis, This led some lo conclude that Cd would be relatively
adsorptioa under addic conditloas (pH 5.0) followed thc sequence Pb more bioavailable than would other trace metals in soil
> Cu > Za > Cd, whieb corresponda te, tbe orden of (ncreasing pK systems (Baker, 1985). The validity of this seleetivity series
for tbe first bydrolysis product (e.g., PbOH•) of tbe metal lona. la con. for the majority of soils is questionable, however, due
trast, che arder of sciec1ivity for two soiis containing 20 te 40 g kg" lo the range of types and amounts of clays, oxides, and
organk C was Pb > Cu > Cd > Za, suggesting that organle manee organic matter found in soiis . Each soil constituent has
(OM) increased Cd retendon prefercndally ayer that of Za. when te. its own metal-sorbing properties , resulting in dissimilar
companied by a sinbk reductioa la cado* excbange apadty (CEC), adsorption sequences (Table 1).
extractloa of soil OM markedly reduced adsorpdon of sil toar metals. Because of these differences , guidelines dictating max-
Howcver, oaly Cd sud Ca adsorpdon were appreciably amaller for a imum permissible metal loadings to soiis would be more
soil that maintained a s)zable CEC tollowing OM removal . Leed, sud meaningful if a wider range of metal- and soil-specific
possibly Zo , adsorpdon by soib with substaodal l.orgaaie exchange factors were included in their development . A routinely
sita =ay be unrespoasive (o organk waste amendments. For Cd aad measured soil property has been sought as a simple,
Cu, tacreased soil OM should resufct mobility sud bloavallabtlity , at reliable predictor of a soil's ability lo restrict heavy metal
kast anda acidk condidons were soluble metal complex formation movement and availability. Current guidelines and regula-
ia umited. tions for disposal of municipal studges specify maximum
Addilfonal Inda Words Cd. Ca, Pb, Za, selecdvity sequeoce, allowable metal loadings based on soil textura¡ class

orgaok C. (Baker et al., 1985) or cation exchange capacity (USEPA.
1979). However, these parameters are unlikcly lo be

El li ott. H.A.. M.R. Liberar; , and C.P. Huang . 1986. Compedtive ad- reliable guides for predicting heavy metal mobility in soils
sorpcion of heavy metais by soiis. J. Environ. Qual. 15 :214-219. (forte et al., 1976; Harter, 1979). Other important reten-

tion factors such as surface arca, Fe oxides , and organic

Understanding che proceses governing che migration and
matter (OM) have not been incorporated lo any signifi-

plant availability of trace metals in soiis is essential for
cant degree finto criteria for land disposal of metal-

predicting the environmental impact of spreading metal- Soil oc matter has been of
containing wastes on agricultura¡ land. The adverso ef- oil organicrg particular interest in

of hcavy mctals are irelated to the soil ' s
studies of heavy metal retention by soiis, because of its

feas
ectst lo adsorbe and recaen

inseparably
suchabí element Rabona!

significant impact on cation exchange capacity (CEC) and
y more important, the tendency of transition metal cations

management of land disposal practices is hindered by an to form stable complexes with organic ligands. In a study
incomplete understanding of the processes regulating the with 24 British soiis. McLaren and Crawford ( 1973) con-
part itioning of trace elements between the solution and cluded that the majority of the "available" Cu exists in
solid phases . an organically bound form. Udo et al . ( 1970) noted a

Although bivalent transition metal cations exhibit a strong correlation between total soil Zn and OM content,
similar pH-dependent adsorption behavior, the extent of and concluded it was an important soil component
adsorption at a given pH varees widely among metals. For
equal inicial solution metal levels, adsorption by acidic
subsoils from the Atlantic Coastal Plain was found lo Table 1. Heavy metal alfnity serie. for soil componente.

follow the sequence Pb> Cu> Zn > Cd (Elliott et al., Material Relativo aMnity Referente

The work was parí of Regional Raeareh Projeet NE-%: Soil Pro- Al oxides lamorphous) Cu > Pb > Za > Cd Kinniburgh et aL (1916)

portees Affecting Sorption of Heavy Metals from Wastes; additional Feeothioxidtea
Cu > Pb > Za > Cd Forbee et bal.et aL *(1976)support was provided by National Science Foundation grant no. CEE Me

F
o

(amorphous) Pb > > Za > Cd K
(1975)8104728 . Published with approval of the Director, Pennsylvania Agrie. acid Cu >

Za
Murrayaey

SkinnerExp. Stn . as journal series no. 7406 . Received 12 Aug. 1985 . Fulvie add 5.0) Cu > Pb > Za Sch967);
and

' Associate profesor , Agricultura) Engineeri ng Dep.. Pennsylvania 119671'

State Univ ., Univcrsity Park, PA 16802 ; formen Graduate Student (now Srb o ..nd cotteaie
Project Manager. Environmental Resources Management . Inc., Wat Humee add IpH 4-7) Za > Cu > Pb Verbo Cotte

Chester, PA 19382); and Professor . Civil Engineeri ng Dep., Univ . of
Delaware . New ar k , DE 19716 . Rumie acid (pH 4-6) Cu > Pb s Cd > Za Stevenson (1977)

214 J . Environ . Qual., Vol. 15, no. 3, 1986



responsible for Zn retention in ealcareous soils. Although electrolyte. One gram of soil was added just before pH adjustmcnt
a lack of correlation between total organic matter and using 0.1 and 1.0 M HCIO. or NaOH. During pH adjustment, the
the retention of Pb, Cu, Zn. and Ni may be found, OM simple botdes were purged with N, gas to miniizo pH fluctua-
content can be useful in explaining differences in reten- doro due to CO, equilibrium and to suppress fotmation of mcta!

carbonates in solution . The simples were then agitated in at ion between surface and subsurface samples of the same tcmperature-controlled water bath at 25 "C for 24 h. a time previous.
soil (Harter, 1983; Elliott and Liberad, 1981). ly found to be sufficient for equilibration (Elliott and Liberad.

In contrast to a simple exchange phenomenon where 1981). Final equilibrium pH values then were determined and a por.
retention is determined by valence and ionic radius, selec- don of the sample was centrifuged for 15 min at 1500 rpm. The
tivity by organic matter depends on the specific clec- concentration of the metals in the supcrnatant was determined by

(lame atomic absorption spectroscopy. The amount of metal ab-trochemical and structural properties of the ligand and sorbed by the soil was calculated as the difference between themetal ion. Severa¡ investigators have expressed the bin- amount of metal added and that removed after 24 h of equilibration.
ding strength of metal-soil OM interactions in terms of The organie matter was removed from the soils by treatment with
stability constante between metal ions and extracted OM H,0, following the mcthod of Jackson (1956). The sois were then
fraction (Schnitzer, 1969; Stevenson, 1976; Brady and washed three times by shaking for 30 min in distifed-deionized water
Pagenkopf, 1978; Takamatsu and Yoshida, 1978). and centrifugad. The samples were air-dried prior to weighing for
Although such techniques have been criticized due lo

use in the batch experimenta.

adverso changa that occur during extraction (Zunino et RESULTS AND DISCUSSIONal., 1975), they provide a rough estimate of relativo metal
binding strength. -Given the rango of selectivity sequences The pH-dependent adsorption behavior of Cd, Cu, Pb,
documented (Table 1). the relativo binding strength and Zn on the four soils is shown in Fig. 1.2.3A._and
depends on the nature of the organic matter and the 4A. Although the extent of adsorption varied among al!
system pH. metais, a common pH-dependent trend, frequently

In the present study, the pH-dependent adsorption observed for sorption of metals from dilute aqueous solu-
selectivity sequence of Cd, Cu, Pb, and Zn •was tions (Shuman, 1975; Kuo and Baker, 1980; Harter,
documented for two mineral soils as well as two soil, con- 1983), was observed. For all metals, the magnitude of ad-
taining appreciable OM. The OM was then removed from sorption varied directly with suspension pH. There is no
the latter soils and the heavy metal adsorption proper- general agreement on a single mechanism responsible for
ties of the treated samples were compared with those of this behavior, but strong adsorption of metal hydroxo
the whole soils. The principal objective was lo ascertain
the metal retention sequence for each soil asid explore its (.0
relationship to organie matter content. The findings were
used lo speculate on the role of organic matter and Its Q6
influence upon mobility and bioavailability of heavy s
metais in land applied sludge.

Q6 Po Za

MATERIALS AND METHODS Q •

Selected properties of the foto sois used in Chis study are given 0.4
in Table 2. The Christiana (Typic Paleudulfs), Groveton (Typic
Haplorthods), and Pocomoke (Typic Umbraquults) sois were col- Q2 a
lected as part of the NE-96 regional research project, characteriza-
don methods and additional soil properties can be found in Johnson
and Chu (1983) and Harter (1979). Details oi the chemical and
physical properties for the Dothan soil (Plinthic Paleudults) have 030 33 4D la t1D 5.5 ao 65 70
been described by Sparks et al. (1980). The specifc surface arca oH
of the sois were evaluated as part of this research by Ni gas ad- Fg, 1. The pH-depeadeet absorptlon of havy metal, en tbe Cbris-
sorption and using the Brunauer, Emmctt. Teier (BET) equation . pana soil.

Batch adsorption experiments were performed by adding ap-
propriate amounts of metal pcrchlorate stock solutions and distilled- t 0deionized water to obtain 100 mL of solution containing 10-' M
of each metal (Cd. Cu, Pb, Zn) in 0.025 M NaCIO4 background •

ae
Table 2. Propertlee of the soda. Pb za

Cbristiana Dotban Pooomoke Groveton É Q6
B2 B25tp! Ap Ap

Textura] dila. ailty elay sandy doy bamy silt loara Q4
bam "Ad

Sand. g kg-' 195 498 794 204
Sil], g kg" 521 92 156 730
ClaY. C k8'' 284 4l0 $o 66 0.2 •
Organic C. g kg-' 0.5 1.6 20.5 42.5 •
DCBt ¡ron. C kg' 47 36 trace 24 •
CEC, cmol(+] kg-' 6.4 9.1 10.7 21.2 o
pH. 1:1 H,0 4.5 4.7 4.2 6 .2 3.0 35 4.0 4.5 6.0 5.5 64) 6.8 7.0

Surface aren. pH
m' kg-' x 1 0-' 12.7 34 .2 3.9 5.1 Flg 2. The pHdepeodeot absorption of bary metala 09 tbe Dotbaa

t Dithiooite-dtrate-bieubooate extraction precedum sea.
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c.0 1.0

n6 Pp a6 Pb

i • c{I Za

E a6 É OA6

n4 fd Zw iL a4

0. 2 • 10.2- A.

� • 0
03.0 3.5 4.0 4.5 50 5.5 6.0 6 .3 7.0 3,0 3.5 4.0 4.5 S,0 5.5 6.0 6.5 7.0
0.0 TT 1.0

= a6 .. 0.6 Pb
3 B.

t4 •
0.6 0.6 Za •

PO

0.4 0.4
0

a2
Za

0. 2 6.C4

3A 13 4.0 4.3 $A
o5 3 6.0 6.5 7.0 30 3.3 4.0 4.5 5.0 5.5 6.0 6.5 7.0

PR pH

F'ie. 3. Tbe pH-depeodent adsorptloa of beavy metals oo Pocomoke: flg. 4. The pH.dependent adsorpdoa of beavy metals on Grovetoa:
(A) wbole so0 aad (B) fofowioe removal of organic mattcr. (A) whole sois aod (B) following removal of organlc matter.

complexes (Forbes el al., 1974), hydrolysis of Al on ex- Zn > Cd while the order for che Pocomoke and Groveton
change sites (Cavallaro and McBride, 1980), competition (Fig. 3A and 4A) was Pb > Cu> Cd > Zn. A common
by protons for sites (Newton et al., 1976), and acid- feature for all soils is che relatively strong preference for
catalyzed dissolution of reactive oxide sites (Elliott and both Pb and Cu. On the other hand, Zn and Cd are more
Huang, 1979) may be involved. weakly adsorbed and the Christiana and Dothan pre-
The relative affinity of cations for adsorbate surfaces ferred Zn over Cd while the Pocomoke and Groveton ex-

has been measured by comparing the pH at which 50%9 hibited greater retention of Cd relative lo Zn.
of the original solution metal is adsorbed (Kinniburgh et It is interesting lo note that both the selectivity sequence
al., 1976). Without extrapolation (e.g., Fig. 313 and 4A), and the relative extent of adsorption were similar for
chis criterion would be unsuitable for the data obtained Christiana and Dothan. This occurred despite a positive
in chis study. Alternately, we could select a pH leve¡ at surface charge on the Dothan soil and a negative surface
which heavy metal adsorption could be compared. Low charge on the Christiana soil at pH S.O. The zero points
pH values (<4.0) are unsuitable because of weak metal of charge (ZPCs) are roughly 6.0 and 2.0 for the Dothan
retention for the Christiana and Dothan soils (Fig. 1 and and Christiana soil, respectively (Elliott, 1983). Clearly,
2). As the pH is increased, aqueous metal cations for the Dothan soil adsorption is taking place at the struc-
hydrolyze, resulting in a suite of soluble metal complexes tural cation exchange sites, even despite an unfavorable
according to the generalized expression for divalent surface charge. Kuo and Baker (1980) also reponed sorp-
metals: tion of Cu, Zn, and Cd at pH levels well below the ZPC

of acid soils.
M"(aq) + nH,O M(OH),I,-n + nH• . [1] The strong retention of Pb and Cu relative to Cd and

Zn appears co be a common characteristic of soil com-
This hydrolysis may be accompanied by precipitation of ponents (Table 1), whole soils (Biddappa et al., 1981;
metal hydroxides, which is experimentally in- Scokart et al., 1983), and sediments (Giblin et al., 1980).
distinguishable from removal of metals from solution by Biddappa et al. (1981) found most of the Pb and Cu in
adsorption. This masking effect of precipitation precludes alluvial soils of Japan were present in an unextractable
comparison of the relative sorption affinities at near- form, while Zn and Cd existed predominantly in the water
neutral conditions. Thus, for che purposes of this study, soluble or readily exchangeable fractions. Lead and Cu
a pH of 5.0 was selected for assessing a soil 's metal selec- deposited near a smelting facility remained fixed in the
tivity preference. surface layers while Cd and Zn were more mobile, par-
Heavy metal selectivity for che Christiana and Dothan ticularly for pH <6.0 (Scokart et al., 1983). In a study

soils (Fig. 1 and 2) followed the sequence Pb > Cu > investigating the fate of metals applied with sludge co a
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salt marsh, Giblin et al. (1980) found nearly 100% of ihe Tabte 3. Effect of OM removsl on seleeted »oil properties.
Pb and Cu but only half of the Zn and 35% of the Cd Poeomoka Pooomohe G roveton G rorewn
were rctaincd in ihe sediments. Because of the strong Ap Ap-OM Ap Ap-OM
retention of Pb by soils, phytotoxic effects from Pb up- Organic ct. g kg" 26 0.1 4 1 2take are rara (Chaney, 1980). CEC. cnwl(+) k8" 10.7 1.1 21.2 aaAs all of the metals were bivalent and had the same Surface area.

original solution levels, a correlation between ionic size m' kg" x 10" 3.90 0.58 6 .05 13.59
and adsorption selectivity might be expected. For ion ex- t organk C values provided for N7-96 regtonat reeeacch project ,auls (rabie
change materials, the strength with which cations of equal 2) differ slightly boca tbose determinad as part of chis study.
change are held is generally inversely proportional to ihe
unhydrated radii. Thus, the predicted order of selectivi- relativa stabilities of such complexes. Schnitzer and Skin-ty based on unhydrated radii is Pb" (0.120 nm) > Cd" ner (1966) state that according to the scheme developed(0.097 nln) > Zn2i (0.074 nm) > Cut' (0.072 nm). The by Irving and Williams (1948), Zn should form moreselectivity sequences observed for these soils support stable complexes [han Cd, irrespective of the nature ofprevious findings (James and Healy, 1972; Kinniburgh ihe ligand. Yet, one can select certain ligands (e.g.,et al., 1976) that the unhydrated radius is limited as a acetate, EDTA) to which Cd binds more strongly thanpredictive índex for adsorption. Zn, and others (e.g., citrate, ethylenediamine), which

If ihe Christiana and Dothan soils are considered form more stable complexes in dilute aqueous solutions
analogous to simple oxides, the observed adsorption se- with Zn than with Cd (Tyler and McBride, 1982).
quence (Pb > Cu > Zn > Cd) is explicable in tercos of The hypothesis that soil OM favors Cd retention over
the specific adsorption of metal hydrolysis products. For that of Zn would be strengthened considerably if Cd
adsorption of hydrolyzable metals onto various oxides, formed stronger complexes with fulvic or humic acid ex-
the pH at which onset of adsorption occurs may be related tracts from soils. Numerous investigations have focused
to the pK of ihe first hydrolysis product of the particular on the kinetics and thermodynamics of organo-metallic
metal (Forbes et al., 1974) where K is the equilibrium con- interactions in soils (Schnitzer and Skinner, 1966; 1967;
stant for ihe reaction in Eq. [1] and where n = 1. Rank- Schnitzer, 1969; Rashid, 1974; Stevenson, 1976; Bunzl
ing ihe metals in order of increasing pK values (Baos and et al., 1976; Brady and Pagenkopf, 1978; Takamatsu and
Messmer, 1976): Yoshida, 1978). While most studies have investigated

either Cd or Zn alone, three studies considered both Cd
Pb (6.2) > Cu (8.0) > Zn (9.0) > Cd (10.1) and Zn. Bergseth and Stuanes (1976), investigating the

selectivity of humic material for metals, concluded that
also corresponds to the relativo adsorption affmities Cd and Zn were bound about equally. Similarly, Bunzi
observed for these soils. This suggests that the metal et al. (1976) found nearly equal distribution coefficients
hydroxo complexes (e.g., MOH') are appreciably more for Cd and Zn adsorption by peal in the pH ranga 3.5
adsorbable than free metal cations (M2'). It is not known to 4.5. Stevenson (1977) used a potentiometric titration
with certainty why hydroxo complexes are more strong- method to study transition metal complexes of humic
¡y adsorbed [han their unbound counterparts. James and acids and reported that the order of stability was Cu >
Healy (1972) suggest addition of an -OH group reduces -Pb > Cd > Zn. This stronger binding of Cd over Zn
the free energy requirement for adsorption since removal held for three humic acids from different sources.
or rearrangement of the absorbate hydration sheath is In this study, OM was removed from the Groveton and
through to precede adsorption. This adsorption behavior, Pocomoke soils by H2O, oxidation. Table 3 shows this
documented widely for oxide surfaces, also appears to treatment was 95 and 99% efficient in removing organic
satisfactorily explain ihe observed adsorption sequence C from the Groveton and Pocomoke soils, respectively.
for the two mineral soils Christiana and Dothan. Heavy metal adsorption on ihe treated soils is shown in
For ihe Groveton (Fig. 3A) and Pocomoke (Fig. 4A) Fig. 3B (Pocomoke) and 4B (Groveton). Removal ofOM

soils, a reversal in the selectivity for Cd and Zn was modifted ihe selectivity sequences from both sofis, the
observed, with Cd adsorbed to a greater extent. Based relativo affinity on ihe treated Groveton soil following
on their soil properties (Table 2), soil organic matter may the order Pb > Zn > Cd > Cu, while the order for the
be suspected in this phenomenon. Whereas ihe Christiana Pocomoke, Pb > Cu > Zn > Cd, was similar to the
and Dothan soils are essentially devoid of OM, ihe Christiana and Dothan whole soils . In both cases, OM
Groveton and Pocomoke soils have 42.5 and 20.5 g removal reversed ihe relativo adsorbability of Cd and Zn,
organic C kg' (Table 2), respectively. Tyler and McBride with Zn being more preferred. This added credibility to
(1982), however, found the order of metal mobility (Cd ihe hypothesis that soil OM favors retention of Cd over
> Zn >e Cu) in column leaching studies to be ihe same Zn.
for a peat soil (510 g C kg-1) as for three mineral soils . When ihe magnitude of response to OM removal was
The observations in this study would be readily explain- compared, the two soils behaved quite differently. For

ed if the sorption sites on the organic matter preferen- the Pocomoke soil, OM extraction markedly reduced ad-
tially bound Cd over Zn. Stability constants are available sorption of all four metals (Fig. 3A and 3B). In fact,
for ligands containing carboxylate and amino functional below pH 4.5, nearly all metal adsorption capacity was
groups that are largely responsible for ihe metal-binding lost after OM was extractad. This substantial suppression
properties of organic material found in soils (Stevenson, in metal binding capacity was also noted for ihe Groveton
1977) and sewage sludge (Tan et al., 1971). Unfortunate- soil (Fig. 4B), but was limited to Cu and Cd. A minor
ly, the literature provides no consistent trend for ihe effect was noted for Pb and Zn retention.
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This dissimilar behavior of these two soils can be in- with Cu. Since complexation tends to reduce heavy metal
terpreted in terms of the impact ofOM extraction on im- adsorption by soils (Elliott and Denncny, 1982), this could
portant adsorption-related properties. Extraction of OM help explain the relatively low Cu retention compartid to
reduced the CEC of the Pocomoke soil by 9051, while Zn and Cd.
the treated Groveton soil lost only 40% of its original
CEC (Table 3). For thc Pocomoke, a loamy sand soil, CONCLUSIONS
OM rcpresents the bulk of the metal-adsorption cites. The These findings have significante for land disposal of
dramatic decrease in the surface arca of the Pocomoke metal-containing sludges. A major portion of the OM
soil (Table 3), supports this claim. With the OM remov- present in stabilized sewage sludge resists decomposition
ed, the Pocomoke is primarily sand. Himes and Barber in soils (Terry et al., 1979) and resembles humified OM
(1957) similarly reponed the Zn retention capacity of a (Gerritse et al., 1982). Codisposal of organic wastes and
sandy loam soil was destroyed by OM oxidation but not heavy metals appears to differentially affect the partition-
altered by removal of hydrous silicates. The adsorption ing of the metals between the solid and sol¡ solution
properties of this Pocomoke soil arises largely from its phases. The heterogencity of surface adsorption sites of
organic content, confirming the earlier conclusion of the unamended sol¡ is very important. Gerritse et al.
Tyler and McBride (1982) that OM can retard heavy metal (1982) concluded that for typical sludge rates, the impact
movement in soils even under very acidic conditions. of added organic matter on the adsorption capacity of

In contrast to Pocomoke, severa¡ components of the many elements will be minimal. However, the lowest OM
Groveton soil are substantial contributors to the overall content of the soils described in their work was 25 g kg- 1.
CEC, as indicated by roughiy 40% of the CEC remain- For siliceous soils essentially devoid of OM, additions of
ing after OM removal (Table 3). The Groveton soil has OM should enhance retention of most heavy metals under
a finer texture and a substantial Fe-oxide content, and acidie conditions (Fig. 3A and 3B). Thus, when mineral
both tend to hinder movement of trace elements through soils are amended with heavy metals in a sewage sludge
soils (Korte et al., 1976). The OM removal more than matrix, metal movement is greatly restricted, compared
doubled the surface arca of the Groveton. Because OM to the observed leaching for metal salt additions (Tyler
often aggregates and cements soil particles, its elimina- and McBride, 1982). This work suggests that the added
tion increases surface arca. Since separation of mineral OM will enhance Cd retention to a greater degree than
and organic fractions unblocks the exchange sites on Zn. Soon (1981) did, in fact, find that sludge OM elevated
mineral surfaces (Bohn et al., 1979), the percentage of the Cd sorption capacity of sol¡. This study supports the
the CEC change due to unavailable OM sites is difficult suggestion of Baker and Chesnin (1975) that biological
to assess . This CEC remaining after OM removal , activity Ieads to a progressive enrichment of Cd relative
however, seemed to be able to accommodate as much Pb to Zn during soil development.
and Zn as the nearly threefold CEC of the whole soil (Fig. When metal retention properties arise from multiple
4A and 4B). components within the soil, a more complex behavior is
While Pb and Zn adsorption remained relatively con- observed. For soils with both structural and Fe-oxide ad-

stant following OM removal from the Groveton soil, Cu sorption cites, Pb retention may be relatively unaffected
and Cd adsorption decreases roughiy 65 and 38%, respec- by OM additions (Fig. 4A and 4B). The work of Sposito
tively, at pH 5.0. The competitive disadvantage caused et al. (1982) tends to support this, because they found
by OM extraction suggests that the organic adsorption that sludge application did not change the percentage of
cites preferentially bind Cu and Cd. This fact is widely Pb present in the NaOH-extractable ("organic") soil frac-
accepted for Cu because the well-established Irving- tion. Other researchers have documented a lack of cor-
Williams tale predicts that Cu forros the most stable relation between Pb adsorption (Harter, 1979) or mobility
organic complexes among the bivalent transition metal (Scokart et al., 1983) and the amount of OM in a soil.
cations. Hodgson et al. (1966) found that 98 to 99% of A similar behavior may exist for Zn (Fig. 4A and 4B),
the Cu in soil solutions displaced from calcareous soils but evidente based on the redistribution of Zn following
was bound as organic complexes and that Zn was coro- sludge additions (Sposito et al., 1982) and the effect of
plexed to a much lesser degree. The ability of certain soils OM on Zn binding (Himes and Barber, 1957; Scokart et
to adsorb Cu and Cd was found to correlate with high al., 1983) is mixed.
sol¡ OM (Petruzzelli et al., 1978). Even under acid con- Finally, it should be realized that these data apply for
ditions, OM can greatly retard Cd movement in soils acid conditions where adsorption is more important than
(Tyler and McBride, 1982). precipitation of solid phases (oxides, hydroxides, car-
The Groveton response to OM removal was puzzling bonates, etc.) in removing metal ions from solution. For

because Cu retention was less than that of Zn and Cd near neutral and alkaline soils, solubility and complexa-
(Fig. 4B). The OM extraction was expected to yield the tion reactions (Elliott and Denneny, 1982) may be
same sequence (Pb > Cu > Zn > Cd) as the Christiana superimposed on adsorption processes, thereby com-
(Fig. l), Dothan (Fig. 2), and extracted Pocomoke (Fig. plicating prediction of the relative retention of heavy
3B) soils. In view of the documented sequence for puye metais.
Fe oxides (Table 1). it seems unlikely that the substantial
Fe content of the Groveton (Table 2) differentially REFERENCES
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DUST EMISSION, ITS QUANTITY AND
COMPOSITION, DEPENDING ON DUST
COLLECTOR, COAL QUALITY
AND OTHER FACTORS

Hans Falster and Lars Jacobsen

Danish Boiler Owners ' Association, Gladsaxe MOlevej 15, DK-2860 SQborg.
Denmark

ABSTRACT

Dust emission measurements have been carried through at Danish coal-fired power
stations. Investigations show that modern electrostatic precipitators can meet
Danish emission standards even for high resistivity ash.

Modem electrostatic precipitators can reduce particulate emissions with a
factor 10-20 compared to older precipitators.

Trace metals that are very strongly attached to the finest particulates (As, Cd,
Mo, Pb etc. ) show less reduction in emission.

INTRODUCTION

In these years focus i s to a high degree drawn to the emission from the still
growing number of coal -fired plants , and especially the emission of particulates
and trace metals has had great importance in the debate.

Due to the high ash content in coa1, effective dust collectors are necessary
by coal-fired boilers. Washing of the coals in order to reduce the ash content
will quite obviously increase the coal price , but on the other hand it will
also mean reduction of demands for dust collectors, causing deductions in
installation costs for dust collectors.

For many years wellknown technologies have been used concerning removal of par-
ticulates from the flue gas with high effiency . The three mostly known systems
are multi -cyclones , electrostatic precipitators , and bag houses . Primarily the
two last mentioned technologies are of interest at coal-fired power stations.

In the following i s given an evaluation of the size of the emission and of the
possibilities of limitation of it.

Ash in coal

The ash residue in coal is defined as that part of the coal being left after
heating to 815°C to constant weight ( ISO-standard 1171).

23



24 N. FALSTER and L. JACOBSEN

By coa¡ mining it cannot be avoided that some of the mountain material around
the coal seam goes with the Goal, and it is also a fact that the coal seam con-
tains uninflammable material.

The Goal Denmark imports for the time being has an ash content in the anea 5 -
25% with an average value around 10 - 15% (coal file of Danish Boiler Owners'
Association, 1976-1980).

In table 1 *is shown an analysis of imported coals from 6 countries, out of which
2 countries ( Poland and South Africa) have so far delivered almost 80% of the
total amount of imported coal to Denmark (ELSAM, 1978).

The trace element content of the coal is very similar to the average content of
;.. the earth' s crust ( Mason, 1958 ), but by combustion an essential concentration in
�..¡ the combustion residue takes place , and that is the reason for the wish of a

cleaning of the coals before combustion. However, these possibilities are not to
be discussed in this paper.

Conditions at plants

Different firing plants combust the coals so differently that the formation of
fly ash varies considerably. Furthermore the handling of the plant has an essen-
tial influence on the amount of ash transported with the flue gas out of the
boiler. - Investigations at a number of plants have shown the following distri-
bution of the ash from the coals (Danish Boiler Owners' Association , 1975-1981),
table 2 :

Type of plant Slag % Fly ash %

Stokers and the like 80-90 10-20

Gate feed stokers 75-85 15-25

Spreader stokers 30-50 50-70

Drop tube 40-60 40-60

P-F 10-20 80-90

Fluidized bed 10-20 80-90

By pulverized-Firing (P-F) the coals are ground to fine particulates (e.g. 96%
smaller than 200 um and 80% smaller than 90 ltm) and by this procedure the ash-
formating minerals are evenly spread on very small coal particulates, and by
combustion they are released . Melting together, sintering together and agglome-
ration may cause the ash particulates to obtain a síze so big that they may be
separated from the flame and fall to the bottom of the fire box. From this box
the ash i s removed as slag.

By far the greatest part of the ash (typically 80-90%) is, however, transportad
with the flue gas out of the boiler.

Generally ís to be noticed that the particulate amount in the flue gas after
the combustion chamber varies according to:

- Type of plant, firing method
- Loading of plant
- Operation of plant (air distribution, excess of air)
- Fuel ( grain size , kind of ash, ash content)

* next page
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SOUTH- AUSTRA- WEST-

POLAND AFRICA LIA GERMANY COLUMBIA CHINA

Aluminium Al 5200 6400 8900 9700 4200 4600

Silicon Si 26000 33000 74000 53000 34000 39000

Sulphur S 5500 8200 6800 14000 9300 8000

Chiorire Cl 840 410 63 1300 200 100

Potassium K 2000 1200 1400 3800 1300 1000

Calcium Ca 5200 4000 460 1200 1600 1700

Titanium Ti 730 1100 840 830 410 450

Vanadium v 45 64 0-28 45 15 0

Chromiun Cr - 21 <5-10 15 S <5-10

Manganese Mn 160 47 130 70 36 190

Iron Fe 8500 8400 3800 11000 4300 12000

Cobait Co - - <80 <200 <85 <240

Nickel Ni 16 20 22 30 7 24

Copper Cu 66 47 1-9 1-30 1-25

Zinc Zn 140 20 45 220 74 37

Gallium Ga 9 10 6 5 2 2

Arsenic As 7 10 3 20 6 6

Selenium Se 1 1 2 <1-3 4 <1-3

Bromine Br 8 2 1 8 1 1

Rubidium Pb 18 10 11 31 9 9

Strontium Sr 120 250 140 70 59 230

Yttrium y 11 21 24 8 0 5

Zírconium Zr 27 98 150 45 19 45

Niobium Nb - 2 0-2 5 1 2

Molybdenum Mo 8 29 <2-10 <2-10 2 <2-10

Silver Ag 2 3 3 2 3 3

Cadmium Cd - 2-9 <2-5 <2-5 <2-5 0-2

Tin Sn 5 6-15 0-4 4 10 0-4

Antimony Sb - - <2-5 5 <2-5 <2-5

Barium Ba 280 260 240 197 105 420

Lead Pb 37 15 15 75 44 7

Thorium lb 5 5 8 13 9 4

Tab le 1: Trace metal (ppm) in coal from 6 countries (Jacobsen, 1980)
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Flue gas cleaning

II As the flue gas from the combustion chamber contains considerable amounts of
fly ash (1-50 g/m3,n,t), a flue gas cleaning is absolutely necessary.

By choice of cleaning method the following conditions are of importante:

1) Emission standards
2) Particle size distribution in flue gas
3) Fly ash concentration
4) Flue gas temperature
5) Characteristics of flue gas cleaning methods
6) Installation costs, buying and operational costs (not to

be discussed)

Re 1, Standards

Standards for particulate emissions from Danish power stations
(> 100 MW thermal ) have been established by the Danish Environ-
mental Protection Agency. Those of particular relevante to recent
and future coal-fired plants include:

- For all new coal-fired3plants discharges to air must not con-
tain more than 150 mg/m n,t, 12% CO2 (calculated at referente
condition, dry flue gas at 0°C, 1013 mbar of 12% C02 content).

Re2 Particle size distribution

The particle size distribution for fly ash from the different types
of plants varíes essentially.

A number of investigations have given the below mentioned particle
size characteristics, according to type of plant, table 3:

Type of plant Mass meridian um Smaller than 10 pm %

Stokers * 10 - 20 30 - 50

Gate-feed stokers 45 - 120 3 - 10

Spreader stokers 100 - 500 2 - 10

Drop tube * 10 - 60 20 - 50

P-F 12 - 25 15 - 45

Fluidized bed 100 - 300 20 - 30

*Until now only few referentes for these plants

Table 3: Fly ash characteristics according to type of plant.
(After: Knud Hansen - 1953, Danish Boiler Owners' Ass.,
1975-1981, FEA, 1977, EPA, 1974).

From this it is clearly to be seen that the dust from the different
types of plants varíes very much as to particle size distribution.
Especially there is a significant change in the average particle
size from the small firing plants to the big unes, among other things
due to the air supply to the combustion.

1 .
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Re 3, Fly ash

As mentioned earlier an essential part of the ash from the Goal
is transported with the flue gas out of the boiler, varying
according to firing principie and operational conditions.

As level-statements the following values may be used, table 4:

Type of plant: Fly ash concentration:
Normally Extremely
g/m3,n,t g/m3,n,t

Stoker 0.5-2 0.1-4

Chain grate 1-2 0.2-4

Gate-feed stoker 1-3 0.2-6

Spreader stoker 2-5 1-8

Drop tube (2-5) -

Coal dust firing 8-20 2-25

Fluidized bed 15-40 10-50

Table 4: Fly ash concentration according to type of plant.
(After: Knud Hansen - 1953, Danish Boiler Owners' Ass.,
1975-1981 , CEC, 1980, Mann, 1978, FEA, 1977, Ray, 1977,
Ensor, 1981)

Re 4, Flue gas temperature

The flue gas temperature should not directly influence the choice
of precipitator, but e.g. bag houses are very sensitive to high
flue gas temperatures , and a safety device by high temperature
material may be very expensive . As an example the filter material
is 4 times as expensive if the highest operational temperature is
200°C compared with 125°C. ( Bahco-Ventilation , 1982).

Re 5, Flue gas cleaning methods
�xt�w?.t+4af

As a matter of fact only 4 methods of flue gas cleaning have a real
possibility of meeting the emission standards . Out of these one, the
ventiry scrubber, is not used in coal-fired plants in this country.
To get an evaluation of the efficiency of the collectors, table 5
shows the efficiency of the dust collectors towards different par-
ticle sizes:

Type of dust collector: Fractional rate of efficiency (%)

1 Um 5 Um 10 Um 50 Um 100 Um

Multi cyclone 60 90 95 98,5 99

Electrostatic precipitat. 98,5 99,5 99,8 99,9 g5,95

Bag houses 99 99,5 99,9 99,95 99,95

Table 5: Fractional cate of efficiency for flue gas cleaning device.
(After: UN-ECE-1979, Ensor, 1981 , Knud Hansen , 1953, EPA,
1974, Ondov, 1979, Ray 1977, FEA, 1977, and Danish Boiler
Owners' Association, 1976)

Ik-
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�• Generally it must be evaluated that only electrostatic precipita-
tors and bag houses will be able to clean the flue gas for par-
ticulates to a satisfactory degree for secure observance of theII.
emission standards for power plants.1l�,

As electrostatic precipitators are the mostly used collectors
of dust in Denmark we shall look closer into these.

Generally it has been mentioned that the emíssion falls with
increasing ASI-No. (Alkali-Sulphate-Index) for the coal ash.

II
An analysis of a number of coal samples from different countries
gives these average values:

Type of coal: ASI-No.:

Polish coal 4

II South African coal 4

West Canadían coal 3

Australian coal 2

German coal (Ruhr) 5

Russian coal (Petchora) 4

American coal

Columbian coal 4

British coal 6

Chínese coal 3

Other conditions that may influence the efficiency of the electro-
static precipitators are the softening temperature of the coal ash,
the sulphur content of the coal, and the carbon-in-ash loss. A high
softening point gives small-particulate ash by the combustion,
while a low sulphur content gives poorer electrical qualities for
the fly ash.

Analyses of coals from the following countries have given these
results:

Country: Softening temperature Sulphur in coal
(hemisperical) B

Poland 1240 0,67
South Africa 1360 0,98
West Canada >1500 0,35
East Canada 1320 1,5
Australia >1500 0,52
West Gernany 1370 0,96
USSR 1280 0,63
USA - -
Colombia 1260 0,66
England 1300 1,3
China 1200 0,67
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Of the types of coal, coming to be used in an essential
amount at Danish power stations, problems can be expected
to arise with Australian and West Canadian coals.

Measurements at modern power stations show that electrostatical
precipitators are able to clean the flue gas effectively for
particulates, even when using difficult types of coal (i.e.
high reisitivity ash).

At modern plants dust emissions can be expected to the follo-
wing extent:

Polish coal : - 20 mg/m3,n,t

South African coal - 15 mg/m3,n,t

Canadian coal 100 mg/m3,n,t

Australian coal 120 mg/m3,n,t

The total particulate emission from Danish power stations is not likely to rise
despite the heavy increase in installed power . The emission from the new plants
will be so much smaller than the emission from the plants closed down that the
emitted amount of fly ash will totally be unchanged or maybe vaguely decreasing.

The calculated average emission from modern and old power stations is shown in
tables 6 and 7 .
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TABLE 6 : CALCULATED AVERAGE EMISSION
Modem plants with electrostatic precipitators
g/MWh (electrical power)

SOUTH WEST-
Coal exporter POLAND AFRICA GERMANY COLOMBIA CHINA

/9MWh:

Particulates 30 23 20 25 SO
S02 5100 7600 7400 5000 6700
NOx 3000 3700 - 3400 2600

I I mg/MWh:

Arsenic As 7,5 10 22 6 6
Cadmium Cd 1 2 <3 <3 1
Chromium Cr 5 11 7 3 4
Copper Cu 30 21 13 10 4
Molybdenum Mo - 7 <8 <8
Nickel Ni 6 8 11 2 8
Lead Pb 25 10 47 26 4
Selenium Se 0,4 0,4 <0,5 1,3 <0,5
Thallium Ti - - - - -

TABLE 7 : CALCULATED AVERAGE EMISSION
Older plants with electrostatic precipitators
g/MWh ( electrical power)

SOUTH WEST-
Coal exporter POLAND AFRICA GERMANY COLOMBIA CHINA

g/

MWh

Particulates 600 450 400 500 1000
?'?tes' �? S02 5100 7600 7400 5000 6700

NO 3000 3700 - 3400 2600
x

mg/MWh:

Arsenic As 64 58 184 51 51

{ Cadmium Cd 10 6 <25 <25 8
Chromium Cr 315 295 108 54 <60
Copper Cu 93 40 48 37 13
Molybdenum Mo 51 255 <77 17 <77
Nickel Ni 296 227 649 136 470
Lead Pb 201 68 454 252 39
Selenium Se 6 20 <9 22 <9
Thallium Ti - - - - -
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APORTACION AL TERRENO DE CONTAMINANTES ATHOSFERICOS
MEDIANTE PROCESOS DE DEPOSICION HÚMEDA.
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odeEs-

asumen . En este trabajo se estudia el aporte al terreno de componentes inorgánicos procedentes
de te atmósfera y eliminados de la misma mediante procesos de deposición húmeda . Para ello, se
han establecido cinco estaciones , repartidas por la Península , cuatro con carácter rural y una
con características urbanas , habiéndose recogido las maestras de precipitación en todas ellas
mediante captadores "sólo húmedos« que diferencian la precipitación de la deposición seca. Los

a de Ma- componentes de la precipitación , tanto eniónicos ( cloruros , nitratos y sulfatos) como
eatiónitos ( sodio, potasio , magnesio y calcio ), se analizaron por eromatografia c ónica.

Los estudios de estos eompo entes junto con el pu de las maestras, muestran el carácter
alcalino de las mismas y ( a baja concentración de Iones en la estación con el mayor carácter de
fondo, frente a las demás estaciones.

La deposición en el suelo de estos contaminantes está grandemente influenciada por las
:s dlla. características de emisión y es prácticamente independiente en la mayoría de los contaminantes

de la cantidad de precipitación.

Abstrect. The aim oí this study is the determination oí che i nput oí atmospherie poltutents in
severa ) locations in Spain. The precipitacion are eollected by "only- wet" collectors end theirs
enionie end eationic componente are enalyzed by Ion chrometogrephy.

The eomposition oí the rain , end the pu show the "alkalineN chorecter oí the samptes, ed the
'royin- low concentration oí the different Pons In these stations with lesa Levele oí pollutant$

(background atations).

The depositions In the solt oí these atmospherie pollutants are influenced by the emission
sourees , end they are precticalty independent oí the aman t oí the precipitacion.

zadclnic 1.- INTRODUCCION.

La acidificación del suelo tiene aspectos cuantitativos
(capacidad) y cualitativos (intensidad). La capacidad puede ser
definida como la suma de los equivalentes de ácidos que pueden
ser neutralizados por la adición de una base fuerte, a pH 7 u
S. La intensidad es expresada como la actividad termodinámica
de los protones y es medida como valor de pH, siendo
determinada por la fuerza de los ácidos que controlan la
actividad del protón en la solución del suelo (Ulrich, B,
1983).

La acidificación del, suelo significa una pérdida de la
basicidad o un incremento de la acidez, ambas consideradas en
términos de capacidad, y solo en rangos especiales, una pérdida
de basicidad o un incremento de acidez se conecta con cambios
en el pH, lo cual es especialmente verdadero cuando los
cationes intercambiables (principalmente calcio, a veces
extendido a magnesio) son reemplazados por iones aluminio. Hay
que tener en cuenta que a veces los suelos se acidifican sin
haber cambio en el pH.
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} Una de las causas de la acidificación del suelo es lati contaminación atmosférica , aunque no hay que olvidar procesos
biológicos internos en el suelo que lo acidifican en grado
variable.

Esta acidificación , desde el punto de vista de la contaminación
atmosférica como originante , se puede producir por procesos de
deposición seca, pricipalmente de gases de carácter ácido y en
una cuantía muy pequeña , o por procesos de deposición húmeda
que son mucho más interesantes , pues van a introducir en el
terreno muchos más contaminantes ácidos, que estan en la
atmósfera en estado de partículas y proceden de la oxidación
del dióxido de azufre y dióxido de nitrógeno, tanto en fase
homogénea como heterogénea . Esta deposición húmeda o
eliminación de los contaminantes atmosféricos por el agua,
comprende a su vez dos procesos : los procesos de "rainout", por
los cuales un contaminante se incorpora a una nubq y
posteriormente se eliminará , actuando el suelo entre otros de
receptor , y los procesos ' de "washout", por los que el
contaminante es eliminado mediante choque de las gotas de
lluvia.

El objeto de este trabajo, es la evaluación de los niveles de
contaminantes ácidos aportados al terreno por la precipitación,
los cuales comprenden la suma de los contaminantes eliminados
-por procesos de "rainout" y "washout", es decir todo lo
eliminado por deposición húmeda.

Para ello , nos hemos basado en las estaciones de la Red de
Vigilancia de la Contaminación Atmosférica Transfronteriza ( red '•,'�
EMEP), que en España ( Instrumento de Ratificación núm.7293)
dispone de cuatro estaciones de carácter rural, donde se miden
los niveles de fondo. A ello , hemos incorporado una estación de
carácter urbano para comparar y establecer las diferencias
entre los diferentes grados de contaminación y el nivel de
aporte de contaminantes al terreno.

2.- PARTE EXPERIMENTAL.
2.1.- Puntos de muestreo.

Como se ha indicado en el apartado anterior , para la
�'. realización de este estudio se han analizado muestras,

procedentes de cinco puntos diferentes , localizados todos ellos
�;• en España (Figura l).

Punto 1- Localizado en la antigua sede de la Escuela Nacional
de Sanidad ( Ciudad Universitaria de Madrid ), que está situada
en la zona noroeste de la ciudad . Este punto está encuadrado
dentro de la Red Mundial de Vigilancia de la OMS (WHO, 1976;
WHO, 1978 ; WHO, 1980; WHO, 1984 ), y calificado como zona

trgm residencial.

Punto 2 - Situado en un área rural, en San Pablo de los Montes
(Toledo), y correspondiendo a una estación de la red EMEP.

R
S :.

d ��•:_•=y Punto 3 - Corresponde también a una estación de medida de •
niveles de fondo ( red EMEP ), y está localizada en el
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ato es la Observatorio de la Cartuja (Granada).
.r procesos
i en grado punto 4 - Ubicado en Tortosa (Tarragona) y, al igual que los dos

anteriores, forma parte de la Red de Vigilancia de la
Contaminación Transfronteriza (red EMEP).

•rocesos de punto 5 - Localizado en Logroño (La Rioja), y también formando
ácido y en parte de la red EMEP.ión húmeda
icir en el
.an en la
oxidación

o en fase
húmeda o • Log o
el agua,

nout", por
nube y lo.,o .O

otros de
que el p u.d,a

gotas de • Sano.ea
de as som.s

¡veles de
.pitación,
tl iminados o s..�.d.
todo lo

Fig.1- Situación geográfica de las estaciones de
a Red de I muestreo.
riza (red
núm.7293) 2.2.-Sistemas captadores.
se miden
tación de Para la toma de muestras de lluvia, se utilizó un captador ERNI
ferencias ARS-721, provisto de un sensor, que en contacto con las
nivel de primeras gotas de lluvia, activa un sistema que abre una

tapadera, la cual permenece abierta hasta que la lluvia cesa.
Este captados, recomendado por la organización Meteorólogica
Mundial, tiene como principal ventaja el diferenciar la
deposición húmeda de la seca.

para la Una vez recogidas las muestras, son filtradas, tranferidas a
muestras frascos de polietileno y almacenadas en nevera a una
os ellos temperatura aproximada de 5°C, hasta su posterior análisis.

Nacional
2.3.-Métodos de análisis.

situada Se han analizado en las muestras recibidas en el laboratorio
cuadrado tanto los componentes aniónicos como los catiónicos, ambos*por
), 1976; cromatografja jónica.mo zona

Las concentraciones de cloruros, nitratos y sulfatos en las

Montes
muestras de lluvia, se determinaron por cromatografía jónica

P
(Dionex mod. 20101), con precolumna AG4A, columna separadora de
aniones AS4A y columna supresora AFS.

¡ida de Las condiciones en cuanto a eluyentes y regenerantes fueron:
en el solución eluyente compuesta por 0,75 mM de bicarbonato sádico y
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2,2 mM de carbonato sódico, y como regenerante se utilizó una
solución 0,025 N de ácido sulfúrico.

Para la determinación de cationes ( sodio, potasio , magnesio y
calcio ) se utilizó un cromatógrafo cónico Dionex 4010i con
precolumna CG3, columna separadora de cationes CS3 y columna
supresora'de micromembrana CMMS.

En cuanto a los eluyentes utilizados , para la separación de los
cationes divalentes se preparó un eluyente concentrado
constituido por una solución 48 mM de HC1 y 10,6 mM de DAP•HC1
(ácido diaminopropiónico monohidrocloruro), mientras que -para
los cationes monovalentes se empleó un eluyente diluido formado
por una solución 25 mM de HCl y 0,25 mM de DAP - HCl. En ambos
casos el regenerante utilizado fue una solución 60 mM de KOH.

Los limites de detección para los parámetros estudiados fueron
los siguientes:

C1- --------------- 0,05 mg/1
NO3`- N ----------- 0,04 mg/1
SO42-- S ---------- 0,05 mg/1

Na+ --------------- 0,01 mg/1
K+ --------------- 0,01 mg/1
Mg2+ -------------- 0,01 mg/1
Ca2+ ------------ -- 0,02 mg/1

El análisis de las muestras de precipitación se realizó previa
filtración a través de filtros de 0,22 pm de poro.

Cuando las concentraciones de alguno de los iones encontrados
en los análisis dieron valores por debajo del limite de
detección , se tomó para el posterior estudio estadístico un
valor arbitrario correspondiente a la mitad del límite de
detección para dicho ión.

2.4.- Características del muestreo.

La toma de muestras de precipitación se realizó en periodos de
24 horas , recogiéndose éstas : a las 9h . de la mañana del día
siguiente al que comenzó la precipitación.

La duración total del muestreo ha sido de un año ( 1988),
habiéndose recogido un total de 340 muestras en las cinco,�.
estaciones.

3.- RESULTADOS Y DISCUSION.

3.1.- pH de la precipitación.

! :• El pH de la precipitación es considerado, en una primera
K aproximación, un indice de la calidad de la lluvia, en especial
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en lo referente a los compuestos de carácter ácido, sulfatos y
tilizó una nitratos, siendo considerada una lluvia como "ácida" cuando su

pH es inferior a 5,6, debido a que este pH es el que
corresponde a la disolución en el agua del dióxido de carbono

magnesio y atmosférico , a la presión y temperatura ambiente.
40101 con
y columna La figura 2 muestra la evolución de las medias mensuales de pH

junto con la evolución de los volúmenes de lluvia caidos en
cada mes, en las estaciones objeto de este trabajo . Como se

ión de los puede observar en ella, el pH medio mensual de las
oncentrado precipitaciones en todas las estaciones a excepción de San
de DAP • HC1 Pablo de los Montes , es superior a 5,6, si bien es cierto que
que para hubo algunos eventos de lluvia con pH inferior a 5,6.

do formado
En ambos El alto predominio de lluvias con pH superior a 5,6 demuestra

de KOH . una alta incidencia de "lluvias rojas". presumiblemente lluvias
con polvo sahariano y que en 1988 se observaron durante los

los fueron mese P 3ex

Estas lluvias jJ Mñ incremento alto de pH, van
acompañadas de elevadas a o a cio, puesto
que el polvo del Sahara contiene entre el 5 y el 30 % de calcita
y algo de yeso ( Lóye-Pilot y col ., 1986).

Es de destacar los pH altos obtenidos en la estación de la
Cartuja (Granada ), la más próxima al continente africano.

Los pH medios mensuales más bajos se han encontrado en* las
estación que tiene un carácter más rural (San Pablo de los
Montes ), siguiendo una evolución coincidente con estudios
anteriores ( Fernández Patier y col., 1989) y con estaciones de

zó previa carácter rural (Willison y col.,1985).

3.2.- Composición de la precipitación.
contrados
imite de La composición media ponderada de la precipitación , expresada
.stico un en mg/ 1 durante 1988 en las cinco estaciones estudiadas, se
imite de muestra en la tabla 1.

Un exámen rápido de dicha tabla nos lleva a establecer
diferencias entre las estaciones . El nivel de cloruros en la
precipitación es bastante similar en cuatro de ellas, oscilando
entre 0,57 y 0,76 mg/l, mientras que la otra ( Tortosa ) presenta

*iodos de una concentración unas cuatro veces superior (2,77 mg/ 1). Estas
del día diferencias también se aprecian en' los ' niveles de sodio,

superiores unas tres veces en la estación de Tortosa (1,90
mg/1). La explicación a este fenómeno parece estar en la

(1988 ), proximidad al mar, que es el foco emisor en este caso de iones
s cinco cloruro y sodio, que si bien desde el punto de vista de la

acidificación del suelo e incluso sanitario no tiene interés,
si juegan un papel importante en la alteración de materiales
diversos.

En cuanto a los verdaderos componentes ácidos de la
precipitación , esto es, nitratos y sulfatos , la concentración
media máxima del primero se encuentra en Granada (0,63 mg/1),
mientras que en otras tres estaciones (Madrid, Tortosa y

primera Logroño ), las concentraciones son prácticamente la mitad y en
special San Pablo de los Montes, aún más baja (0,12 mg/1).
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TABLA 1 Composición inedia de la nreciaitación (m4/l) 1988.

v

ri EStaci6n Periodo n Cl' NO3-- N 5042 -- S Na* K4 N92" Cal'

Madrid invierno 7 0.49 0,13 2,01 1,04 0,08 0 , 26 3,89
Primavera 31 0,53 0,45 1,30 0,59 0,11 0,15 2,63
Verano 9 0,58 0,58 2 , 35 0,62 0,11 0,32 5,48

o Otoño 13 0,66 0,16 1,49 0 , 61 0,17 0.35 3,55
Total 60 0,57 0 . 33 1,56 0 , 62 0,13 0.25 3,35

San Pablo Invierno 24 0,57 0 , 09 0,39 0 , 56 0,04 0 , 12 0,81
CO Primavera 39 0,68 0,17 0,56 0 , 65 0,05 0,06 0,41

S .- Verano 10 0,79 0 , 14 1,07 0 , 80 0,06 0,07 0,87
¿ Otoño 18 0 , 55 0,05 0,33 0 , 51 0,10 0 , 13 1,29

Total 91 0,70 0 , 12 0,53 0 , 63 0,06 0,09 0,77

b °
Cr~ Invierno 20 0 , 84 0,19 1 , 24 1,03 0 , 15 0,20 1,45

ó Primavera 19 0,62 0,30 0,91 0,45 0 , 12 0,18 1,68
Verano 3 1,75 0 , 20 5,45 1 , 00 0,36 0,67 14,48
Otoño 19 0,61 1,58 0,93 0 , 68 0,42 0,33 2,89
Total 61 0 , 72 0,63 1,26 0 , 60 0,23 0 , 26 2,99

n
Tortosa I nvierno 6 0,92 0,12. 0 , 62 S.N . S.N. S.N. S.N.

ó � Primavera 19 1,22 0,34 0 , 98 1,00 0,11 0 , 28 2,45
ó Verano 7 1,48 0 , 81 4,22 1,08 0,36 0,55 12,86
z > Otoño 13 6,67 0 , 17 1,83 3 , 23 0,33 0,74 9,39

Total 45 2,77 0,26 1,31 1 , 90 0,21 0 , 48 5,87

o =
�ñ a Logroño i nv ierno 20 1,41 0,23 1 , 11 1,93 0, 17 0,27 1,13
P v° Primavera 36 0,43 0,27 0 , 82 0,35 0 , 13 0,07 0.70

Verano 15 1,18 0 , 68 2,28 0,62 0 , 22 0,23 3,67
Otoño 12 1,07 0 , 30 2;31 0,86 0 , 23 0,34 2,95
Total 83 0,76 0 , 36 1,30 0,52 0,16 0,14 1,63

E

ó I (S.M.- Sin muestra).
U

> La concentración media de sulfatos tiene, al igual que
``' ► nitratos, un mínimo en San Pablo (0,53 mg S/1), siendo las

S i demás concentraciones entre 2 y 3 veces superiores. Igual
comentario puede ser realizado respecto a los cationes potasio
y magnesio, con concentraciones mínimas en la estación
toledana.

Los niveles medios de calcio tienen su valor máximo en Tortosa
(5,87 mg/1) y su mínimo en San Pablo (0,77 mg/1) teniendo las
otras tres estaciones valores intermedios.

Pero quizá sea interesante estudiar la evolución de la
concentración de la lluvia en los diferentes periodos
estacionales, la cual también se muestra en la tabla 1, siendo
lo más representativo las variaciones estacionales de nitratos,
sulfatos y calcio.

La concentración media de los nitratos y sulfatos, en la lluvia
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presenta los valores máximos en la primavera y verano , al
igual que sucede en la concentración de los mismos en el
aerosol atmosférico (Fernández Patier y col., 1987) lo cual
puede interpretarse como una mayor formación fotoquímica de los
mismos a partir de dióxido de nitrógeno y dióxido de azufre en
la atmósfera, y al transporte del polvo de Sahara en el caso dé
los sulfatos.

En cuanto a los valores máximos de calcio en la época estival,
concuerda plenamente con los altos pH de lluvias encontrados
durante estos meses , sobre todo en Granada en el verano
Tortosa en el otoño, y coincidente además con valores altos de
sulfatos, procedentes estos iones probablemente del desierto de
Sahara.

3.3.- Deposición húmeda.

Mediante los procesos de deposición húmeda anteriormente
citados, hay un aporte considerable de contaminantes al suelo
procedentes de la atmósfera . El término de deposición húmeda es
empleado usualmente en dos sentidos, uno agrupa a los procesos
de eliminación de contaminantes atmosféricos por vía húmeda, y
otro se refiere a la cantidad de contaminante que es eliminado
de la atmósfera por estos procesos . Este último sentido, el de
la evaluación cuantitativa, es el aquí tratado, que es
considerado como el producto de la cantidad de precipitación
por la concentración del componente existente en la
precipitación.

La tabla 2 muestra la deposición húmeda durante 1988 de los
compuestos considerados en este trabajo.

TABLA 2. Deposición húmeda anual (mg/m2 ). 1988.

(li Estacidn l•ei 2 Cl' M03-- M 5042 -. 5 Re* K+ M92+ Ca2+

Madrid 335 , 64 200,95 117,12 552 , 80 177,66 37,24 70,65 964,06IS
San Pablo 545 ,64 346,72 63,22 286 , 87 255 , 95 25,80 34,65 309,93

era~ 276,46 200,23 174 , 98 349 , 57 147,69 57,15 64 ,22 731,39

Tortosa 277,28 766,05 72,75 360,81 386 , 27 43,68 97 , 74 1194,10

Logrorá 411,34 312,77 148 , 02 534,89 192., 55 59,78 51,76 599,02

La deposición húmeda de cloruros depende de la trayectoria
seguida anteriormente por las masas de aire y su paso por zonas
marítimas, así como de la existencia en ese punto de masas de

;' '•" aire procedentes de la costa.

Así, encontramos la deposición máxima en Tortosa (766 mg/m2),
que coincide también con la concentración media más alta de
cloruros en la precipitación. Esto no siempre es coincidente,

.r-:•.' :. pues depende, según la definición de deposición húmeda, del
volúmen de lluvia caido, y en este caso este volumen es uno de
los más bajos. 'Estudios realizados en Alemania muestran valores

.�,
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verano , al
sinos en el de 2544 mg/m2 en zonas industrializadas , y 1686 mg/in2 en zonas
37) lo cual rurales (Kuttler, 1986).
,mica de los
te azufre en La deposición de nitratos , expresada en nitrógeno , oscila entre
el caso de 63 mg/m2 (San Pablo ) y 175 mg/m2 (Granada ), inferiores a lbs

encontrados en Alemania , que oscilaban entre 0,4 y 0,8 g N/m2 y

)ca estival , los de Suecia 0,35 y 0,07 g/m2 en el sur y norte

encontrados
respectivamente ( Georgii y col., 1986 ). Otros estudios

1 verano y ( Kuttler , 1986 ) realizados en zonas industrializadas y rurales,

es altos de muestran deposiciones anuales mucho más elevadas ( 689 mg/m2).
desierto de

Menores diferencias se aprecian en la deposición húmeda de
sulfatos , entre 287 mg/m2 (San Pablo) y 552 mg/m2 (Madrid),
mostrándose claramente la• influencia en este caso de los focos
emisores próximos . Al igual que en nitratos , la deposición. de

teriormente sulfatos es muy baja en San Pablo a pesar de ser el sitio.con
s al suelo una pluviosidad mayor de todos los estudiados . Comparándolo con
n húmeda es las deposiciones en estaciones centroeuropeas y nórdicas, los
s procesos niveles en las estaciones españolas son bastante menores, pues

s húmeda, y según Georgii y col . ( 1986 ) y Kuttler ( 1986 ), la deposición
3 eliminado húmeda de sulfatos en Alemania está comprendida entre 1 y 2 g
=ido, el de S/m2, siendo la del suroeste de Suecia 1,2 g S/m2 y sólo 0,3 g
1, que es S/m2 la del norte de Suecia . Valores similares de 1 g S/m2 han2cipitación

sido encontrados por Raynor y Hayes ( 1982 ) en E.E.U.U.e en la
En cuanto a la deposición húmeda de los cationes considerados,

)88 de los es importante hacer notar los valores superiores de sodio
encontrados en Tortosa ( 386 mg/m2 anuales), correspondiendo a
la concentración media máxima en la precipitación de los puntos
muestreados , y con la misma explicación que los cloruros. La
bibliografía existente para la deposición húmeda de cationes es
muy escasa , entre ellas destacaremos los trabajos de Brechtel y
col. (1986 ) que encuentran en Alemania concentraciones cercanas

+92' caz' a los * 600 mg/m2 anuales , si bién este trabajo no es comparable
con el nuestro al utilizar captadores de la precipitación

" 65 964,06 abiertos y colectar tanto precipitación como partículas

65 309 , 93 atmosféricas sedimentables y en suspensión.

,22 73 1 , 39 Los mismos comentarios pueden hecerse en cuanto a la deposición

74 1194,10 de potasio y magnesio , con valores mínimos en San Pablo de los
Montes.

,I6 599 , 02 La deposición de calcio merece un comentario aparte, siendo
destacable el bajo valor obtenido en San Pablo ( 310 mg/m2) y el

rayectoria elevado valor de 1194 mg/m2 hallado en Tortosa , que supera en
por zonas dos veces el referido por Brechtel y col . ( 1986 ) en captadores
masas de abiertos y que tiene su explicación en las partículas

procedentes del Sahara , cargadas de calcio y que son eliminadas
por la lluvia como se ha expuesto anteriormente.

6 mg/m2),
alta de 3.4.- Evolución mensual de la deposición húmeda.

.ncidente,
;veda, del En la figura 3 están representadas las deposiciones húmedas
es uno de mensuales de los componentes inorgánicos estudiados en la
n valores precipitación.
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Fig 3.- Evolución de la deposición húmeda mensual (mg/m2). 1988.



2 como se•observa, la deposición de cloruros tiene un máximo en
to la estación de Tortosa durante los meses de Octubre y

Noviembre, correspondiendo a lluvias con alto contenido en este
ión, pues los volúmenes de lluvia caidos no son más elevados de
los normales , superando los valores de deposición en 6-7 veces
los valores de los otros meses . Igual comentario se puede hacer
del catión que en la lluvia va unido a este anión , el sodio,
con un valor alto en el otoño, al proceder ambos, como se ha
dicho en apartados anteriores, del aerosol marino.

0 0ó La deposición de sulfatos mensual es 2-3 veces mayor que la de
ó co nitratos y muestra bastante concordancia con la evolución de

°' los volúmenes de precipitación ( figura 2 ), obteniéndose en este
caso deposiciones máximas cuando la cantidad de lluvia caida es

Z Ñ mayor, relación que no es tan manifiesta en el caso de los
otros iones1 a excepción quizá del calcio, y por el origen
térreo común en algunas lluvias, principalmente las de otoño.
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1. En "Acid
". D. Reidel

Geneva 58.

Geneva 34.
INFLUENCIA DE LA DEPOSICION ATMOSFÉRICA

anexo II ). EN LAS AGUAS SUDTERRANEAS

Geneva .
M. Fernandez San Miguel y 3. Santamaría Ballesteros

), Seasonal
composition INSTITUTO DE SALUD CARLOS III

Atmosph . CENTRO NACIONAL DE SANIDAD AMBIENTAL
28040 - MADRID

Resumen :

Se presenta el estudio de los valores de depos i-
ción atmosférica de,mi�t� ale~p4ados.4en el terreno, a partir
de los datos de precipitación obtenidos en una estación de
fondo perteneciente a la red E.M.E.P. (Programa Europeo de
Evaluación y Vigilancia de la Contaminación Atmosférica a-
Larga Distancia).

La cuantificación de los metales pesados deposita-
dos, así como los análisis de las aguas subterráneas que -
discurren por dicha estación de muestreo nos conducen a --
evaluar el conjunto de reacciones que tienen lugar en la -
zona no saturada y en el suelo de dicha area de estudio.

Cd, Cu , Ni, Pb , se analizan en las lluvias recogi-
das en un colector ERNI y en las aguas de un acuífero,mues
treando en el pozo de abastecimiento a la estación ; Estas-
aguas no están sometidas a ningun tipo de tratamiento.

Se pone de manifiesto la importancia que el estu--
dio. de los metales pesados tiene en la fuente principal de
recarga a acuíferos : La deposición húmeda.

Abstrac t

From the rain data obtainedin a background sta--
tion include' in the network E.M.E.P . ( European Monitoring
and Evaluatión Progamme), heavy metal atmospheric deposi--
tion values in soil are studied.

The interactions rain, soil and grounwater wliich -
flow under this sampling station are also stadied.

Cd, Cu, Ni, Pb , in rain collected in ENRI collec--
tor and in not chorinated water from the aquifer are analy
zed.

The importance of the study of heavy met:ils in wet
deposition to undestanding the physico-chemical behavior -
of ground water supply be pointeci out.
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INTRODUCCION
kr5

Recientemente se ha empezado a comprobar el progresi
vo aumento de la acidificación del suelo y por tanto de las -
aguas subterráneas que circulan bajo é l, a causa de procesos -
originados por la deposición atmosférica . Así, los resultados
de gran número de análisis realizados a comienzos - de 1.980 en
aguas subterráneas suecas mostraron un claro aumento de la du-
reza

:j'•:
y contenido en sulfatos , junto con un marcado descenso de

la alcalinidad ( Grimuall , 1.986 ), encontrándose asimismo con-
tenidos

4j•..

en metales pesados más altos que los que habían sido -
habituales hasta entonces, este hecho se atribuyó a la movili-
zación de los mismos debido al aumento de la acidez ( Moskowitz,
1.986).

En las zonas rurales de atmoáfera considerada como -
"limpia" la deposición atmosférica seca contribuye con una es-
casisima cantidad de metales pesados a causa de la pequeña ve-
locidad de sedimentación de estos elementos ( Gordon , 1.986 ),
influyendo tambien su escasa concentración en el aerosol atmos
férico y la gran proporción de partículas que poseen en el rañ
go de tamaño más fino . Por lo contrario , los episodios de llu-
via arrastran la mayoría de las partículas atmosféricas, con-
siguiendo un impacto superior al producido de forma constante

f I por la deposición seca , pues en cortos periodos de tiempo se -
pueden depositar cantidades más elevadas de elementos traza -
que, por otra parte , al estar en medio acuoso se hallan en gran
proporción en formas solubles , facilmente asimilables por el -
suelo y las plantas.

t.. Los metales pesados se acumulan en la capa orgánica
superior del suelo , en la que tiene lugar la descomposición -
de las hojas y de parte de la capa de las raíces. Asimismo -
se ha observado que lá p8 m era eL„�ueJ acumula solangp

!t; te plomo, mientras el í quei;coDr -ycadmio i �e ilfilntidos ;í� s
por IU-1-viados ' de'ias aqua'3$incórporándose de esta manera al -
ciclo hidrológico (Mayer, 1.983).

La situación es que los metales pesados se acumulan
en la parte biótica de los ecosistemas, mientras son eliminados
de la parte mineral . Este hecho es lo que ha llevado a caracte-
rizarlos como venenos de la biosfera.

MATERIAL Y NETODOS

Este trabajo se'ha desarrollado en San Pablo de los
Montes, pequeña localidad enclavada al Suroeste de Toledo, a

$� unos 50 kilómetros de distancia . Fué el lugar designado para s i
tuar la primera estación de la Red Ct4CP ( Programa Europeo de -

y:l Evaluación y Vigilancia de la Contaminación Atmosférica a Gran
Distancia) en España . Sus coordenadas geográficas son: 4Q 20'w,
39Q 32'N y 917 m de altitud-

Desde el punto de vista geológico, San Pablo de los
,,�,:;• Montes se ubica en un amplio batolito granítico que ha metamorf i

zado los materiales paleozoicos . En el área meridional de dicha
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zona aparece una serie del Cámbrico y Ordovícico constituida por
cuarcitas , pizarras silíceas, areniscas ortocuarcíticas y unos -
pequeños afloramientos ' de calizas marmóreas , que son los materia

t_:! les más antiguos descritos en la zona (Acadiense ). Contribuye a
dar caracter a la morfología de la región la existencia de impor
tantes pedimentos de edad Villafranquiense , localmente denomina=
dos, "ratas" y•de formaciones más tardías de ladera bien desarro
lladas . Concretamente la zona de estudio se sitúa sobre uncuate-
vario muy poco potente formado por rocas resultantes de la alte-
ración de granitos y cuarcitas que forman el substrato de la zo-
na (I.G . M.E. Mapa 200 . 000 hoja de Toleto). Es muy característico
en estas zonas que dichos materiales formados por pié de monte,
formen acuíferos aislados.

En el aspecto meteorológico la estación de muestreo -
funciona practicamente como una completa , este aspecto es necesa
rio para la determinación de temperatura , humedad , velocidad y
dirección del viento , presión, radiación solar , precipitación y
turbiedad atmosférica.

Durante los años 1 . 985, 1 . 986 y los tres primeros me-
ses de 1 . 187 se recogieron en la zona de estudio 87 muestras de
lluvia . Se captaron con un colector automático del tipo AIXS-721
(Figura 1 ), dicho aparato se encuentra conectado a un sensor do-
tado de un electrodo rotativo-de 110 mm . de diámetro, que detec-
ta la cantidad de gotas por minuto en forma de pulsaciones que
son transmimtidas a la unidad de evaluación para actuar sobre el
mecanis(nol: de apertura de la tapa . Los periodos de muestreo fue-

04* ron de"veinticuatro horas.

Asimismo, se tomaron muestras de agua de un pozo exca-
vado junto a la plataforma de captación de muestras atmosféricas.
Se trata de un pozo somero de aproximadamente 10 m., situado en
los materiales silíceos característicos de la zona, que por su -
estructura pueden llegar a ser muy permeables.

--� ( En las muestras recogidas se determinaron: plomo, cad-
mio, cobre , hierro, manganeso y hiquel , utilizando la técninca -
de Espectrometría de Absorción Atómica , en un aparato Perkin-El-
mer 403 equipado con Horno de Grafito HGA-500.

1f I
• Posteriormente durante 1.987 y 1.988 se continuó la -

captación de muestras de agua del pozo , con el objeto de iniciar
i un estudio a largo plazo de la evolución de las características

^� ¡ fisico-quimicas del acuífero.

RESULTADOS Y DISCUSIÓN

El plomo se determinó sobre cada muestra de lluvia re-
cogida en 1.985, 1 . 986 y primer trimestre de 1.987. A partir de
las concentraciones individuales se calculó la media arítmetica
correspondiente ( Tabla 1).

La distribución de las concentraciones de plomo en llu
vías es de tipo logarítmico normal con frecuencias elevadas en -
los intervalos con valor más bajo , ( como puede observarme en la
figura 3, en la que . se presenta el histograma correspondiente. -
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Tanto los valores individuales como los medios, denotan concen-
traciones del orden de las registradas en la bibliografia para
zonas rurales (Galloway, 1982). Se ha observado que los niveles
medios de plomo se mantienen practicamente constantes a lo lar-
go de los diversos periodos estacionales estudiados, lo que era
de c.,.perar al carecer la zona estudiada de focos puntuales próxi
¡no! Y acusar la contaminación de las capas profundas de la at-
mosfera.

TABLA 1. - Media Aritmética Anual de las Concentraciones de Plo-
mo en lluvia .

AÑO
1985 1986

Media aritmétioa(ug Pb/1) 3,30 2,41
Desviación standard 2,60 3,64
Rango (c1 - 13,4) (<1 - 23,2)
Na de datos 33 42

,
Midpoint
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Figura 3 .- Histograma de frecuencias de las concentraciones de
*.c. plomo en lluvias
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in concen- A la vista de la existencia de plomo en cantida--

,fia para des apreciables se estudib la presencia de los metales Cd, Cu,

>s niveles Ni, Fe y Mn al objeto de establecer los niveles propios de la.

a lo lar- zona. Para ello se determinaron dichos elementos en las mues--

.o que era tras recogidas en 1986 y 1907, cuyos resultados analíticon se

.les prbxi recogen en la tabla 2. Las concentraciones obtenidas se encuen

de la at- tran , al igual que en el caso del plomo dentro de las reseña-
-das en la bibliografía ( Galloway, 1982)

s de Plo- TALA 2 .- Concentraciones medias de Metales Pesad o s en lluvias
de san Pablo de los montes

METAL Media * Desviación
986 Aritmética Estandar

CADMIO 0 , 15 0,15
,41 COBRE 0 , 57 0,60

,64 HIERRO 1,52 1,07

- 23,2) MANGANESO 4,72 4,21
42 NIQUEL 2,42 1,59

*ug por litro

La influencia de la acidez sobre las concentraciones
de los metales estudiados , se estableció mediante la determina-
ción de los coeficientes de correlación entre la concentración
de cada elemento y la correspondiente de hidrogeniones en cada
muestra analizada , obteniendose los resultados que se incluyen
en la tabla 3.

TABLA 3 .- Coeficientes de correlación entre Metales Pesados e -
Hidrogeniones en muestras de lluvia

rr�

r p

Cd/H+ 0,6007 p 0,001
Cu/H+ -0 ,2361 p 0,1
Fe/H+ 0,2765 p 0,05
Mn/li+ 0 , 1686 no sign.
Pb/Ily 0,5072 p 0,001
tii/ ii • -0,2213 no sign

Las diferencias que se observan en la tabla 3 pueden -
ser atribuidas a las diferentes propiedades fisico-quimicas de -
los seis metales estudiados y a su comportamiento en el aerosol

:.� atmosférico . En el caso del cadmio , ya se había observado previa-
mente, que en el aerosol atmosférico se hallaba siempre estrecha
mente unido a los compuestos causantes de la acidez (Santamaría,

enes de
1988) por lo que era de esperar que en la lluvia tambien existi c
ra esa estrecha relación entre ambas , lo que se ha demostrado -
con el elevado coeficiente de correlación Cd/II obtenido -------
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(r: 0,6007). Este hecho es característico de las zonas de baja
contaminación , en las que la acidez está determinada especial-
mente por el transporte desde las zonas muy contaminadas, de -
los precursores de la misma, junto a los cuales ' se tranporta -
el cadmio, estando todos ellos asociados a las partículas de -
menor diámetro:

Asimismo . la estrecha relación existente entre plomo
e.>lidrogeniones re, résalta en el coeficiente de correlación
obtenido entre ambos,-con elevado nivel de significación. Ambos
parámetros han mostrado oscilaciones simultáneas en los sucesi-
vos periodos estacionales estudiados (Fernández, 1987).

Tomando como base las concentraciones metálicas me---
días encontradas en la zona de estudio , se calculb la cantidad
de cadmio , cobre, hierro, manganeso ,-niquel y plomo que se depo
sitaron durante el ano 1986 en San Pablo de los Montes, en or--
den a poder evaluar en un futuro el impacto de estos metales so-
bre el ecosistema . La deposición metálica calculada en Kilogra-
mos por hectárea y atto arrojb' los siguientes resultados:

Cadmio: 0,9 x l0-3 Kg/ha/afeo

Cobre 1 x 10-3 " « «

Hierro 8,1 x 10-3

Manganeso 2,3 x lo-2 "

ti Niquel 1, 5 x 102 "

Plomo 1,3 x lo-2 "

Estas cifras son del orden de las revisadas en la bli
;• biografía, resultando incluso bastante inferiores en algunos ca.

sos, lo que puede deberse a no ser una zona excesivamente llu--
! viosa.

r'B Una vez cuantificada la deposición atmosférica de los
metales estudiados , habria que evaluar el tipo de reaccionas y -
tansformaciones que se dan en la zona no saturada del acuífero

5!'. para de esta forma poder estimar qué evolución fisico-química -
va a tener el agua subterránea de la zona estudiada a largo pla
zo (A.,en,3901)Para ello se han tomado diversas muestras del acui
fero que discurre bajo la estación de toma de muestras atmosfé-
ricas a fin de determinar la presencia de los metales más tóxi-
cos dentro de los considerados. Se han determinado plomo, niqucl
cobre y cadmio. Los tres primeros -acusaron concentraciones info
riores al límite de detección correspondiente (Pb 1 ug/l; ----
N 2 ug/1; Cu 0,2 u g/1) en todas las muestras analizadas. Sin
embargo, el cadmio mostró valores inferiores al L.D. (0,2 ug/1)
en los muestreos realizados en 1905 y 1986, pero en las muestras
posteriores, se acusaron valores más elevados (0,3-0,5 ug/1).

..t.. Teniendo en cuenta que en esta fase del estudio las --
precipitaciones fueron muy abundantes y que las características

"sK del terreno juegan un papel muy importante en la química final -
de las aguas subterraneas, la filtración de la lluvia a traves

�.,,'.. del terreno puede ser la causa de la movilización del cadmio a -
x` 4? s�j4 partir de sus fuentes minerales. En este sentido Nilssen(205) --

afirmó que el cadmio contenido i2n aguas subterraneas refleja la

F [`�
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de baja química de los horizontes del suelo, producida por la percola--
special- ción de aguas ácidas, así en el rango de p11 comprendido entre -
as, de - 4,0-4,5 la solubilidad del cadmio en la capa mineral del suelo
nporta - aumenta dramáticamente , ya que con el descenso de tan solo 0,2
las de - unidades de pH, el cadmio en solución aumenta el doble.

Dado que estos terrenos son de tipo granítico, sus --
re plomo productos de alteración jugaran un papel muy importante en las
rrelación interaciones que tendran lugar en el suelo antes de que el agua
in. Ambos de lluvia alcance el acuífero . Los silicatos y otros componen--
sucesi - tes de los minerales de la arcilla pueden ceder al suelo algu--

nos de los metales que albergan en su estructura e intercambiar
se por iones existentes en aquel, de r_adi.o.ionico parecido, de -

,as me --- esta forma , el aporte de metales al suelo procedente del propio
santidad terreno se uniría al aporte descrito con que la lluvia contri--
: se depo ` buye. -
en or--

.ales so- La lluvia analizada durante el periodo de muestreo --
Kilogra- tiene un pH de 5,68, pero el valor del pil medio no es un dato -

representativo a la hora de evaluar las interaciones agua/suelo
que van a ser en definitiva las que definan la evolución de las
aguas subyacentes . Es por esto que, actualmente se estudian los
porcentajes de muestras analizadas que estan comprendidas en un
intervalo de pH definido . As!, de las 80 muestras de lluvia re-
cogidas en 1987, un 60% de ellas estan comprendidas entre un pll
de 5 a 6, valor este que aún siendo moderadamente ácido, es im-
portante en los cambios de bases que se producirán en el suelo.
Un 28 de las muestras tienen un p11 inferior a S. De la misma -
forma en 1988 se analizaron 91 muestras de las que un 49% tie-
nen un pH comprendido en el intervalo de 5 a 6 y un 228 son in-

i la bli
feriores a S. Este último dato es de gran importancia, dado --
que la movilización de los metales estudiados se rige por un -

)unos ca pH inferior a 5, como se puede observar en la tabla 3 donde el
:e llu- - coeficiente de correlación es muy significativo en el caso del

cadmio y plomo.

1 de los Los hidrogeniones que aporta el agua de lluvia se re-
ones y - tienen en-los coloides orgánicos e inorganicos que tiene el sue
:uífero lo, así contribuyen a su adificación . Estos hidrogcniones pue--
ímica - den quedar *retenidos en diversas estructuras de las minerales -
rgo pll del suelo e intercambiarse con otros iones que posteriormente -
el acui ¡ se liberarían pasando a otros ecosistemas . Por ótra parte, los
tmosfe- metales aportados por la lluvia pueden sustituir a un oxigeno -
S tóxi- de los cuatro que fornan el tetraedro de silicio y oxigeno, así
, níquel dejan el suelo más susceptible a la acidez.
es infe
1% ---- } El intercambio de bases e intercambio catibnico en es
s. Sin te tipo de suelos es moderado (Cwenl..,;i.v que ha de suponer, a
2 u3/1) efectos de la influencia de la deposición ácida en la aguas sub
nuestras terraneas, que el suelo no será capaz de neutralizar por com -. -
1/1)• pleto los componentes acidos que procedan de la lluvia. La es-

casa cobertura vegetal en la zona, unido al espesor reducido -
las -- del suelo , favorecen la acidificación de las aguas subterraneas

-sticas que discurren bajo estos terrenos . Así las interaciones lluvia/
final - suelo producirán unos lixiviados ricos en calcio , magnesio, me-
:raves tales. etc . Esta acidificación de las aguas subterrancas no se
imio a - traduce necesariamente en un descenso del pll en el1i's, sino --
205) -- que habitualmente la acidificación se manifiesta por la reluc-
eja la cibn de.la relacibn alcalinidad /dureza en las misn;a :; ( Grin,vall

1986)
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Con el periodo de muestreo establecido para este tra-
bajo , no se puede concluir sobre la evolución del acuífero, pe-
ro sí.adelantar que los aniones asociados a contaminantes atmos
méritos ( cloruros , sulfatos y nitratos ) dan valores muy infe-
riores al límite tolerable por la Reglamentación Técnico Sani-
taria ( B.O.E. 1.982). Por otra parte el pll de las aguas del - ?;
acuífero esté comprendido entre 7 - 8 y la conductividad da unos y'•.
valores comprendidos entre 170 - 200 uS. Estos datos ponen- i1e
manifiesto que los hidrogeniones aportados por la lluvia se re-
tienen en el suelo, siendo los propios componentes del mismo -
los que pasan a las aguas elevando la conductividad a un orden
de magnitud superior ( Santamaría , 1.988).

Por último hacer hincapié , en que tanto el área de re
carga del acuífero ( granitos y cuartitos ) como los materiales en
íos que-„ se ubica , no son capaces de neutralizar la acidez de la
lluvia, por lo que estas aguas subterráneas , a pesar de la ca-
pa que las protege serán vulnerables a la "acidificación".

1 i. .
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Abstract-Maps about arcas in the F. R.G., which are poientially endangered by acidification, are
prepared based on the soil and rock conditions and land use. These are compartid with the actual low
pH- (<pH 6.0) values in surface waters of the F.R.G.

Key words-acidification , buffer, hydrogen ion concentrations, surface waters

INTRODUCTION capacity of an individual soil type with respect to a
The situation of water acidification is strongly specific amount of acid deposition . "The supply of
differentiated in the F.R.G., as geology, soil proper- bases" is also a comparable indicator which is avail-
ties, land utilization and pollutants charged into the able for all soil types . Of the four soil groups, the
air are extremely varied . With respect to geology, appearance of acidic waters is primarily expected in
arcas sensitive to acidification are prima ri ly found the arcas indicated as having soils containing
in secondary mountain chains with carbonate-free or low-average base supplies [groups ( 1) and (2)1.
low-carbonato rocks (granite-gneiss arcas , sand- In Base Map 2 (Fig. 2), exposed rock is categorized
stone, slate). Moorland and sand arcas, as those into three groups according to its carbonate content:
primarily common in the lowlands of Northern (1) Low-carbonate or carbonato -free arcas;
Germany are also sensitive lo water acidification . In (2) Arcas with average carbonate content;
order to gain a more exact survey of the arcas of the (3) Arcas with rock rich in carbonate, where
F.R.G. sensitive lo acidification , various character- acidification of waters is also not expected.
istics of rock and soil which are exposed to acid
deposition are examined . This categorization was chosen because the carbonate

content has been determined to be che most im-
MAP-CONCEPTION portant factor in the buffe ring of the various acidic

The course of soil acidification is dependent upon
levels in exposed rocks. In arcas containing small
volumen of many different types of rock , the carbon-

whether the acids are directly or indirectly deposited ate content fluctuates drastically , and thus the mean
and upon the type and capacity of the soil buffer values were used to catego rizo such rock into one of
system . Water acidification is often closely linked lo the three groups described previously.
soil acidification ; therefore in order to identify the Base Maps 1 and 2 were combined and a Synthesis
arcas which are sensitive lo water acidification , vari- Map (Fig. 3), which also cakes agricultura ) land use
ous characteristics of rock and soil which are exposed factors into account , was developed . In this map,
lo acid deposition are examined . The supply of bases arcas with different leveis of susceptibility to water
in the soil, and the carbonate content of rock, with acidification were identified . The following three de-
regard to agricultural land uses were examined and Bree of susceptibility were revealed:
combined in the Synthesis Map.

In Base Map 1 (Fig. 1), the various buffe ri ng
capacities of soils in GER is divided into the follow - Soil Rock Potential for
ing Tour groups according to che supply of bases in (supply of bases ) (carbonate content) water acidi ficat ion

the soil: Low (1) Carbonate free- Very high (waters

(1) Arcas with low base supply in the soil;
low carbonato (1) very endangered)

(waters
(2) Arcas with low-average base supply ;

Low (1) Carbonato content High
(2) andangered)

(3) Arcas with average-sufficient base supply ; Low- Carbonate free- High (waters
(4) Arcas which have sufficient base supply so that average (2) low carbonate ( 1) endangered)

acidification of waters is not expected. Low (1) Carbonate-rich (3) Low

The parameter "supply of bases in soil" was chosen Low- Carbonare content Waters slighdy

in ordcr to determine che sensitivity and buffering average ( 2) (2) average endangered
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In mapping an area's potential for water values and the maximum value of pH 6 are hydro.
acidification, the soil parameter carried more weight, chemically and hydrobiologically justified. The upper
as soils come into direct contact with sub-surface limit of pH 6 was selected because, at lower pH-
runoff and heavily influence the acidity level of the values, the first effects on water organisms and
waters. The thrce categories for arcas which are changes in the species makeup are first noticcable.
potentially endangered by water acidification are The cut-off value of pH 5.0 was chosen because
indicated by the pale tones. Forest and other arcas, under pH 5.0 the carbonic acid buffer system no
where no secondary buffering by agricultura) land longer functions. Furthermore, pH-values in this
uses exists are represented by the darker tones. For range are associated with the release of aluminium
the lowlands of Northern Germany, the moorland form the soil lo the water. Waters in this pH range
arcas were additionally taken into account; in partic- can be lethally toxic for many water organisms, e.g.
ular, the moor arcas were mapped and are also river trout in the Mittelgebirge 's brooks.
represented by the darker tones . Although the arcas The cut-off value of pH 4.3 was used becáuse it
sensitive to water acidification are distinctly delin- representa the titration endpoint of the measure of
eated on the map by pale and dark tones , these acidic capacity, K,. At this and lower pH-values, only
delineations aré in reality not so well defined ; they more acid-tolerant organisms are to be found in the
merge with one another, depending on the given waters.
meteorological and hydrological conditions. During
periods of increased water flow for example during SUMMARY AND EVALUATION
snow melt, acidified water is carried far finto the
countryside. (1) A concept has been developed for the mapping
As can be seen on the Synthesis Map, the waters of arcas susceptible to the acidification of water,

in the mountain region and lowlands of Northem based on two main maps:
Germany are the most susceptible to acidification . In -The buffer capacity of soils due lo their base
mapping these arcas , it• was not possible lo dis- supply.
tinguish between those arcas inclined to water -The buffer capacity of exposed rocks due lo their
acidification due to acid deposition and those arcas carbonate content.
which are inclined lo water acidifica tion due to
naturally occurring acidic conditions. Therefore the (2) These two basic maps have been united in one
map only shows the potential for water acidification Synthesis Map which shows the arcas of the F.R.G.
independent of its cause . susceptible to the acidification of water. Priori ty was

given to the base supply of the soil . The land use was
additionally taken into account. Within the poten-

POTENTIALLY
COMPARISON OF

ENDANGERED
pH-VALUES

BY
WITH
ACIDIFIAREASCATION tially geogenic endangered arcas-those arcas which

have been located-with the help of a forest scanner
In comparing the Synthesis Map with the actual and the additional consideration of moorlands and

pH-values of surface waters (pH < 6.0) (Fig. 4), an heath soils which show no secondary buffering
obvious regional distribution of pH-values can be influences of agricultura ) land use and of settlements.
leen . Such pH-values have been measured primarily (3) The comparison of the geogenic potentially
in endangered arcas where the buffer capacity has endangered arcas in the Synthesis Map with the low
been somewhat exhausted by the acidic surface wa- current pH-values in surface waters show good cor-
ters . In this figure three pH-ranges are distinguished . relations . In their regional distri bution these arcas are
Only the lowest measured pH-values for the time largely congruent. It has become obvious that waters

period between 1977 and 1985 could be mapped. The with the lowest pH-values (<4.3) are to be found
selected increments used in the mapping of the pH- aboye all in large-scale forests on carbonate-

Fig. 1 (facing page, top lef:). Buffe ri ng capacity of soil according to its base supply . Red: low ; yellow:
low-average; green: average-sufficient ; blue: arcas which have sumcient base supply so that water

acidification is not expected.

Fig. 2 (facing page, top right ). Bufferi ng capacity of exposed rock according to its carbonate content.
Red: low-carbonate or carbonate - free arcas ; yellow : arcas with average carbonate content ; blue: arcas rich

in carbonates , where acidification of water is not expected.

Fig. 3 (jacing page , bottom lejt ). Map of arcas potentíally inclined to water acidification in GER-synthesis
of Base Maps 1 and 2 with regard to agricultura) land uses . Red: very endangered ; orange : endangered;
yellow : slightly endangered ; pale tones : p ri ncipally endangered dueto type of rock , but buffering influences

by land uses exist ; darker tones : forests and other arcas , actually endangered.

Fig. 4 (facing page, bottom right). Map of the actual pH-values (<pH 6.0) of surface waters in GER.
Minimal measures pH-values between 1980 and 1985. Red: <pH 4. 3; yellow : pH 4.3-5.0; green:

pH 5.0-6.0.



•ylwyywvM••• MNM• MMw•.•^^M•+M
y� �,�rY O•pMlo•�err "� - , 4.. •. i; MwWnaw ó�M•M

•c,. I.rr t
twr:

- al � I � Mwiw�M4w�� a. �.`. kl`�v e ,�{� YblbOwi�w�r••wnM

_Fb.i�i. +31••MZ,

YY
l

�r
+�• V L

n _.

3



Water acidification in the F.R.G. 5

free-carbonate low rock and on soils with low base (6) The present maps also allow the interpretation
supply. On the other hand it is evident that the of the degree and extent of an existing and possibly
pH-valucs of surface waters are more favourable in increasing acidification of water. The map of pH-
arcas where the soils show a certain base supply, even values shows heavy acidification only in the upper
if they are on top of carbonate-free-low carbonate course of rivers and aboye all in forest catchment
rock . arcas.

(4) The mapping docs not differentiate between The result of the acidification is ecological damage
naturally acid and anthropogenic acid water. It is not as waters, which had been thought of as free from
possible to set up a map of the pH-values of surface anthropogenic influences of any kind and which
waters from the existing data of acid deposition as no represent the last refuge for some rare species of
direct dependencies exíst . Indications on (he influence animals and plants , are afflicted.
of acid rain on the quality of ground and surface Concerning the groundwater, only isolated data
waters are only possible with the additional study of on the development of the pH -situation have been
soil and rock situations and the existing land use . collected up to now. Therefore, these values were

(5) The collected data only permitted a pH value not included in the map of pH-values. However,
description of the lowest values. A further division the increasing acidification of terrestrial ecosystems,
into time periods with minimum water flow or snow- aboye all in areas susceptible to acidification,
melt, which would-give interesting clues to the effects will presumably also lead to a decrease of the ground-
of fauna and flora, was not possible for the whole of water quality. In these areas the drinking-water
Germany due to insufficient data material. quality is endangered by acid rain in the future.
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3 2 The chemistry of surfate waters

3

1

This chaptér is concerned with the change in chemical 37% to 44% of che hydrogen ion input to che lake. This lake
composition of surface waters which has been a$cribed to takes up a larger percentage of che catchment arca (30%)
acidic deposition from human acti vities . Lakes and streams than many other lakes. In many catchments , most of the
are not isolated units but are in ti mately linked to che deposited material passes through vegetation (either living in
terrestri al components of che ecosystem. The nature of che ' che form of forest, crop or grass canopy or dead as in che
catchment arca often determines che way in which deposited forest litter ¡ayer), wetland, soil or over bcdrock before
chemicals influence che aquatic part of che ecosystem . The reaching tbe water body. Ileso systems are linked together
effect of changos in water chemistry on che organisms which so that che effects of acidic deposition on one component can
live in and around the water, and which is che reason for cause secondary effects on another. Precipitation can be
concem about water chemistry, is covered in Chapter 3. intercepted by a cree canopy and then travel through che soil

+e Chapter 4 deals with che effects of acidification on water and wetland aneas before reaching a stream or lake. The
users other than aquatic species, that is che wildlife which effects of acidic deposition on the aquatic system depend not
depends on surface water systems. only on che original composition and quantity of che

deposited material but also on che effect of deposited material-f -1
In Chis chaptér, che evidente that acidification of surface on every system it passes through prior to discharge loto che
waters has taken place is first considered. This is followed system of interest . The nature of the catchment arca
by_an examination of che possible causes of change , becomes less importan only where che aquatic system

.' inctuding deposition of acidic pollutants , other causes related receives runoff or snowmelt that has had little contact with
to human activities and natural factors. There are. more data che catchment arca or where che lake or stream system forms
available on changos in surfar e water chemistry than on any a largo proportion of che catchment arca (Galloway and

r other component of che ecosystem considered here. However others , 1984). The effect of soils on che water passing
predictions o£-surfaee water quality are still dependent on through them is considered in Acidie deposition - ecological
many other variables, such as che effects of soils, and these effects of soils andforesrs (Harter, 1989).
should be included in modeis of che process . Details of che
modeis of surface water acidification are beyond che scope of Acidification of an aquatic system, however caused , implies
this.review, but some of che best known and most widely • an increase in che hydrogen ion concentration or a decrease
refe renced módels are briefly described and an overview of in pH but is more usefully defined as che loss of

r- their results.is. presented, especially those relating to acid-neutralising capacity (ANC) or alkalinity. Acíd
prediction of acidification for other arcas and reversibility of neutralising capacity represents che ability of che water to
presently acidified waters . neutralise added acids by che reaction of hydrogen ions with

inorganic or organic bases such as bicarbonato . Alkalinity is
Acidic deposition , whether in a dry or wet state, can reach often used inte rchangeably with ANC but stri ctly refers only
aquatic systems either by direct deposition finto a stream or to che bicarbonato , carbo,nate and hydroxide components of
lal.e or by passing-through other components of che ANC (Malanchuk and Turner, 1987). In che extremely dilute
catchment a rca. Freshwater aquatic ecosystems usually take surface waters considered in studies of acidification there is
up onty a small proportion of their catchment 's land surface. often little inorganic carbon present so che ANC due to
.Ni, sson ( 1985) calculated that direct deposition of che carbonate system is algo Iow. In these circumstances
COIipounds containing hydrogen or sulphur atoms on che such species as naturally formed weak organic acids
sur.'ace of Lake G.rdsjón in Sweden accounted for (when dissociated) and aluminium-hydroxy compounds
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at pH levels <5.5) mobilised from soils or sediments can when the sample was taken , can influence che observed pH
d

contribute to ANC (Galloway and others, 1984). Surface and alka li nity values through variation in biological factors i

waters with an ANC of 0 pmol/L or less are acidic by poorly buffered lakes. However many authors recognise -

definition. 'Cite pH at which ANC is 0 pmol/L is these problema and malee corrections to allow for them deple

theoretically 5.65 in a bicarbonate solution. In field data (Hayas and others, 1984; Norton and Henriksen, 1983; d
1

collected from 1612 lakes in the northeastem region of the' Kramer and Tessier, 1982).
USA during che Eastem Lake Survey, the pH at which Procr

ANC = 0 gmol/L varied from about 4.9 to 6 (Linthurst and Galloway and others (1984) present a detailed review of st

others, 1986a). trends in surface water quality in North America based on
historic measurements. They concluded that waters not btot_

The acid buffering ranges described for soils in Acidic influenced by local urban or industrial discharges from arcas
alter

1eposition - ecological effeers on soils andforests (Harter, exposed to acidic deposition and with soil and bedrock with Si
1989) also apply to aquatic systems. In naturally acidic a low potencial to reduce acidity showed a decrease in pH of Botfi
brownwater lakes, organic acids can dominate both che pH up to one unit, usually over a few decades , often combined
and buffering of che aquatic system, but Chis is not che case in with a dec rease in alkalinity and an increase in sulphate.
clear oligotrophic (nutrient-poor) waters which have Similar data, indicating consistent decreases in pH or for t.
undergone changes in water chemistry. Loss of alkalinity alkalinity, are not found for arcas of similar lithology and s h
can be due to either chronic long-terco acidifrcation or acute land use practices, but which are not receiving significant
short-terco acidification. Short-term acidification refers to the acidic deposition. A similar pattern of pH decrease is also
development of strong acidity during episodes of high found in Europe in arcas of similar geology. The typical ronce
acidity, such as spring snowmelt, lasting for only days or shift in arcas of southem and southeastem Norway is about lo
weeks. 'Because of the relatively shortexposure periods, 0.5 to 1 pH unir, over a few decades, but a decrease of more
biological effects occur only at low alkalinity levels. than 1.25 units has been leen in some lakes. Lake G9rdsjon _ lost ir
Long-teten acidification refers to the gradual loas of alkalinity and other lakes in che River Anrdsed catchment on che in
over years or decades. As a result of chronic exposure, Swedish west coast have shown a decrease of 1 to 1.8 pH in
biological effects can occur.at alkalinity<50 pmol/L and units from the 1940s to the early 1970s (Hultberg, 1985b; ac •u_.
waters with alkalinity400 pmol/L (prior to the onset of Hayas and others, 1984; US/Canada Memorandum of Intent 20 r
acidification ) are generally considerad sensitiva to Work Group 1, 1983 ; Overrein and others , 1981). 0.
acidifrcation (Galloway and others , 1984). Effects on living pr ,
organisms are deah with in Chapters 3 and 4 but in order to The recent development of methods for cotrecting older by l0
appreciate the following information on changes in water chemical survey data and reproducing obsolete analytical c
chemistry it is helpful to bear in mind the levels at which methods has led to che reappraisal of some historical surveys rea
biological efl'ects occur Deleterious effects of acidification of lake water quality in three arcas of the USA. These data by 1 r-
on aquatic organisms start to occur at about pH 6 for some show that the surveyed lakes in che Adirondack Mountains of su
species, which corresponds to about 40 pn1o1/L of alkalinity New York have undergone substantial losses of alkalinity and ac
(range 10 to 90 limo¡/L) in che noutheastem USA. Many reductions in pH, although the degree of loas depended on h c
aquatic species are adversely affected in che pH tange 5 to che assumptions made in cotrecting che historical data. The deacit
S.S. as is shown in Chapter 3 (Schindler and others, 1985). lakes surveyed in New Hampshire showed no consistent acc

change in alkalinity while those in Wisconsin showed b
2.1 Trends in surface water chemistry a significant mercase in alkalinity (38 pmol/L) and increr

pH (+0-5 units) even under conservative assumptions. In p
The evidence of change in the chemical characteristics of general , there was a strong tendency for declines in alkalinity de
some aquatic systems over the past century depends on to correspond to mercases in sulphate concentration (Kramer c ior.
both comparisons of historical water chemistry data with and others , 1986). Increases in alkalinity in the Wisconsin This c
present day figures and paleolimnological analyses of lakes may be due to land use changes in their catchments co
sediment profiles . Paleolimnology is che study of physical from che construction and use of summer residences and Tl .._
phenomena of lakes and other fresh waters in past times . feeder roads, which Nave been shown to exert a profound chang
The three analytical mensures of importance in evaluating influence on the chemistry of the Wisconsin Lake population al '
acidification of aquatic systems are pH, conductivity and (Loucks and others, 1986). Rogalla and others (1986) found

hy�alkalinity. There has been considerable controversy over che that a high vari ability in catchmentflake processes between su phti
representativeness and accuracy of early measurements of lakes obscured regional pattems of change in alkalinity in the hy r<,--,.

du 'water quality, especially of pH measurements. For example, upper Midwest; an area of relatively low atmospheric
sampling methods, instruments and techniques have changed deposition of acidity. rey _
over che years and there can be a lack of clear documentation �teerir
of measurement methods and sample collection procedures Direct measurement of the acidifrcation rafe of a lake in
used for the historic data. Changes in sampling container Ontario, Canada, by continuous monitoring has been reponed prt
material could have affected results. Soft glass containers, by Dillon and others (1987). Water chemistry has been years
once iri widespread use, contribute 20 to 100 pmol/L of monitored in Plastic Lake since 1979, with no changes in

Malkalinity when samples are stored for less than twelve days. either che sampling techniques or the analytical methodology
Degassing of che sample can sise the pH by more than over che period of che study. Between 1979 and 1985. Plastic ) s n -
0.5 units over che field value experienced by biota, through Lake lost alkalinity at the rate of about 2 pmol/L y; pH for wj,
loss of carbon dioxide. The time during che dayor year decreased by 0.2 units. Acidification was accompanied by a yu
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1 den se in base canon content in Che lake but nót an ibis reason scientists have tumed Co Ihe record of a lake's
increase in sulphate concentration , probably indicating history contained in the lake sediments. The sediment
depletion of available cations in the cake catchment . The contaíns physical, chemical and biological evidence whích
disolved organic content of che Iake and che organic anion starts in deep sediments deposited thousands of years ago and
concentratián :decreased simultaneously. This acidifrcation proceeds upward toward the sediment surface to the present
process occurred despite a reduction . in the deposition rate of day. A sedíment core can be subjected Co paleolimnological
sttong acids over the period of study, as a result of analyses and dated in a variety of ways to reconstruct
continuing desorption of sulphate from che catchtnent . The chronological sequences of input of pollutan ts Co the lake and

JI brota of plastic Lake have experienced major detri mental the response of che lake biota . One of che most successful
effects in che eight years of the study, as will be discussed in and widely used methods of reconstructing che history of
Section 3.1. lake water quality is the identifrcation and enumeration of che

siliceous shells of diatoms preserved in the sedimenta.

JI Both Che acidification and deacidification processes have Diatoms are sensitive indicators of pH since che hydrogen
been monitored since 1968 by direct measurement. using che ion concentration of water has the greatest in fl uence on
same sampling and analysis protocols . over Ihe whole period, diatom flora . The various species are each more or leas
for two lakes- in southwest Sweden. During 1967 to 1977, restricted Co a particular pH range. By studying these pH
sulphate concentrations increased almost linearly and relationships for present-day diatom assemblages, it ¡s
identically in the two lakes from 50 to 150µmol/L,. - In possible to calibrate the sedimentary diatom record so that

II 1983.84, alter a linear decrease , the corresponding che past pH of lake waters can be infer red with a standard
concentration was 100 tmoLL. -The alkalinity reserve was error of between about 0.25 and 0.5 pH units. The
los[ in one lake in 1971 when che sulphate concentration first chronology of sediment accumulation is established by a
reached 100 p.mol/L - the same leve¡ at which alkalinity was variety of dating methods . The main method used is often
los[ in che other lakes in Che region . In one lake. a reduction che detection of radioactivity from the lead-210 isotope, a
in pH from 6.8 to 4.5 was leen as the sulphate concentration natural component of lake sediments . The ratio-isotopes
increased , while a decrease in sulphate concertration was caesium - 137 and americium-241, derived from nuclear

JI accompariiéd by a decrease in acidity from about 30 lo weapons testing , can also provide useful information for
20 pmol/L of. protons , corresponding to an increase in pH of dating at some sites . Compensation must be made for the
0.2 units. During che acidi fication and deacidification mobility of radio-isotopes in che sediments in acidic waters ,
processes, sulphate concentrations increased and decreased due lo leaching by the acidic water column . This may be
by 10 and 6 µmol/L y respectively; che hydrogen ion « done by use of other markers. such as pollen and charcoal, to
concentration in one lake changed by 3.9 and 2 µmolJL y assist in dating (Battarbee, 1984a; Galloway and others,

J respectively while che concentration of base cations changed 1984).
by 1 lo 3 itmol/L y. There was a strong coupling between
sulphate and hydrogen ion concentrations during the Paleoecological methods should be calibrated in ecosystems
acidification but not during che deacidification phases. The with known pollution histories. Studies in the art ifcially
hydrogen ion : concentration was reduced in both lakes during acidified Lake 223 showed that application of standard
deacidifrcation at half che rate at which it increased during techniques without calibration predicted a pre-acidification
acidifrcation .: The increased sulphate concentration was pH of 0S units lower [han was che case. Errors of chis type,
balanced by decreased bicarbonate concentration and if widespread , would cause the degree of recent acidification
increased cátion cóncentrations during Che acidifrcation lo be underestimated (Schindler, 1987).
phase . The decrease in sulphate concentratiohs during the
deacidification phase was accompanied by a decrease in base The advantages of paleolimnological methods of assessing

J
cation concentrations in one Iake andan increase in che other. acidi ficatíon are that d ey are potentially useful at al] sites,
This difference can be explained by che difference in soil short-term fluctuations are eliminated , che record is usually
cover and susceptibility to weathering of the two catchments . continuous and it can be extended backwards in time, if
1'he large change in sulphate concentration with only a smali necessa ry, up to the age of the Iake basin. The timing and
change in.pH.may be due to changes in the concentration of rate of change can be assessed if a good dating control is
aluminium , but chis constituent was not monitored . The available. However the reconstructions are usually
hysteresis effect in these two lakes. wherebytbe changes in unsui table for resolving short-teten (<3 years) vari ations in
Sulphate concentration were tracked by changes in the pH. Estimates of decrease in pH using ibis method are
hydrogen ion .corcentration during acidification but not minima, lince only decreases of >0.2 Co 0.3 pH units can be
during deacidifrcation , was also seen in other lakes in the detected and such decreases only occur after substantial
region . This indicates that sulphate loses part of its role in loases of alkalinity have taken place . Data sets are available
' eering the 'ionic composition of [hese lakes during for regions in a range of countri es íncluding Norway,
teacidification . This may be due to the influence of acidi ty Sweden, Finland, the UK, che FRG. Cavada and che USA
11 oduced by increased emissions of NOx in che intervening (Davis and Smol, 1986; Battarbee and olhers, 1986).
5-ara ( Forsberg and Morling , 1987).

The results of paleolimnological analyses show that
111 os¡ of che research on acidifrcation of freshwater aquatic long-term acidifrcation of lakes situated in upland areas or
1) stems has been done on lakes but there are few acídic lakes regions of bedrock poor in bases is a natural process. The

r to which even the fragmentary evidence of past water acidification process start ed soon after lile glaciers retreated
y',ality used in the hístoric comparisons are avaílable. For but the timing and vate of the process vary with location. In
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most cases the main period of change was the early hypotheses. The afforestation effect observed at some sises
post-glacial although further changes may nave taken place was usually related to enhanced interception of pollutants

later, usually associated with changes in soil and vegetation rather than to a direct effect of the forest.

in the catchment. There is no evidente to suggest that these 1.
decreases have been progressive and.continuous up to the - Evidence from lakes in various regions of the FRG suggests
present day. The large. rapid declines in pH seen recently in that recent sharp decreases in pH have taken place within the
many arcas are inconsistent with the small, gradual decreases past 30 to 40 years, although die precise timing is nos clear N
characteristic of long-term natural acidification processes (Arzet and others, 1986). Steinberg and others (1987)
(Battarbee , 1984). reconstructed the long-terco pH history of a lake in the

northem Black Forest of the FRG using diatom records. The tt
Evidence for an acceleration of the acidification process over pH of the lake decreased by about 1 unir to pH 5 .2 from the
more recent years (up to 150 years before the present (BP)) end of the last ice age until about 1800, by long-teten natural
c an be leen in studies of the diatom remains in lake acidification processes. About 200 years BP. the recent rapid
sediments. Table 1 shows ihe results gained by diatom acidification started , causing the pH to drop from 5.2 down
analysis techniques on data from lakes in a number of to 4 to 4 .3. A consideration of altemative causes of this
countries. The first diatom studies of acidification carne acidification led the authors to conclude that natural
from Norway in the early 1970s and a considerable data set acidification contributed only a small proport ion and that B _
of Scandinavian lakes has been built up. It is clear that industrially-deri ved acidic deposition was the primary cause.
accelerated acidification in Norway began for different lakes A method of dating using diatoms in surface waters where
at diffe rent times between 1890 and 1930. For example pH sedimentary records are absent shows that streams, rivers
decreases of between 0.5 and 0.8 units were inferred for the and pools in the Netherlands , Belgium, Denmark and parts
Norwegian lakes Nedre Mdlmesvatn, Hovvatn and Holmvatn of die FRG have become more acidic over the last 50
beginning in about 1890, 1918 and 1927 respectively. In years. This is substantiated by studies of sedimentary
Sweden and Finland the recent acidification began after diatom assemblages in shallow moorland pools in the t.J
1945. Lake G.rdsjiin in Sweden showed a steady decline in Netherlands (Battarbee and Charles, 1986; Arzet and others,
pH from about 7 to 6 over approximately 12,500 years. A 1986).
sudden decrease from about 6 to 4.5 started in the 1950s. Q,
Lake Hauklampi in southem Finland has shown a decrease of Daatom studies of recent lake acidification have also been
about 1 unir since 1960 (Battarbee and Charles , 1986; carried out in the USA and Canada. A decline of 0.4 to
Battarbee, 1984; Renberg and Heilberg, 1982). 0.8 pH units was seco in some unbuffered lakes of New

Brunswick and Nova Scotia, Canada, during the past 70
Evidence of recent lake acidi fication has also been found in years (Elner and Ray, 1987). The data show that weakly
the UK, the FRG and the Netherlands. In the UK, data from buffered lakes in some regions of the USA receiving
Galloway in southwest Scotland show that acidification appreciable atmospheric deposition of pollutants have -
started as early as 1850 in some lakes. Decreases ranging become more acidic in recent years (Charles and others,
from 03 to 1.2 pH units were found for the lakes studied; 1987; Charles and Norton , 1986; Charles, 1984). Big Moose
which included ene with the catchment partially situated on Lake in the Adirondack Park, NY, USA, had a pH of about KI
metamorphic rocks while the others were entirely granite 5 .8 from before 1800 until about 1950. A large, ��-rapid decline
(Battarbee , 1984; Flower and Battarbee, 1983). Acidification in pH began around 1950 leaving the lake with a
of a Welsh lake occurred over the past 120 years, with a diatom-inferred pH of about 4.6. Alkalinity reconstructions u
distinct acceleration beginning in the early 1940s, similar to indicate a decrease of about 30 µmol/L over the same period.
the process seco in Galloway (Fritz and others, 1986). Measured pH has been about Chis value for the last ten years.
Acidified lakes also occur in Cumbria and the Grampian Of eleven lakes studied in Chis region, six of the leven lakes
region of Scotland (Battarbee and Charles, 1986). The with a current pH at or below 5 show evidence of recent ul `--
results of a major paleolimnological survey of upland lake acidification , while the other is a naturally acidic bog lake.
cites in the UK were reponed by Battarbee and others None of the four lakes with a current pH aboye 5 shows any
(1988b). All the geologically sensitive sises in arcas . of high obvious evidente of a substantial decline in pH. The most sp
acidic deposition had been acidified, with pH declines rapid pH changes (a decrease of 0.5 to 1 pH units) occurred
varying between 0.5 and 1 .5 units . Little change had taken between 1930 and 1970. The best data for timing suggest
place at non-sensitive sites in arcas of high acidic deposition , that the onset of the rapid decline began in the 1930s to Kt
or at sensitive sites in arcas of low acidic deposition. Trace 1950s. The recent decrease in pH of Big Moose Lake could &
metal analysis showed that all sites had been contaminated not be accounted for by natural acidification or processes
by industrially -derived air pollutants since about 1900. with associated with disturbances in the catchment. The
marked contamination by spheri al carbonaceous particles, magnitude , rate and timing of the recent acidification , and its �•�

-characte ri stic of oil-derived material . Contamination by relationship to indicators of coal and oil combustion,
magnetic particles, identifiable as power station fly ash from indicated chal acidic deposition was the primary cause
coa¡ combustion, was found at some cites . The evidence at (Charles and others , 1987).
al¡ cites pointed to acidic deposition as the primary cause of
surface water acidification . The overall pattern of Thi rteen lakes in northem New England have been studied
observations, including land use histories constructed from (Charles and others, 1986. Baltarbee and Charles , 1986).
documentary evidence and pollen analyses as well as data Decreases in pH of about 0.2 to 0. 3 units (which is within the
from the lake sediments . could not be explained by alternate range of experimental error) were leen at four sites and three
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Elner &
lner& Raydató, for

1987)
lakes In Curope. and North America matt1986; arbee, 1984; Arzet & others , 1986 ; Charles and

Location
NOrtOn,

lakc Year Modem pH, A
observed pproximate

te Prc.
onset of acidification

Modem pH, dH.
acidifcation predicted decline

Noreay PH. prcdicted

ungtjern Buskerud 1975
(fvrcMálmesvatn Vest-Agder 1977

4.68-5.16
4.3-6.2

<5.2
Óvre Botnatjbnn Vest- and 1977 44.77

4
4

. 1927-37 4.4-6.5Rüdlivatn Hordaland 1977 <5'2 0.5
-Iliigleivvatn Aust-Agder 1977 46.

.47
6.23 5.2-

9_
55. 1
.1-

-
6.8

a Risvam Aust-Agder 1977 5.66 4.7-6.6 <6.3Ilovvatn S Norway 1978 - 5
Ilv nr S 4'4 ¡918

.7-7.2 5.4-7.1Bergen _1978 5. 1 4.8-5.4 3.94.4Norrc MSlmesvam Vest-Agder 1979 4.6 5.2
5.1

0.1
liolmvatn .6 18901978 4 .9-5.3 0.14.7 1927 4.5 0.6porsvatn 1978 5.0 4.8-5.2 4.5
Brárvatn - 1979 - 5.0 5.0 0.55.2Botnavatn -

1979
1850 5.3-6.1 0.0

Appljosvatn 5.7 1920 5.2-5.3
1979 58 5.9 5

7 0.3
<inmlivatn - 1978 0.26-5 6.5 5.8 0.0

65 0.0SN•eden
Stora Ska rsjón W Coast 1972 4.5Gárdsj6n Bohustan 1979 4.6 6.0
liársvatten Bohusl8rt 1979 4.4 1950 6.0 4.5

1.5
Lysvátten Bohustán 1979 - 1

5.9 - 6.
5.9

1
4.2 1.

7
7

Finland 5 2 0.9
Nauklampi N Espoo 1982 4.75.4.9orajámi N Espoo 1982 1961-4
Háklájámi NEspoo 1982

4.7-48 _
6
3-6.4 5. 1-5.4 1.4

4.88-5 . 1 5.6 1.4
1 UK 6.3 5.6 0.7

Loch Enoch SW Scotland 1980Round Loch « 4.44.7 1850 5.2
Glenhead 4.3 0.9
Loch

SW Scotland 1980 45-5.0 1850
Loch Gm

och. SW Scotand 1980 4.4-4.9 920 30 5.7 4.7 1.0Dee SW Scodand 1980 4.9-5.9 1890 6. 5.6 1.2
FRG

6.11 5.6 0S
Grosser Arbersee Bavaria
K reiner Arbersee 4.2-5.2 1963 5.4-5.6Bavana 4.1-5.1 4.7 0.9Ilerrenwiesersee Black Forest _ 1950 5 5-5.6 4.6 4.7Prnnsee 3.6-4.2 0.9Lauenburg - 4.1-5.1 19940

4 .6.7 3.8 0.9
USA 6.3 4.6.4.8 1 .5
I h,nnedaga Adirondacks 1976Woodhull Adirondacks

4.7 1966 6.2Seventh 1976 5.2 5.6 0.6
Si M

Adirondacks 1976 6 5 6.0 6.0g oos Adirondacks 1962 - 6.5 0.0
Upper Wallface Adírondacks - 4.7 1950 5 7 6S 0.0
1 kvp 4.9-5.0 4.7

Adirondacks 11930-40s 5.1 l.0
�C KK1' Adirondacks _ 4.7 1940-50s 5 .0 4.7 0.4

7jtude Pond New Ham ire
4.7

5.2 4.8'8
0.5

tlkitk Pond Maine
1979 4.8 1920 5 . 1 0.3

L erige Pond 1978 4.7 1920 4.8 0.2Maine 1979 4,5 4.9-5 .2 4.7-5.07umbledown Pond Maine 1905 4.9 0.2
1: fhairback Pond

1978 4.8 1970
4.8

0.4Maine 1979 5.0 5.05 4.8 0.25KlOmdike Pond Maine 1978 5 .9 1945
1945 5.2 5.0Pond .20.2Vermont 6.14.7 1930 5.9 0.24.8 4.5imanada 0.3

It
Ontario 1981 5.2 1962Ontario 1981 6.2 4.7

1
1 idian 5 2 1954 7.1.7.3 1.5

<m\. e
Nova Scotia 1981 Post 1939 6.4 0.8

<our I Nova Scotia 1981 _ 6.1 5.3
Nova Scotia Post 1917 6.3 0.8

.:mi,.. 1981 6.1 0.2New Brunswick 1981 6.2 6.2Irmt rowa Prc•1948 6.5 0.0
t I':r ri New Brunswick 1981 6.1

•
.,k - New Brunswick 1981 _ 6.4 6.4

0.4
6.8 6.8

0.0New Brunswick 1981 0.06.2 5.7 0.5

19



The chemistry of surface waters

other lakes showed decreases of 0S to 0.7 units . The charcoal and changes in the sedimentation cate basad on

decreases al¡ started between 1920 and 1950. Four low lead-210 dating. Information from trace metal concentratio

alkalinity lakes in Michigan showed no recent pH_shifts. is the most widely available type of sediment chemistry da nlw

Low alkalinity Rocky Mountain lakes also showed no Unfortunately, additional processes related to pre- or

evidence for recent declines in pH. A recent pH decrease of post-depositional mobilisation or lo sediment compaction of
0.4 to 0.5 units was seen in a Florida lake core . sulphur make it impossible unambiguously lo infer

deposition yates from sediment accumulation cates.
Paleolimnological investigations show that several lakes in Catchment characte ristics in fl uence the speed with which
southern Norway which now have a pH of 4 .4 lo 4 .7 and compounds of a mainly industrial origin begin to have an
have lost their fish populations in recent decades were effect on the life forms in lakes. Data from Finland show are
naturally quite acidic (pH 4.9 lo 5 .2) two hundred or more that there was a delay of up to one hundred years between a
years ago. Recen acidification involved only a small distinct increase in the deposition of certain compounds (lead C
decrease in pH (0.8 units) and yet the change in water and many PAH) and the start of detectable biological A
chemistry was sufcient lo lead lo loss of the fish changes . Evidence for the acidity of deposition cannot be
populations, suggesting that other water chemistry parameters directly related to the chemistry of sediments but decreases
played an important role. The effects of acidification on fish in the pH of aquatic systems can be inferred from evidence sud
populations will be considerad in Section 3.1. Davis and of declines (relative to immobile elements) in the deposition
others ( 1985) used paleolimnological techniques lo determine cates of elements (such as zinc, manganese, and calcium)

�•total organic carbon (TOC) concentrations . They concluded mobilised by increasing lake water acidity (Tolonen and tt�
that concentrations of organic matter in the water decreased others, 1986; Charles and Norton, 1986). .-
with the pH as acidification progressed, possibly by
precipitation with acid-mobilised metals, increasing the In the northeastem USA. lake sedimenta record an increase
clarity of the water as humic matter precipitated out. They in the accumulation cate of lead, independent of most other
suggestnd that ANC in these lakes before the start of elements, which started in the period 1850 to 1900 and fell
acidification was due lo the presence of humic organic matter into the period 1860 lo 1880 in most lakes . Peak values
rather than bicarbonate alkalinity. At this time , aluminium were typically reached in the 1970s. Zinc sedimentation took _
and trace metals were complexed with organic matter and so a generally parallel course lo that of lead, but in acidic lakes
not toxic lo fish. Decreases in inferred TOC concentrations (pH <5.5) zinc accumulation vates declined relative to lead
at Lake Holmvatn began about ten years before the decreases in recent sediment. This partem was also leen in lake
in pH, possibly because the water was buffered by organics sedimenta in eastem Canada although the dating was _
and aluminium. In Chis period, increasing input of mineral different. This may be related lo acidification or to proceses
acids to the lake would have increased the tendency of involved in the transformation of sediment to rock. Copper,
organic molecules lo aggregate and precipitate ; both by cadmium, chromium, arsenic and antimony depositiori also
adding protons lo the molecules and by mobilising increased in this period, although by les than the deposition
aluminium , ¡ron and other metals in their inorganic form, of lead. The concentration and deposition cates of vanadium
which can react with organic matter lo cause precipitation . At increased from 1920-40 lo nearly the present, generally in
Lakes Holmvatn and Hovvatn the fish finally succumbed 20 parallel with oil consumption. Acidification of lake waters is
to 30 years after rapid decreases in TOC began . shown by the loss of calcium, magnesium and zinc from

sediments relative to titanium dioxide over the past century.
There is also evidence that is consistent with the occurrence These chemical trends pre-date biological evidence for water
of these changes in water chemistry in the Adirondacks , NY, column acidification. Water column acidification could
USA. Lake liming experiments in Sweden and Norway have cause leaching of these elements from sediment which had
shown that when the pH of lakes is raised the reverse of already been deposited br reduce adsorption on sedimenting
some of these hypothesised processes occur - those involving particles. Thus the chemical effects of acidification could t
diatoms, water clarity, dissolved organic matter and affect sediments which pre-date the acidification of the water
uncomplexed aluminium (Charles and Norton , 1986; Davis column. The effect could be real , however, since the effects ' 1 _
and others , 1985). of acidification on diatoms were seen to lag behind the arti

chemical effects of metal pollution and acidification in time
In addition lo biological remains, lake sediments and peat equivalent sediment for some lakes (Charles and Norton,
cores can contain a variety of substances which are directly 1986; Norton, 1986; Ouellet and Jones . 1983). the
related to atmosphe ric deposition and which can help lo
provide information on the lake 's history. Concentrations of Elevated leveis of lead and zinc in recen¡ lake sediments

1 c clic aromatic h drocarbons PAH soot art icles lead, have been sean in Norwa , with ¡he increase '°"•Po Y Y Y ( )• P Y in
sulphur, and vanadium; as well as sulphur isotope ratios and concentrations starting p rior to 1930 (Norton and Hess, IlO¡�
magnetic pa rt icles can be interpreted to indicate trends in 1980); in the UK, with increases sta rt ing from 1800 L•atmospheric deposition of substances de rived from ( Battarbee and others , 1985); and in the FRG in parallel with
combustion of fossil fuels . Acidification of aquatic systems the acidification of the lakes studied (Arzet and others,
can be inferred from changes in concentrations of common 1986). Acidification of lake waters is seen in ¡he decrease in
elements and trace metals such as calcium , magnesium , zinc concentrations in the uppermost sediments of lakes with
sodium , potassium . zinc, lead . aluminium, manganese and a pH of about 5 or less . Lead and zinc concentrations
¡ron. Disturbances in the catchmenrcan be indicated by generally increased before any significant lake acidification

Inca
ZL%

changes in the common elements and trace metals , pollen , indicated by biological data. Lead usually started increasing
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before zinc.concentrations of [hese metais increased by as solution, increased adsorption of sulphates in the soil and

Imuch
as 300 and 700% of background values respectively. loss of nitrogen to stream water. Substantial increases in

ln unacidified lakes with heavy metal build-up, che biological streamwater concentrations of hydrogen and inorganic
,,sponses seen in acidified lakes were not found. The aluminium ions also occurred after removal of biomass.
mobility, and possibly also the biological availability, of Higher losses of protons and strong acid anions were found

[hese metals in lake waters varios with element spéciation, than occur when fast forest growth is taking place. This is

I
which is pH dependent to a large extent .- Metal toxicity may the reverse of what was suggested by proponents of the land
therefore be a function of acidification (Norton, 1986; Norton use hypothesis. However, commercial clearcutting practices
and Hess. 1980; Davis and others, 1980). were not used in these experiments but the felled trees were

left in place and herbicides applied to prevent vegetation

2,2 Possible causes of change regrowth; also che sito may be unusual in its runoff
characteristics.

A number of hypotheses have been proposed to explain
obsetved changes in pH, alkalinity or sulphate concentrations Martin and others (1984) found that che effect of clearcutting
in surface waters. While each is a plausible explanation, on che nutrient loading of.a number of streams in New
supported by experimental evidente, for acidification at some England was usually small when comparisons were made of

I sites, rione applies universally to all surface waters. Four stream chemistry in clearcut and nearby uncut catchments
rnain hypotheses have been suggested as the main cause of with a wide variety of soil and forest types. The only arca

I che observed recent acidification of surface waters. These are: where consistent and substantial increases in stream nitrogen
concentrations occurred was the White Mountains, NH; the

Acidification of the soil of a catchment by natural causes investigators were unable to locate any other cite where

J

(with che anions of organic acids or carbonic acid acting stream chemistry was altered as markedly.
as the mobile anions), assuming that acidic deposition
contribirtes'only an insignifrcantfraction of che acidity. Relatívely few studies have been done on the effects of land
This is considered in Acidic deposition - ecological use on surface water acidification but the Norwegian project

J
effects on soils andforests (Harter, 1989). - on che effects of acid precipitation on forests and fish
Atmospheric deposition of acidíc substances to both the (Drablos and Sevaldrud, 1980; Timberlid, 1980; Drablos and

4 body of water and lis surroundings. This is considered others, 1980) did consider che issue. Three arcas in southern
in Section 2.3 of chis repon. Norway were examined . Severa) poorly buffered lakes with

- Land use factors such as conifer afforestation, forestry fish losses in che typical inland anea of Femund, for whích

4
practices añd other disturbances, and changes in diere were good historical data on land use, were considered.
agricultura) practices and animal husbandry; involving These lakes showed a slight acidification trend and damage

J
organic•or bicarbonato anions acting as mobile anions to che fish population from 1950. In four of che five arcas
(Krug and Frink, 1983; Rosengvist,1981,1978). most of che affected lakes were situated aboye the timberline.

- The buffering and solubility effects of naturally-occurring The local dairy farms, haymaking from peatlands and most

J
organic master in sensitiva waters cause strong acid of che cattle pasturing were generally located severa]
deposition to alter che balance between organic acid kilometres downstream from che acidified lakes. Acidified

4 anions and sulphate in runoff waters, but not che pH lakes were found in arcas where reindeer pastu ring had

J (Krug and others, 1985; Krug and Frink, 1983). - increased, where it was moderate and stable and where it
had nos occurred at all. In the Tovdal, Fyresdal and

'Ibis section will deal with che latter two alternativa Nissedal arcas, 78% of lakes in catchments which had never
explanations of water acidification. been farmed had no fish population left. In catchments

containing abandoned fárms, 60% of lakes were fishless,
1t i�.possible to frnd instances where human activities of while oven in catchments where farming was still carried out,

1 ches lypes have affected lake chemistry. Lake BlAmissusjón 30% of che lakes had lost their fish stocks over che last
ua nurthem Sweden is a case in point where agricultura ) decades. This is a considerable difference from what would

J activities exposed sulphide-ru h minerais. These formed free be expected if agricultura ) activity had a strong influence on
wlphates and sulphuric acid in the soil, leading to acidic acidi fication.
runuff and lake acidification down to about pH 3 lince about
'¡le 1940s. Cone Pond, NH, USA, has also suffered In Telemark, Agder and Rogaland counties. pasturing of
acidification in response to human activities, in ibis case animals took place in che near outfield (200 to 300 m aboye

1 del urestation by fire and subsequent pastu ring of sheep. The sea leve)) and che remoto outfreld (300 to 600 m aboye sea
Taba has had a pH of 4.6 to 4.8 for at ]casi 200 years. leve)). Pasturing of che outfields took place over a larger
11i,, Cver. neither of [hese lakes are typical of che type of lake arca and was more intensiva in che middle and to che end of
"Ihich has undergone acidification over the pass few decades the 19th century than it is today. This is not uniform,
t �rnherg. 1986; Ford, 1986). however. lince pasturing pressure on the near outf ¡cid has

decreased recently while in che remoce outfields the pasturing
•s 1 uller and others (1987) found that whole tree harvesting pressure has increased in some arcas . During che lame

"anged stream chemistry in the White Mountains , NH, period of time, che fish population has decreased or vanished
1 SA. largely by inereasing che concentrations of nutrients . at both elevations. The decline in fish stocks has been
I"creased nitrification, from che organic ni trogen pool, and smaller in che near outfield arca at lower elevations (han in
"'tneralisation occurred. leading to acidification of che soil the remote arca, where it should have been most serious if
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decline of pasturing with a subsequent shift in che catchment which has shi: a sharp acidification sine 1850.
egetation cover had caused the acidification . Noné of these Woodland was replaced by acid peatland between 6000 and : Ac

studies showed a systematic relationship between changes in 4000 years BP and no further major changes took place in
use of che outfields and che trend toward regional lake che region until the recent afforestation started about 30 years ,Pondc

acidification together with che decline in fish population ago. Acid organic soils were gradually replacing mineral u¡[

,Timberlid, 1987, 1980; Drablos and Sevaldrud, 1980; soils from 9000 years BP onwards. However, neither the MMIL

Drablos and others , 1980). early development of acid soils nor che later expansion of COncl.--

blanket peal caused acidification of che lake. Indeed a small
4-

;ome
Evidente from diatom remains can also be used to throw but significant increase in mean water pH occurred at ihe !t

light on che possible causes of acidification of aquatic time of blanket peat expansion . Round Loch had a pH -•
;ystems. Many researchers have chosen lo study lakes with a between about 5.5 and 6 throughout che post-glacial period pla

iistory of minimal disturbance from human activities in their until the recent post- 1850 acidification , when pH fell to the Ba
;atchment to avoid the influence of land use on che present value of about 4.7. From che results of previous situado
edimentary record of che lake. This resulted in che lakes studies , che authors concluded that riowhere in che UK did evi
;tudied being mainly located in remote alpine and sub-alpine soil acidification and blanket peal formation during che rec
ocations. The recent acidification found in [hese studies post-glacial period result in che lowering of lake water pH yet to
annot be related to land use since the catchments are below about 5 to S.S.

pat
'i rt ually undisturbed . Among the lakes to which this applies cho
.re Hovvatn , Norway (Davis and Berge, 1980); Munaj rvi , No appreciable land use change has occurred in the acidified In i
/itsjón II, Matalajárvi and Valkjárvi , Finland (Tolonen and Llyn Hir catchment in west Wales , UK, since the alter t1
thers, 1986); Kinsac, Nova Scotia, Canada (Elner and Ray, introduction of sheep by che Cistercian monks in the l2th the
987). century so che recent acidification of the lake cannot be Sw

accounted for by land use changes. Acidification of Llyn Hir ¡n;�
decline in pH of about 0.5 to 1.2 units from the previously has occurred over the last 120 years , with a distinct cha

table conditions occurred at four lakes in Galloway, . acceleration beginning in che early 1940s . The lake pH was
. cotland, starting at dates ranging from 1840 to 1925. As in che range from 6.1 to 6.5 from the l7th to che early 19th Krug a
evo of the lakes studied had non-forested catchments and at centuries but had dropped to the range of 4.5 to 5 . 1 in che che f
e other two che decline in pH predated che beginning of early 1980s . The timing of che changes and trends of che dei
fforestation 'this acidi fication cannot be ascribed lo atmospheric pollution indicators (trace metals , magnetics , ac ..,5
fforestation processes (Battarbee, 1984; Flower and cenospheres), paralleling che acidification process leen in che deposir
attarbee, 1983). The decline in agriculture, especially diatom record, are consistent with che acidification of che
razing, at upland sites leading to regeneration of acid lake being caused by acidic deposition (Fritz and others, che
eathland communi ties was also investigated as a possible 1986) w,ith lit_
tuse of lake acidi fication in Galloway. Pollen analysis, a
iatom analysis and trace metal analysis of a dated lake Arzet and others ( 1986) found no evidence that changes in reí
diment core from a non-afforested catchment (Loch Enoch) vegetation were responsible for che recent acidification of Th' oi
ere compared. Recent lake acidification started in 1840 but four lakes in che FRG (see Table 1). The two Bavarian lakes che su
ere was little change in che proportions of pollen from che are situated in forest where the species composition has cat
irious species over che past 200 to 300 years. If che remained unchanged over centuries. Afforestation in che
duction in grazing were che cause of lake acidification an Black Forest (Baden-Württemberg) occurred from 1800, severa) -
crease in che most important heathland species, Calluna while che recent acidification trend in the lake studied started h
dgaris (a heather), should have taken place. Instead there about 30 years ago. Acidification in che Ltiuenberg lake c'
as a gradual decrease in heather species and an expansion began in about 1940, prior tó the start of afforestation after catchrn.
grass species, che result of a burning/grazing cycle che Second World War. Moreover, if forest growth were che ir,
mmon in the atea, indicating that a change in land use has responsible for acidification then organic ions should be che %ulpl
t caused soil acidification. Analysis of che trace metal predominant anions in runoff from che clearwater acidified org' n,c
ntent of che sediment showed an increased concentration of ateas of concern , whereas sulphate is usually the major anion che wat
id, zinc and copper in che lake sediment since about 1800 in [hese arcas (Sehindler, 1988). a d
tich could only be accounted for by atmospheric con
position . The atmospheri c contamination of the lake In North America, che rapid decline in pH of Big Moose observt -
iiment by trace meta ls was correlated with sedimen tary Lake in che Adirondacks , NY. USA, started in about 1950. sub. .
.dente of acidi fication sugges ting that, as [hese trace Disturbances of che catchment were not likely to be diff,
:tals from industrial emission were transponed to che lake, responsible, as the only disturbance which occurred at the rho ec
acidic pollutants could also have been deposited from che onset of the pH decline was che destruction of some crees by where t
iosphere (Battarbee and othe rs, 1985). wind, affecting only 25% of the catchment . Moreover. m 1

previous disturbances such as logging in che late 1800s and gre•
analysis of che change in water quality found in a early 1900s caused no apparent sizable shift in lake pH natural
_hment undergoing acidification by the change of (Charles , 1984). rem '

etation to an acidic peatland environment was studied by ordo

es and others ( 1986). They used a sediment core to study Similar conclusions were drawn from investigations of Big times g-

and Loch of Glenhead in Galloway right back co che Moose and two other lakes in che Adirondacks , NY, as pan uf
cation 1

t-glacial era . This was initially a non-afforested of che Paleoecological Investigas ion of Recent Lake
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Acidification (PIRLA) project (Charles and others , 1986). Field studies in Canadian waters showed that the ability of

JI
Ibero was no -record of fire or Jogging in che Upper Wallface organic matter to accept protons and thus buffer acidi ty
pond catchment These disturbances occurred in che Decp varied seasonally. While organic anions buffered acidity
laake catchment but che acidification t rend was not logically added as sulphuric acid during che summer months, during
related to che disturbance. Charles and others ( 1986) che rest of che year che hydrogen ion concentration varied
concluded that 'the mosi reasonable explanation for che with che sulphate ion concentration . Waters containing a
recen[ decrease in lakewater pH in che lakes is increased high concentration of organic anions are usually associated
aumospheric deposition of strong acids, though watershed with che drainage of•wetlands and appear to have a brown
(catchment) disturbance and natural acidification can also colour, while waters with a low concentration seem clear in

11 play minor roles.' normal conditions . In coloured streams, sulphate and organic
anion concentrations showed opposing seasonal cyclic

j
• Bartaibee ( 1984) concluded that 'despite some ambiguous parteros while negativo alkalini ty (or acidity) was nearly che
situations associated with land use changos , che weight of mitror image of sulphate concentration .. Organic anions,
evidence favours acid precipitation as che main cause of which could constitute up to 65% of che anions in summer,
tecent. acidifrcation in che lakes so far studied . Its effecthas were important con tributors to stream acidi ty seasonally. The
yet co be disproved at any cite and che temporal and spatial presence of organic matier could result in a pH value one
patterns-of acidifrcation within northwestern Europe , limited unit lower than that in equivalent clear waters. Duri ng che
though che data are, are consistent with such an hypothesis . summer months when sulphate concentrations were at their
in all cases che onset of acidification postdates about 1800, lowest, organic anions could mainta in elevated hydrogen ion
alter che developtnent of coa¡ as a major power source during concentrations (pH 4.2 to 4.5). However, che highest
che industrial ¡ovolution, and che later acidifrcation of hydrogen ion concentration (about pH 4.1) occurred when
Swedish and Finnish lakes may be associated with a postwar sulphate concentrations were highest and che organic anions
increase in emissions from oil combustion as_ well as a relatively low or declining (Kerekes and others, 1986a;
change in the pattern of emissions.' Gorham and others, 1986). Kerekes and others ( 1986a)

concluded that che atmospheric deposition of sulphuric acid
Krug and others ( 1985; Krug and Frink, 1983) suggested that increased che acidi ty of dilute , organic waters in Nova Scotia,
che buffe ring and solubility effects of organic matter Canada, particularly during che peri ods of high water
detetmined che alkalinity of sensitivo waters. They discharge from late autumn to spring.
acknowledged che present importance of strong acid

01 deposition in die acidification of some surface waters, but This has also been sean in Scandinavia. Brakke and others
argued that .additions of sulphu ric acid in min would increase ( 1987) assessed che relativo contributions of acidity
che flux of sulphate and decrease che flux of organic anions associated with weak acids (organic anions) and strong acids

tt with lituo or no measurable change in pH. This implies that (mainly from sulphates) to che acidi ty status of 94 moderately
a reduction in strong acid deposition would induce che . humic (coloured) lakes in two arcas of Norway. The two
release of soil humic acids in nearly equivalent amounts . arcas received precipi tation with differing acidity and
Ibis buffering mechanism is advanced as an explanation for amounts of sulphates , but che pairs of lakes in these arcas

tt che suggested `remarkably ' low rato of cation expon from located on granitic bedrock, were of similar size and had
catchments receiving substancial amounts of acidic similar rangos of concentration of base cations and total
deposition . Lazerte and Dillon (1984) used data from - organic carbon (TOC). The difference in sulphate
severa) catchments in Ontario , Canada, to evaluate che concentrations detemrined the difference in pH of lakes
hypothesis . Their results showed that organic acids did not having equivalent concentrations of base cations and TOC.
contri bute signifrcantly to che acidity of che studied TOC contributed some strong acids in each arca. Organ ic

( catchment, on an annual basis, but that sulphu ric acid was anions contributed signiftcantly to lakewater acidity at about
che primary source. The suggestion that a decrease in 4 to 5 mol/kg of TOC. While organic anions cont ributed to
wlpltate concentration would lead to an increase in che acidi ty, however, che high TOC lakes maintained a pH well
organic acid concentration rather than an increase in pH of aboye che levels toxic to che indigenous brown trout.

me tlk Water was evaluated on lakes in che Sudbury ama, where Although che coloured lakes in che ama receiving
a decrease in local S02 emissions has reduced lake sulphate precipitation with higher sulphate concentrations and lower
concentrations . No change in organic acid concentration was pH had sources of TOC in their catchment , che anion content
oh\erved here , while che pH of che lakes studied increased was dominated by sulphates as was che case with clearwater
Substantially. Studiesof three regions in Onta rio with acidic lakes in southem Norway. The organic acids made
different ratos of acidic deposition and soils of low pH humic lakes more sensitiva to acidic inputs from atmospheric
`h11wed that the flux of cations was greatest in che catchment deposition than clearwater lakes, for lakes with simil ar

tE "here che acidic deposition rato was highest . The cation flux concentrations of base cations. The higher values of strong
m che ;crea with che lowest deposition rate of strong acid was acidity in southem Norway correlated with higher excess
lreater than che input rato of strong acid , indicating that sulphate , because strong mineral acids were superimposed on
eatural processes controlled che cation flux here. The organ ic cont ri butions to acidity.
'emaining catchment had a strong acid deposition rato of an
''rdrr of magnitude greater while che cation flux was 2 to 3.5 This does not mean that all lakes with a low pH have

l
%
greater. The authors concluded that, in acidic soils. reached that state by means of acidic deposition. However,

`ation flux is increased as a result of atmospheric deposition acidification has been shown to occur in arcas without�.f `crong acids. concomitan t land use changos and organic anions are not a
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majdr cause yr thcse cases, acidic deposition must be sulphate is the dominant anion in acidified clearwater lakes.
considcred a$ a likely cause of observed aurface water The effec(s of reductions in the deposition of sulphates 14
acidification. Nono of (hese data provide a firm conclusion and of nitrare deposition on water chemistry are aleo 1 -
as to the rat¿ of chemical change in surface waters. considered.
Galloway and others (1984) drew two conclusions from an
extensivo review of work on alternaie explánations of surface To assess the impact of acidic deposition it is necessary to r _
water acidification . Fustly, that acidification of clear surface measure the total input, that is both wet and dry deposition.
waters . peor in nutrients, to pH values below 5 occurs only Measurements of wet deposition only, which are taken to
in regions recciving acidic deposition , and regional investigate the composition of precipitation, are inadequate !C'
acidification only oecurs where acidic deposition is present. for assessing impacts because total deposition is
Secondly, regional surface water acidification occurs without underestimated not only near emissions' sources but also in
land use changos in arcas reeeiving acidic deposition . In remoto arcas. Bulk deposition measurements collect wet
addition, there is no body of data available which indicates deposition and an undefined portion of the dry deposition
consistent decreases, of such magnitudes and at such ratos, in and so, although not perfect, they are more useful for
alkalinity orpH of surface waters at otherwise undisturbed chemical budget calculations (han measurements of wet
sites not recciving acidic deposition. The logical conclusion deposition alone. Calibrated lakes or catchments are (hose
is that acidic deposition (either remoto or local in origin) has for which the input and output ratos of substances are
caused acidi fication of soma surface waters. Furthermo re, it measured and can be used to infer dry or total deposition of
is reasonable to conclude that other surface waters of similar acidic substances. Both anions and cations in atmospheric
sensitivíty that receive similar levels of acidic deposition deposition should be measured to enable calculations of the E x
have become orare now being acidified. net loss of base cations from the catchment. In addition, the

effects of the acidifying ions are partially dependent on the
2.3 Relationships between chemical ratos of deposition of accompanying neutralising cations

Chango and atftlospheric
(Federal/Provincial Research and Monitoring Coordinating

deposition
Committee, Canada, 1986; Galloway and others, 1984).

The most importan( ion in deposition which are associated
Evidente of changos in the chemical characteristics of some with acidification are hydrogen (or negativo alkalinity),
aquatic systems over-the past eentury was presented in sulphate, nitrate and ammonium. The meastrement of only
Section 2.1. Only a small proportion of (hose data can free acid (hydrogen ions, often given in pH units) is at -
indicate whether acidic deposition cotild be the cause of inadequate for assessing the impact .of acidic deposition since
(hese changés- sinee not enough information is available for Chis ignores the contribution to base neutralising capacity
analysis: This section will consider whether changos in (BNC) from substances such as the ammonium ion which m -
aquatic chemistry could be caused by the. deposition of can provide 25-50% of the input of acid relativo to hydrogen
atmospherically transported material. The levels of major ion deposition. lile reactions of sulphur and nitrogen
ions found in sensitiva catchments and the importante of compounds in the soil are discussed in Acldic deposition -
various ions for acidification are considered. The ecological effects on soils andforests (Hartar, 1989) but 11
relationship .of sulphates in surface water to atmospheric generally nitrogen compounds are retained in the ecosystern,
deposition of sulphate is discussed , including evidence that although possibly with significant interna¡ production of

Si
Table 2 Average pH and concentrations (mg/L) of major constitutents In runoff from calibrated catchments In Norway,

Sweden and North America (Hultberg , 1985a)

Element ' Storgama Birkenes L G3rdsj8n Hdlsingland Hubbard ELA Muskoka- Sudbu it
Norway Norway SW Sweden Central Brtwk ltawson Lake Halibutton Ganada

Sweden NH, USA Canada Canada

pH 43 4-5 4.2 4.7 4.9 5.5 5. 1 4.7 tl'
Cae` 0.8 1.3 1 á 2.3 1.7 2.2 6.6 5.7
Mg2` 0.2 0-5 1 .4 0.6 0.4 0.8 1.7 1.3
K' .0.3 0.3 0.6 0.35 0.2 . 0.4 0.6 03 T -
Na' 0.8 2.8 6.5 1 .8 0.9 1.3 1.2 2.1
Al,oc 0. 16 0.63 0.71 0.32 0.23 - 0.17 0.32
Fe - 0.40 - 0.37 0.60 0.60
Mn - - 0.051 - - - 0.068 0.14 el
NH4+-N <0.07 <0.07 0.03 0.03 0.03 - 0.05 0.06 �-
CI' 1.0 4.4 11.0 1.3 0.5 0.3 1.1 5.7
S04 2•-S 1.3 2.4 . 3.8 1.9 2. 1 1.1 3.9 5.7
N03.-N 0. 19 0.098 0.046 0.05 0.44 -0.14 0.038
DOC - - 10 .0 15.0 0.3-2.0
Alk' <0.0 <0.0 <0.0 <0.0 0.96 3.7 8 .0 <0.0

Alkalinity as mg/r. HCO3' d.
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13 che ratios of base cations lo sulphate. This indicates that an5.5 • increased concentration of sulphate can acidify che runoff
• 00 water where base cation release or sulphur reten tion cannot

t t • t2 absorb the increased input. As pH decreases in runoff water
5.0 (•) (o .

e
the aluminium concentration increases , but chis has little
effect on runoff pH although it can adversely affect che biota.6

4.5 nj 8
Cae' The relationship between atmospheric deposition of sulphates

3 S0a2- and surface water sulphate concentration is shown by plott ing

4.0 1 2• 2- che mean and range of excess sulphate exponed from
3 o C2 catchments across eastem North America on an

SOa approximately west lo east axis that transects che region of

0.5 t.0 1.5 2 .0 2.5 considerable atmospheric deposition of sulphate . Figure 2
2. 2• illustrates this, together with the wet deposition of excess

Ca (Mg) sulphate at each location and estimated total (wet plus dry)
SO42 deposition of sulphate at four monitoring stations. There is af Sites 1 . to 3 - Lake GSrdsjón . SW Sweden

4 • Birkenes. Norway F-+--t Basin yield - mean and range . Figures show che
5 • Storgamma. Norway numbers of samples and figures in brackets show

Ji 6 and 7 - Langtjern , Norway the number of lakes
8 to 10 - "Halsingland . central Sweden '---• - -1 Estirnated atmospheric excess sulphate deposition
11 - Hubbard Brook. NH. USA and range of estimated wet deposition
12 - Muskoka- Halibunon, Canada i ------------- . Wet plus dry sulphate deposition

Ji 13 - ELA ( Rawson Lake tributary). Canada
Labrador ~-,

Figure 1 Linear regressions between runoff pH versus 13
ratios of excess base cations ( calcium and Newfoundland
magnesium) and excess sulphate "m _ Island 65calibrated catchments in countries of the
northem hemisphere (Hult )erg. 1985a) Halifax 1 ;

New --_---
Brunswick 0i -__ -

acidity. Sulphates tend lo pass through to che aquatic system,
although sulphate adsorption takes place in some soils, Laflamme

23
mainly those which have not undergone glaciation . Thus in Mauricie - _ _ - -- _-,-;
many systems a sulphate balance is achieved; within che 129 (22)
limits of error in che measurement of dry deposition , the Adirondacks
amount of sulphate enteri ng in deposition is approximately 361(3)
equal to che amount leaving the catchment N of Ottawa
( Federal/Provincial Research and Monitoring Coordinating 12
Committee , Canada , 1986; Galloway and others, 1984). Algonquin

Halibunon 1-"-
Sulphur in undisturbed surface waters can come only from 9
the weathering of sulphur bearing minerals or atmosphe ric Sudbury
deposition . Where sulphur compounds are not available in 26
bedrock, atmospheri c deposition is the primary source. This Algoma

;j is especially trae in areas of granite . bedrock with [hin soils 230 (5)

ww , hich have no reactive sulphur sources but w.hich recetive Thunder Bay
30

acidic deposition . In these areas , sulphate can still become
che -dominant ion in 1ow alkalinity waters (Galloway and Quetico ~ t o

others, 1984). ELA
12

The mean concentrations of che major constituents in runoff 0 25 50 75 100
from seve,ral calibrated catchments lying on granite terrain , Excess sulphate, mmoVm2 y
and therefo re sensitive , in Europe and North Ameri ca are

j
shown in Table 2. The range in concentration of each Figure 2 Mean and range of basin specificyield of excess
element is less [han tenfold between the studies and the sulphate compared with estimated excess

ammonium - range is only twofold. However, differences sulphate deposition in precipitation for 1980
and the range of estimated wet deposition for

"[and out for pH, calcium , magnesium, total aluminium , 1977 to 1980 from the CANSAD precipitation
\ulphate and nitrate ions. Hultberg ( 1985a ) used these data network The wet plus dry deposition of
lo calculáte che ratio of excess , or non-mariné, calcium to sulphate data are calculated from 1980
excess sulphale and che sum of excess calcium and measurements of sulphur oxides in air at four

APN stations. Data are shown on anm gnesium lo excess, sulphate . Linear regressions of [hese approximate ly west to east axis
data with weighted -average runoff pH, shown in Figure 1, (US'Canada Mernorandum of Intent . Work Group 1.
_give high correlations betweeri pH in che runoff water and. 1983)
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clear positive relationship between excess sulphate deposition higlíconcentrations of sulphates . Similarly those arcas
and sulphate in the runoff water. In the arcas of highest recciving precipitation with 1ow concentrations of sulphates,
deposition , however, sulphate expon exceeds deposition , such as the Rocky Mountains, Colorado, Labrador and
probably due lo dry deposition of sulphur compounds, which northern Quebec, have surface waters with low r
tends to be underestimated in many deposi tion concentrations of sulphates . If data from these latter ateas
measurements. `Me agreement between catchment sulphate are used as a baseline for North America, the estimated
yields and measu red wet and d ry deposition is extremely background sulphate concentration in North American lakes
good , showing that dry deposition is greatest near the centre is 10 lo 20 µmol/L. Lakes in castem North America
of the continental pollution plume downwind of industrial receiving acidic deposition , by contrast, have sulphate
sources and is less important in remote arcas . This good concentrations of 50 lo 84 µmol/L. This suggests that about
agreement also indicates that most of the sulphate in these 40 lo 60 }tmol/L of sulphate (average of 50 µmol/L) is
lakes comes from atmosphe ric deposition and that there is derived from atmosphe ric deposition due to human activi ties.
little retention of sulphate in their catchments '(Thompson and This applies lo a large region of castern North America,
Hutton. 1985; US/Canada Memorandum of Intent Work including some arcas distant from sources of sulphur C

Group 1, 1983). emissions . Aquatic systems in arcas closer lo sources of
sulphur emissions will have larger increases in sulphate

The dependence of surface water sulphate concentrations in concentrations (Galloway and others, 1984).
North America on atmospheric deposition of sulphate is algo
shown by the statistically significant correlation between Dupont and Grimard (1986) also found a statistically
sulphate in surface water and sulphate concentrations in significant rela tionship between both lake and precipitation
precipitation over a wide range of concentrations , as sulphate concentrations and atmospheric sulphates and
illustrated in Figure 3 . Southeastem Canada and the precipitation acidity in a survey of 1091 lakes in Quebec.
northeastem USA receive precipitation with a high The spatial distribution of lakes in •four sulphate R.
coñcentration of sulphates and they have surface waters with concentration classes was_ mapped with the weighted mean

sulphate concentration in precipitation for two years. The
East Ontario • general pattern showed a strong decreasing gradient from the

90- southwest to the northeast , similar to the one observed for
sulphate in precipitation . Lake sulphate concentrations were
highly cotrelated with precipitation sulphate concentrations

80 Connecticut when lakes with Q00 tmol/L of alkalinity were considered. F-`

There is a declining gradient of wet sulphate deposition from
70- Laurentian south to north in Nova Scotia with the highest values being

Adirondacks • Mountains in the south, except for a localised increase around
• metropolitan Halifax due to local emissions (Kerekes and

60- others, 1986b). Atmospheric deposition of excess sulphate
Maine • • Nova Scotia and nitrate-nitrogen for 1977 lo 1980 in the southwest of the -

Florida • province averaged 0.24 and 0.21 kmol/ha y respectively
• New Hampshire compared with 0. 19 and 0 . 13 kmol/ha y respectively for the50

northeastem third of Nova Scotia. Precipitation pH increased
from 4S lo 4.8 from southwest to northeast along the same
axis. Sulphate deposition in Halifax for 1982 was

Ñ 40- West On•rió 0.44 kmol/ha y, while retrate-nitrogen deposition was
0.15 kmol/ha y. That was equivalent lo loadings of

1• Kereke 42 kg/ha y of sulphate and 2 . 1 kg/ha y of nitrate-nitrogen
30 Labrador (Underwood and others, 1987). Sulphate in Nova Scotia was

predominantly deposited as sulphu ric acid rather than the

• Newfoundland ammonium sulphate characteri stic of general continental
20- •Quebec precipitation (Ogden, 1982). A study of over 80 wetlands

and lakes in the province showed that excess sulphate• Rocky mountains concentrations ranged from 22.5 pmol/L in the south, about
10 • Labrador 15 itmol/L further north in the Kejimkujik arca and <8.5

tmol/L in the northem arcas with values >42.5 ltmol/L in the . !�
Halifax arca, reflecting the atmospheric deposition pattem of )f
sulphate ( Kerekes and othe rs , 1986b). Although precipitation

10 20 30 40 50 and lake water chemistry in Nova Scotia is dominated by
SO42 precipitation, NmoVl. chloride from sea salt , correction for marine influence shows ,rs

that the dominant anion in both precipitation and lake water _
Figure 3 Mean concentration of excess sulphate for 15 is sulphate ( Underwood and others , 1987; Ogden, 1982).

lake groups in North America and mean excess
sulphate concentration in wet deposition at Neary and Dillon (1988 ) compared the chemical attributes of Fnfnearbytionmonitoringstations (Galloway

1168 soft water lakes in Ontario in zones of different leveisand othersers, 1984)
L
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of sulphate deposition. The resulta showed that the partem of <200 µmol/L across five classes of sulphate (A, B) and
sing sulphate deposition from norhh to south in Ontario organic anion (C,D) for three regions of eastem Canadairle

results in a. corresponding pattern of increasing lake sulphate (A,C) and the northeastem USA (B.D). Within each sulphate
1 concentration and decreasing lake alkalinity concentration or organic anion class, the proportion of lakes characterised

and pH . The presence of organic acids did not explain these by each of the four ANC concentration classes are given.

J
patterns . The leveis of pH and alkalinity were highest where Sub-regions are atranged , within region for Canada, in order
organic anion concentrations were highest . of decreasing median concentration of sulphate or organic

anion. The geographic differences in median sulphate
Urge scale surveys have recently been carried out in North concentration in lakes in eastem Canada follow the general
America with the objective of assessing the water quality of gradient of increasing sulphate deposi tion . The shift in
a representative sample of lakes (>4 ha and 52000 ha in distribu tion of sulphate concentration towards higher quintals
surface anea) and determining which relationships in water in arcas of higher deposition is apparent in Figure 4A. TheJI chemistry are regional in nature (Jeffries and others, 1986; highest percen tages of acidic lakes in the northeastem USA
Linthurst and others, 1986a . b). Frequency dist ri bution were also associated with arcas receiving the highest sulphate
statistics were obtained for pH, ANC, sulphate and organic deposition. Figures 4A and 4B do not show a simple

JI
anion -(A-) concentrations . The Canadian regions surveyed relationship between the distri bution of ANC concentrations
were Ontario, divided into northwestern (NW ONT), and lake sulphate concentrations, and therefore sulphate
nort heastern (NE ONT)- and south-central (SC ONT) deposition. Pattems of atmospheric deposition alone are not
sub-regions-, Quebec (QUE) and Labrador (LAB); and the enough to explain fully the distribution of acidic waters, it is
Maritime region, comprising Newfoundland (NF), Nova necessary also to consider biogeochemical factors related to
Scotia (NS) and New Brunswick (NB). The US Eastem the lake catchments themselves to determine if there is a
lake Survey covered the northeastem states, the upper stronger relationship between ANC and sulphate
midwest and the southeast of the USA. Only the resulta concentrations (Jeffries and others, 1986; Linthurst and
from the-northeastem states will be considered here since this others , 1986a, b).
is the area where acidic deposition is most significant. The
northeast. was divided into the following sub-regions : The role of natural organic anions in acidification can be

>. t Adirondacks (lA), Poconos/Catskills (1B), central New examined in Figures 4C and 4D. The majority of lakes with
England ( 1C), southem New England (ID) and Maine (lE). negative ANC (acidic lakes) were found in the lowest

organic anion class. Low ANC waters were found across all
Figure 4 shows the distribu tion of lakes with ANC classes of organic anion concentration . In general, no

A Eastern Carrada C Eastem Cenad.
Onceno Guebe>clabrado Mantienes Ontario Guebeatabrador Mantienes
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for eastem Carrada (A.C) and the noctheastem USA (B, D) (Jeffries and others. 1986: Linthurst and others. 1986)
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0 5
that temperate North American lakes of chis size are
not acidic in the absence of sulphate from human
activities.

10

The replacement of lake alkalinity by sulphate causes
0.6 0 6 decreased ratios of alkalinity to the sum of calcium plus

5 2 20 magnesium ion concentration and increased ratios of sulpha
lo calcium plus magnesium ion concentration. Brakke and

6 others ( 1988), using che US Eastem Lake Survey data , found
that che ratio of alkalinity lo calcium plus magnesium ion

10
concentration changed with longitude across che northeasten

0. USA. From the Adirondacks lo Maine, the ratio increased
®<0.2 the deposition of hydrogen ion decreased. This indicates that
®0.2-0.6 bicarbonate ions have been replaced by sulphate in lakes in20 =-0.6 arcas receiving high deposition of acids, and lakes with low �•

concentrations of base cations have become acidic. Figure 5
Figure 5 The average ratio of alkalinity lo calcium and shows the average ratio of alkalinity lo calcium plus

magnesium ion eoneentration in sensitiva lakes magnesium ion concentration in sensitive lakes ofof northeastem North America, with isolines
showing the cate of sulphate deposition northeastem North America, with che cate of sulphate
(kg/ha y). Values were corrected for sea sah where deposition superimposed. The data are taken from about
appropriate (Schindler. 1988) 8000 Canadian lakes and che US Eastem Lake Survey. The

average ratio in lakes of pristine arcas usually ranges from
relationship between increasing organic anion concentration 0.6 to 1.1. Average values for sensitive lakes in arcas with
and decreasing ÁNC concentration was found in either highly acidic deposition are less than 0.2, while in individual
Canada or che USA. In fact. with increasing organic anion lakes, zero or even negative values can occur. This figure
concentration, ANC tended to increase - che opposite of what shows that a clear relationship between che rafe of sulphate r-r
would be found if organic anions were primarily responsable deposition and the ratio of alkalinity to che sum of calcium r
for lake acidification. This is in fine with che findings of plus magnesium ion concentration exists for Chis area of
Kerekes and others (1986a) and Gorham and others (1986), North America (Schindler, 1988).
discussed. in Section 2.2, that while the presence of organic s1
acids in streamwaters in Nova Scotia could result in a pH Increases in che nitrate concentration of surface waters have
value 1 unit lower than that in comparable clear waters. ahe been leen in Scandinavia. In che River Mbrrusdn in southem
observed pH declines below this leve¡ were due to che Sweden, with 90% of che catchment area forested, ahe
presence of sulphates from atmospheric deposition. If the nitrate-nitrogen concentration increased from <100 µg/L in
sensitivity of Canadian and eastern US lakes is compared, the 1965 to 300 µg/L in 1985. A similar increase was leen in
percentage of low pH and low ANC lakes in che eastern USA lakes in southem Sweden not affected by agricultura¡ or t -
is far lower than in Canada. Excluding northeastem Ontario forestry fertilisers. During che last 10 to 20 years the nitrare
and northwestern Ontario, 83% lo 99% of the Canadian lakes concentration in water systems increased by 50-100%
had ANC <200 itmol/I., median ANCs ranged from (Dickson . 1986). Figure 6 shows that in forest arcas that
0 lo 63 jimol/L. Lakes in che north eastem USA were less experienced low deposition of nitrogen and sulphur, che
sensitive; 39% lo 71% of lakes had ANC <200 µmol/L and nitrare concentration in runoff water was low, �•
median ANCs ranged from 112 lo 297 gmol/L. This is <0.05 kmol/ha y. High concentrations in runoff occurred
because much of eastern Canada is underlain by the when the wet deposition rete exceeded 1.5 kmol/ha y. High r
Precambrian Shield - non-calcareous bedrock which provides nitrogen runoff retes were associated with high sulphate `�
little ANC - while the. eastem USA has deeper soils, deeper leaching retes (Andersen, 1986).
glacial tills and a smaller ae ri al extent of igneous bedrock 1
(Jeffries and others , 1986; Linthurst and othe rs , 1986a, b). 2.3 .1 Effects of decreased emissions J

These lake survey data for the USA were analysed by Another link between aquatic systems and atmospheric
Sullivan and others (1988). They found that median lake deposition has been seen in Europe. Sulphur emissions have `ve
sulphate concentrations in che western, upper midwestern and decreased by about 20% in Europa since 1970, while local
northeastem USA and Florida cotrelated highly with emissions in Sweden have reduced by about 60%. As a
estimated wet deposition . A statistically significant consequence, the concentration of sulphate in precipitation
negative relationship was found between lake sulphate has reduced by about 20% in southem Scandinavia lince the •°
concentration and ANC in lakes with low base cation early 1970s. Since che average amount of precipitation did
concentrations, suggesting that acidic deposition has depleted not change signifcantly over che period, then the wet
ANC in this type of lake. The data suggest that acidic lakes deposition of sulphate also decreased by about 20%. Over
>4 ha in surface area are generally not found in arcas the same period che concentration of nitrate in precipitation
receiving low levels of sulphate deposition. The authors increased by about 34%. Sulphate concentrations of lake . _-
conclude that most acidic lakes in che northeastem USA are waters in westem Sweden reached a maximum during che
currently acidic because of high sulphate relative lo base middle 1970s of 135 lo 145 µmol/L, accompanied by pH
cation concentrations rather than from organic acids and values of 4.4 lo 4.5. In 1977 chis trend reversed and a
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roof and clean precipitation was applied beneath the roof.
Runoff of sulphur, kmoVha y Treatment began in winter 1984 at Sogndal and summer
o 0-0.37
0 0.375-0.74 1984 at Risdalsheia.

1.5 o 0.75-1.49
1.5-2.99 After 4 years of treatment, acid addition at Sogndal has

2

�>3.0
v caused major changes in runoff chemistry, including
o aluminium-rich runoff and recovery between episodes.

Sulphate concentrations have increased from -10 lo
ú 1 12.5 µmol/L to 25 lo 28.5 µmol/L at the sulphuric acid only
y ° a site and 17.5 to 22.5 µmo1/L at the sulphu ric plus nitric acid

site . Addition of nitric acid caused only minor increases of
nitrate in runoff. The increased sulphate concentrations were

a about 50% compensated by increased concentrations of base
cations (mainly calcium and magnesium) and about 50% by
decreased alkalini ty. Chronic acidification of runoff was
seen in the thírd and fou rth years of treatment, lo leveis toxic

o ° to fish , caused enti rely by addition of acids at levels typical
lo��-

00 of atmospheric deposition in southem Norway (Wright and
tt 0 0.5 1 1 . 5 others, 1988).

Wet deposition of nitrogen, kmoVha y

The exclusion of acidic deposition at Risdalsheia in southern
Figure 6 Impacu of wet depositionion of inorganic nitrogen

Norway has resulted in lower concentrations of ni trate (fromcompounds and total deposition of sulphate on
the leaching losses of nitrogen from catchments. 35 lo 7 µmol/L) and sulphate (from 55 to 26.5 µmol/L) in
in coniferous forests in north and central Europe runoff. The decline in strong acid anions was compensated
,(Andersen. 1986) for partly by an increase in alkalinity (45%) and partly by a

reduction in sulphate concentration of 20 to 50 µmol/L was decrease in base cationconcentratíons (55%). The
round in some surface waters, amounting generally to a 20% input-output b ddgets show that acid exclusion has reve rsed
decrease aithough reductions of up lo 50% were seen in soil acidification and runoff has begun lo recover lo the
some systems. There was a reduction in che acidity of two pre-acidification chemical composítion (Wright and others ,
lakes by about 47%, which corresponded lo an increase in 1988).
pl1 of 0.3 to 0.4 units from 4.4 to 4.7 and 4.6 to 5 .
respectively. '[itere was a statistically significant relationship In the UK there has been a roughly 40% decline in nacional

j
bctween sulphate and hydrogen ion concentration during both 502 emissions since the maximum in 1970 and reductions in
che acidifrcation arid deacidification phases. However, a both the concentration of excess sulphate in precipitadon and
hysteresis effect occurred between the pitases so that when che wet deposition of sulphate have been recorded in
.thc sulphate concentrations decreased lo previous levels , Scotland since the míd-1970s. Daatom analysis of sediment
hydrogen ion concentrations were higher (han during' the cores taken from two acidified lakes in Galloway,
preceding acidification phase. This effect has been seen in southwestem Scotland, between 1981 and 1986 show a trend

J

several lakes of western Sweden . This hysteresis may be due towards progressively decreasing acidi ty at both cites. Water
lo acidity produced by.increased emissions of nitrogen oxides chemistry records show that there have been statistically
in che intervening years . During the deacidification phase the significant decreases in both proton and sulphate
xulphate concentration seemed to be losing parí of the central concentrations since 1978 . In Loch Enoch , decreases in

J
role in stee ring the ionic composition of these lakes that it mean proton concentration of 16 µmol/L (0.22 pH units) and
exttibited during the acidification phase , suggesting that in mean sulphate concentration of 12.5 µmol/L were seen,
rcductions in sulphate emissions alone may not be sufficient while decreases of 5 smol/L in mean proton concen tration

J

lo redore lakes lo their former state (Forsberg and Morling, and 13 .5 µmol/L in mean sulphate concentration occurred in
1987: Forsberg and others, 1985; Rodhe and Granat, 1984). Round Loch of Glenhead . The diatom data from che lakes
llte rapid response to reduced sulphate concentrations seen show that acidification stopped in che mid-1970s at both cites
ín (hese lakes may be explained by.the mechanism , based on and that a small improvement in water quality has taken
I-lil-mediated processes , proposed by Reuss and Johnson place since 1980. This trend towards decreasing
(1986. 1985 ) and described in Acidic deposition - ecological acidification has also been observed at a nearby loch and at
"i �'c ts on soils and forests (Harter, 1989). several sites with moorland catchments in other parís of

Scotland. This suggests that a delay of only about ten years
I'ruject RAIN (Reversing Acidification In Norway ) occurred in che response of Galloway lakes to a decrease in
cI't»prises two parallel large -scale manipulations in which the acidic deposition . The diatom data do not show a
=hcnti+try of precipitation is experimentally changed over hysteresis effect such as was seen in the aboye Swedish
lradwater catchments to investigate consequent changes in studies (Battarbee and others, 1988b). Modelling results
u�x�ff chemistry. At Sogndal in western Notway, two simulating long-term changes in che acidity of Scottish lakes
.)ristine catchments were artificially acidified by addition of and streams also indicare a recovery in some catchments in
'•ulphu ric acid at one sise and sulphuric plus nitric acid at che che 1980s , which corresponds with ibis trend in the

a +'ther. At Risdalsheía in southern Norway, ambient acidic diatom data ( Neal and others, 1988) as will be seen in
1 recipitation was excluded from in acidified catchment by a Section 2.4.
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Table 3 Excess sulphate ylelds and median pHs of rivers In Nova Scotia and Newfoun - land (Thompson, 1987)

Watershed expon of sulphates Chango in Median pHs of rivers
(kg/ha y) sulphate

expon
1971-1973 1982-1984 % 1971-1973 1982-1984

Nova Scotia 1-
su^.,

Meteghan 49.9 19.4 -61 5.5 5.8
Kellay 39.0 18.3 -53 5.65 6.0 lé
Wallace 41.4 21.9 -47 6.5 6.7 2.74
Tusket 35.7 20.9 -41 4.6 4.7
Roseway 35.8 15.7 -56 4.4 4.5 JG
Mersey GL 30.2 15.3 -49 4.8 5.0 clo:_.
Mersey MF 29.0 15.5 -46 4.85 4.9 S.8 i
Medway 30.9 16.7 -46 5.0 5.6 1
La Have 37.9 21.2 -44 5.8 6.0
Liscomb 373 22.8 -39 4.8 5.05 init¡,
St Mary's 36.7 19.8 -46 5.9 6.1
Clam Harbour 45.3 34.1 -25 6.3 6.4

Average change for arca -46
artd-
Ice.,

Newfoundland
..J

Harrys 40.8 26.5 -35 7.7 7.8 emis

Exploits 17.3 19.4 +11 6.3 6.4
Torrent 46.5 24.3 -48 6.9 7.0
Pipers Hole 17.4 7.6 -56 6.2 6.3 A lar`
Indian Brook 18 .6 5.7 -69 6.6 6.7 t
Isle aux Morts 48.5 26.7 -45 5.5 6.1
Garnish 30.1 13.9 -54 6.1 6.3 s�
Rocky 30.9 9.2 -70 6. 1 6.4 dam

Average change for ares -46 c
in pi_

A similar state of affairs is seen in Canada where surface distant sources . However, surface waters near Sudbury do
water quality has improved after reductions in emissions of seem to be showing similar patterns of response to those seen evtdt _
S02. Table 3 shows changes in the sulphate yields from in Europe in more typical ecosystems. lt seems likely then w tes
catchments in Nova Scotia and Newfoundland. From the that the improvement in water quality nearr Sudbury, tied to h
early 1970s to the early 1980s the sulphate expon from the reductions of local emissions of S02, does have some 1 L _
catchments declined by nearly 50%. Atmospheric models validity for the more lightly- impacted ecosystems , although su lpl
Nave calculated an expected reduction in sulphur deposition the time-frame may be different. S
of 20% to 25%. The agreement is satisfactory considering h
the expected error in model calculations and in the Water qualiry has improvéd in the Sudbury arca following st:uis -
measurements . The areal pattem of excess sulphate yield S02 emission reductions by the two largest smelters , of 70%
of rivers on the Island of Newfoundland was in accordance and 75%, during the 1970s. Nearby Clearwater Lake has Ir
with the known panera of precipitation across the island. been monitored continuously since 1973. During the period
Median pH values in the early 1980s were generally higher 1973 to 1977, the sulphate concentration averaged d

[han in the early 1970s. except for those rivers dominated by 272.5 .tmol/L. As can be seen in Figure 7, the sulphate
orz-. nic acids . The largest decreases in acidity were seen concentration in the lake declined and by 1984 had reached
for ¡he ri vers with pH values in the range 5 to 5.5 in 185 pmol/L, a drop of 32%. Between 1973 and 1977 the
the early 1970s (Thompson, 1987; Martin and Brydges, average pH of Clearwater Lake was 4.23. In 1984 the mean
1986). pH was 4.61 giving a relative change in hydrogen ionc

activity of 59% over about 7 years. The estimated
Surface waters in the Sudbury anea of Canada are atypical of contribution of organic acids was too small (2 to 3 limo¡/L)
¡he aquatic systems suffering acidification , because of the to affect pH appreciably. The total aluminium concentration
extremely high loadings of acidic deposition and largo of the lake. which averaged 430 µg/L in 1973 to 1977,
atmospheric inputs of heavy metais from local smelter dropped to 190 tg/L by 1982 to 1984. The four other lakes
operations. It has been suggested that therefore the responses siudied also showed a rapid decrease in sulphate
observed in Sudbury lakes cannot be directly extrapolated for concentration after SO2 emissions reduced and the pH of the F
predictions of responses of lakes in other regions where lakes which had not been limed increased as sulphate
lower concentrations of acidic deposition were received from decreased ( Dillon and others , 1986).
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1 .¡he water chemistfY of severa) lakes near Sudbury has been streams in the Killamey arca , located about 50 km southwest

studied oveí- 16 years from 1968 lo 1984 . In 1972 the of Sudbu ry, where lake acidification is widespread.
Coniston smelter was closed and a 381 m chimney was Monitoring data showed that these streams were subject to

1 brought finto operation at the Copper Cliff smelter about annual depressions in pH coinciding with snowmelt and high

12 km away. This drastically reduced the local sulphate spring runoff, as is the common pattern. However, the

ji

deposition around Coniston b about 75%, from a mean severity of springtime pH decreases appeared generally
)bda 1970 lo reducd in 181 and 1979 and310 mg/m2lpé

30day
mglm per ThepHof

1980emost
in compson

sin atmospheric310 mg/ P Ys (8k€�
ay
Y Y P Y refle g chaoge Pherir

bulk deposition du ring the summer months increased from deposition (Keller and Pitblado , 1986; Keller and others,
2.74 lo 3.4 in 1970 to 3.3 lo 3.75 in 1977 and by 1984 the 1986).
average pH of rainfall was 4.28, simil ar lo that in the general

Sudbury region (pH 427). In one extremely acidic lake A workshop on the reversibility of acidification of surface
Glose to the smelter, the pH increased from 4.05 in 1972 lo waters set up under the auspices of ¡he Commission of the
5.8 in 1984. Sulphate concentrations du ring the same period European Communities reviewed a range of experimental
of 12 years dropped by 50%, despite continuing erosion'and approaches and field studies . They concluded, based on
leaching of soluble sulphate from the catchment. In another available observations and supported by modellfng work,

_ initially less acidic lake nearby, sulphate concentrations - that aquatic ecosystems will recover from acidification once
decreased by 65% sine 1970 and there is a trend towards acidifying deposition is removed. A rettun lo pre -industrial
increasing pH - although less dramatic than in the more precipitation composition would have benefits in
acidic lake . Lake recovery was rapid and substantial in both improved water quality within a decade (Tollan and others,
lakes once S02 emissions decreased and the rate of recovery 1987).
was more rapid than had previously been anticipated. The
recovery in pH took place solely due lo declines in SO2
cmissions. Reductions in ni trogen oxide emissions were not
a factor (Hutchinson and Havas , 1986).

A larger scale survey was carried out in the summers of 1981
to 1983 to re-sample 209 lakes within about a 250 km radius
of Sudbury,- first sampled in 1974 lo 1976. The original
study identified a large zone of low pH (<5.5) lakes, with.61
damaged fish populations , extending northeast-southwest of
Sudbury, occupying an arca of about 530,000 ha and
containing a lake surface arca of about 65 ,000 ha. Increases
in pH from the 1970s occurred in the more acidic lakes,
which tended to be located relatively close (within about
100 km) to Sudbury. No consistent pattem of change was
evident for the near-neutral lakes, a large proportion of which
were faz removed from Sudbury. On average, the decrease in
hydrogen ion concentration in lakes with pH <SS in the
1970s1 1 survey was about 50%. Elevated concentrations of
sulphates (>100 gmol/L) were found up to >100 km from
Sudbury in the 1970s and substantial reductions in sulphates

1 liad occurred up lo the date of the 1983 survey..A
\tatistically significant relationship was found between
�tccreases in lakewater sulphate concentrations and distante
reno the Sudbury smelters . Data are also available for four

300 5.0

250
sulphate

4.8

200
4.6

150
4.4

5 p PF1 4.2k!100.
0

73 75 77 79 81 83 85
4.0

Year

Fi,lure 7 Sulphate concentration (pmoVL) and pH in
Clearwater Lake 1973 lo 1985. as whole-lake
annual averages ( Dillon and others. 1 986)
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Chapter 4

SOIL CONSTITUENTS

1. INTRODUCTION

Quantitatively . trace elements are negligible chemical constituents uf soils. bu¡ are essential i
as micronutrients for plants . The ftrst publications on trace elements viere devoted to plan

a nutrition problems. Further . it was recognized Ihat ¡he behavior of trace elements in ¡he soil
differt widely for both che elemcnt and Ihe soil and that tbese differences should he undersuwxl
better for Ihe prediction and effective management of ¡he trace clcnicnt status of soils.
Although trace elements are mainly inherited from Ihe parent rocks . theirdisirihution within
Ihe soil profiles and Iheir panitioning between Ihe %oil corponents refleci various pedogenic
processcs as well es Ihe impaa ofesternal factors (e.g.. agricuhural practices. pollutiun).

Trace element associations with Ihe part icular soil phase and soil componen appear to
be fundamental indefining Iheir behavior . The trace element composition of soils is relatively
well established (Figure 7). afthough there are still diversities in analytical reculas , especially
in the measuremenis of very small quantities . Currently . itere is also a grcat deal of work
ora the distribution o( these elements among soil components . One musa realizo . however.
that •present•day techniques for soil fractionation are quite drastic and cannot pruvije very
comparative and representativa rcsults . Knowledge of Ihe behavior and rcactions of separata
soil components with trace elements , althuugh fundamental . should not be rclated Jirectl)
lo oven)! soil propenies . and greal caution is needed in using severa ) thenretical noJels lot
predicting Ihe behavior of trace elements in soils.

II. MINERALS

The minera l constituents of soils inhe ri ted from ¡he paren rocks Nave been expr>ed for
various periods of time to weathe ring and pedogenic proceses. The soil mineral system.
which si ni* necessarily in equilibrium with the soil solution . is complicated by ¡he proecsses
of degradation and neoformation o( minerals. as wcll as by mineral reactions with organic
comptwnds.
The eommon primary minarais in soils inherited from ¡he pareni material can he arranged

in two parallel series . according to Iheir susceptibility lo weathering processcs : (I) series of
felsie minerals: plagioclases (Na - Ca) > K-feldspar > muscovite > quanz . and (2 t series
of malle minerals ; olivine > pyroxenes > amphiboles > biotite. These series are basad rin
broad generalizations, and many eaceptions muy occur in part icular soil environments. The t
primary minera ls occurring in sopee soits are mostly of a largor dimension and are no¡
involved in sorption processes . They are . however . considerad tu be Ihe souree of cenain
micronut rient elements. p:
The approaimate composition of mineral constituents of surface soits presenlcd in Figure jtS

5 shows that quanz is ¡he mosi co~ mineral in Ihe soils. constituting 50 to more iban
90% of Ihe solid soil pitase . Even in geochemical conditiuns favorable for Che Icaching oí ,
silicates . quanz remains es a basic soil minera l. Feldspars are of low relativa resistance lo
weathering in soil environments and their alieration usually provides matcrials fur clay
minera l fonnation . Carbonates (caleite , dolomite ) and metal oxides are usually accessor
minerals in soils of humid climatie sones . while in soils of arid climatic zurres they may be

á G significant soil constituents. e.
The sine and shape of minera l particles determine Iheir ratio nf suríace tu vutume •and

masa, and ibis rallo determines Iheir physical and chemical propcnies . Therefore . ¡he grain•
sine composition (physical composition) of soils is considerad to be une of Ihe must ímponant al.
faaaa in st>if chtuade ri stics and is incluckd in tito sysacros of soil evaluatiun and ctazsilicatiun. r
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SURFACE AREA OF VARIOUS SO115

SurCK! .rr.
,1-,- 00.

Klnd .r sna

rtN Clays arad loaras 130-230 22-269
^I' Sihy loams 120-2100 24-117

Sandy Ioams and kmmy sands 10-40 4-61
��

é u Rcodúnas - 17-167

n' •
w

Norr: Sourees &m al rollowS : 53 : h. ¡al.
ter. �j

»� Clay minerals may contain negligible amounts « trace elements as slructural componente.
v

1

r bul their sorplion capacities to t race elements play the most imponant role. The affnity of
trace ions (or the clay surface has been examined by many investigalors , and while mrm
aspects have been clarified, still much remains lo be learncd aboul the adsorption procesces.

Although clay mineral samples vary in chemical composition and in thcir na(ure. someIp.
general surface propenies can be given for each mineral grtwp(Tab le 14) ¡ha¡ are responsable

f n for values of /he specific surface area of soil materials (Table M. The capacity values
tia w` (CEC) vary with ¡he typc oí clay in the following sequence : montmorillonite, vcrmiculite

> illite. chlorite > kaolinite > halloysite . The ability oí die clays to bird ¡he metal ions is
corrclated with lheir CEC, and usually Ihe grealer ( he CEC , ¡he gre ater the amouni of calion
adsorbed.

fIGURE 7 . T.nte ekmcros in s.dn comlwrcd a a alwndance In Mr la vense hne
The minerals oí Ihe monlmorillonile group can expand and contraer in response lo chargerircki . otean co miera in *he ti1Mw,Mtere. bl ack circks.s. mean n.uenl la h~ls: vertical lino..

alw, nnnm>nty ¡owvl in r,rso8s. and sise of the absorbed cation bctwccn the clay plateleis . Thus , Iheir sorption capacity will
differ when saturated wilh different cations . The microcations sorbed by montmorillonite

Sorption propenies of ¡he mineral pan of soil material are associa¡ed principally with Ihe are aleo easily released ¡neo the liquid phase and. thercfore . can be an imponant pool of
clay and sil¡-size fractions . These fractions are a mixture of severa) aluminosilicate clay micronutrient supply lo plants growing in panicular soil conditions.

r¡ = minerals with leseer amounis oí quanz. feldspars , and various oxides and hydroxides . In The bonding processes (oí absorbed microcations. although carefully siudied , renaain
cenain soils carbonate and phosphate minerals are piasen¡ , arad in others, come minerals as con(rove rs ial .'•"'•'„ 11 has been well demonstrated, howcvcr , chal cquilibrium and p11 values
sulfides and sulfates may oecur , a re che most basic qualitics in Ihe reaclions oí sorption and retease of microcations by clay

minerals.
A. Clay Minerals asid Other Aluminosllicates Tlie chemical natura oí transition metals adsorbed on clay minerais has recently becn the
The bounda ries of the minera l group described es "clay minerals" are nos well defined, subject of greal interest . Clays containing exchangeable transition metal cations ( mainly Cu.

and Ihey tend to enlarge with incrcasing knowledge .Thus. $be division of minerals i n Chis Fe, and Co) are known to ad as electron or proton acceptors. thus Ihey can be activators
chapter does nos relate lo any classification system . The common clay minerals in soils can in transformariont , decomposition , and polymerization oí the adsorbed organic species.
be subdivided loto lave groups : Relatively little is known about Ihe adsorption oí metal iotas on emorphous alumina andr_

silica gels. The mechanisms of coprecipitation and mobilization of cenain trace cations with
1. Kaslinite alumina oí silica gels may play a significan ¡ role in their behavior in ¡be panicular soil.
2. Montmoriltonite, often referred lo as smectites especially in (hose of the tropical climate zone . There are suggestions chal metal ions (mainly
3. illite Cu" ) can substitute for aluminum in the mineral structures , while soluole silicio acid

4r."1 = 4 . Chlorite promotcs adsorption o( Co, Ni, and Zn by elays"''"'
S. Vermiculite The strong adsorption oí divalcnt trace cations (Cu. Pb. Zn. Ni . Co. Cd, and Sr) b)

freshly precipitated alumina gel is suggested by Kinniburgh e( al."' (o play a role in de(er•
Each group includes many compositional and stnactural varielies ; howcvcr, Ihey are sIl mining the availability lo planta and the movement of some oí ¡hese cations through ¡be

s trae 1:1 oí 2:1 laycr •(ype aluminosilicates. The struc(ure asid chemistry oí soil clay minera ls soil.
hace been extensively described in many monographs . ' The surface propcnies of minerals Some aluminosilicatcs are known lo oecur in soils as phyllosilicates ( palygorskite, alta-
(arca and presence oí an electrical charge) seem lo be fundamental for the buffer and sink pulgite . sepiolite ) and as zeolites . They all have alternativa 2:1•type opera structures and are
propenies oí soils . associated with ¡he clay minerals . Tbey can be inherited from parent materials , bu( aleo can

be of pedoaenic origin a"" Mosl oflen ¡hese minerals were found in neutral or alkaline soilIra�+

•i : .i! •+r.;,. i'B%. +. •. °i1R1rRU��
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series . especially in %he presence of satis (e.g.. solonetz , solochaks , andosols , rendzinas).
Son►e of them are more *cid resiswnt iban others in die soil environment . Howevet. the
detection u( titear minerals. especialty zeolites , can be questioned duelo posible destruction
during chemical prttrcatmcnts of soil mate rial.

Zcolitcs exhibir capacities tu fix gases . yapen , and liquids . and they ate known lo be
active in ¡he sorplion of Da . Dr. F. 1. and also Mn and Sr. Dancr" has illuslraled a high r _ . 8 8 = g
affinity of zeolites to sorb and to compkx trace eletnents . particuluty beavy metals asid at 1 � ��d1111Í 1radionucliJes. 1 t 1 1 1 1

Aniorphous aluminosilicates occuffing in soits are oflen described es atbphane Ud im• f
o

- ó o =_
ogulitt. Allophancs are present in many soil% . and iba investigaton pointed out their ¡en- °
ponance in ¡he fnrmation asid rnnsforrnalion of noncrystalline clay material% and opalino $ -
silica "' Doth allnphanc and imogolsie malee sequences of vadous lypes and ase fonned
mainly in the soik dcvclopcd under a warm humid elimate . Allophanes are more atable in ` °- 1 I I ( I I I I I I I I
*cid suils . and imologite is more sable in neutral and alkaline soils . Y" oteen they occur ó é ó ó
es "gel fibras " that coas soil partid les . The effetx of ¡hese inorganic coatings may be divene.

} ... bolh increasing and decrcasing trace cltmcnt sorplion . aleo they may reduce the biologícal _;
availability of occiuded Trace elements . sx _� = c

• T r
2 ^ YAll of (bese mineral a,nstituents have relatively high CEC values asid a grcat affinity, so

reacr with atril organic compounde . Under normal soil conditions. they are importan¡ trace á ° ° d =' ó o e d t
s tr' p c _

elemenl sinks .
Z É

F ó

8. Oxides arad Ilydroxides
Several oxide miserals . such as silicon oxides , titanium oxides . aluminum oxides . and

hydroxidcs txcur in soils . Howevcr. in relation lo trace ektncnt behavior , tito most intponant T ñ = 1 I I i ] 1 I I t I
are Fe and hin oxides. Al hydroxidcs can adsorb a variety of trace tremens and in soase ó ó g g
soik ¡he role of thcse oxides can be mote imponant iban that of Fe oxides in retaining ° < d ó ó = o Y =
cenain trace ekoienis . As Norrish" has staeed . however. diere ¡a liste direct evidence to tA^, z
suppun ibis view . Y ! r e

Oxides and hydroxidcs of Fe and Mn are relatively common constituems in soils and , z �` M xhaving a high pigmenl power ( mainly Fe oxides). determine Ihe color of many sois. Fe and . ,) I ( ( I I ! I T I y
Mn oxides are present in soils in various mineral Corma es well as in crystalline . micro- 1 ,; ó o _ �;
crystalline. and amurphous oxides nr hydroxidcs . Their siruclure and chemical propones «Z f ' o d

are well descritxd by 11cm . Jenne, NIcKeftzit.914-114 and Schwtnmann and Taylor.
w

� J YL•. "^ Althuugh sevcral minerals of the Fe oxides have beca detected in soiis , goethite ís clainsed R ti
ro be ¡he- ntosi (requently oceuning fono . Norish" reponed sha¡ simple oxides and hy- u $ x

W �� 1 1 I = 1 l' .-,, Ldroxides uf manganesa do m-4 secar in sois and sha{ tito most common minera l tomo are I t l Iu - _ o o ° o o - ,..
lithiophorite and bimcssite . Chukhrov et al."' on ¡be other hand, have identified vemadite < 4 ^ ° - E

a simple hydrous oxide of Mn - as the most Irequent form in ¡be majoriry, of sois .
Titear oxides are exposed to reduction and chelation solubility and oxidation •preeipitation it g ó

,. s
reaclions . in which microbiological prncesses play en importan ¡ tole. Different nodules « -ar
Fc and Mn are known lo originare from both chemical and microbial processes ; aleo the = ? I 1 I 1 1 1 I i 1 I

afurmatiun of Borne cry stalline minerals is known lo be effected by microorganisms . The c ó o e r..
most cornmon Fe -oxidizing bacteria (Thiobarilliam) asid Mn•oxidizing bacteria (Mamllu•
grnirun) are abk tu tolerate high concentrations of severa) heavy metais (Zn. Ni. Cu. Co,
asid Mnl. Thus . thcy are also involvcd in trace natal cycting in soils .

Fe and Mn oxides occur in sois as coatings on soil part icles . as fillings in tracks and ` . .. v o , Y s
veins. and as concretíons or nodules . Nunisfi 'A using the electron probe analyzer . indican d . ' < "' v u u u _ . 'z € •`: > A i Ft
that many trece elements in wils are ca-,ecnu •ted aiung tne aeposited oxides in soil mate rial.
Fe and Mn oxides huye a high sor pt ion capacity . panicularly fa trace elements . ol which
largo adm,ants can be accumulated in mxluks and al Fe- asid Mn •rich poinis (Tabla 16).
The rrkchanisms of sorplion invnlvc the icor e pis c subseiwtitnr ui divalent or trivalent trcation% for Fe asid Mn joras, tito caritas cxchange rcactisns . asid the oxidation effects ni ¡he

.-. ,rea
!ylkilj.RltciF'.ltrrsN`iMa�vxrwarvras.v....
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surface of liso oxide precipitares . Variable charges st the surface (mainly of Fe oxides) alto Table 17
promote che adsorplion of anions . A high sorption capacity of Fe oxides for phosphatcs , TRACE ELEMENTS IN PIfOSI ' llOltll'ES ANO PIIOSMIATE
molybdates , asid selenites is most widely observed arel is highly pH dependen¡ , being lower FERTILIZERS (PPAI )

el {tl st high p1l values!u The amount of a particular ion that it adsorbed dependa mainly on the
pH of dte equilibrium solution . The maximum adsorption values for va rious ions on Fe I7wsphurrres Mas paatc krtilltcrt

w.. - oxides unge between p114 and 51
Some investigators give che order of preferencial sorption of metals by gocthite as Cu > FAcmcnt • b

Zn > Co > Pb > Mn'" while othen have presented metal ion affinities for che oxide
surface in (he following orden: Cu > Pb > Za > Co > Cd"4 snd Pb > Zn > Cd > TI."'

As )0 o.a-.tea :_t 1$
<30 �» s--r1s

)lowever . che extrapolation of ¡hese resulta to sil soits is difficult. Apparently . hydrous Da uq 1-1.000 <+ql
oxides of Fe and Mo are che most ímpottam eompounds in the soeptial o( trace metallie De <u.s 1-10
pollutants . snd (hoy exhibit diverso affiaiiies to cations having approximately ¡he tamo Ce 0.01-35 ) 1-10 7-ttonasxr)

Cu <�
09 9-83 -oT

physical dimensions as Mn". Ma". Fea', snd Fe"; they are Co". Co". Ni" . Cu",
Zn'•, Cd". Pb", and Ag Cr 2-1,000

04-12 1-10

Cr
1-1.60 66 --NS

yry
100 0.6-394 1-300

C. Carbonatos
1

F 31•tki0 - a,SW-IS,SW
Carbonatos presenl in soils are oteen in mctaslable and polymorphie varieties and ¡bus L tk 0.2 10 -1.00 o.o1-t►.1?

sensitive to drainage conditions . Carbonatos are common constituents in che soils where V O. 9._i80 o.7!-!8o
evapo-¡ranspiration potencial excecds the ninfa)) . On che alar hand , in soils wiah a high u 1-100 -

-1o
cate of percolating water, carbonates are easily dissolved and leached out. Nevertheless , Ca j 1,1 6 10 1-10.01 0 400.-i.roo

�. ís usually che predominating cation in solutions o(almost all soils . Mo 00.4 1-138 11 -«>
Calcite is che most widespread and relatively mobile form of Cs carbonatos presenc in N' < 2-t .a» 2-30

1,
_ 12

soils; it ís usually reatl dis rsed and has a maja influente on che l1 of soils and therefore Pb 2-14 <1-100Y Pe P s 1-1oon trace elemen
t b

ehavior. see 1-l0 <o.s
Trace elements may coprecipitate with carbonatos . being incorporated in their structure. sn tt.; ¡o-13

or may be sorbed by oxides (mainly Fe and Mn) tha¡ were precipílated onlo che carbonatos f a.ax1 t ,tux►-' 00A) ie-3�a1
or olher soil panicles . Metaflic ions may siso influente proeesses of arbonate precipita- Ti 610 fou-l.ooo -

u W>tions .'M The grestest affinity for reaction with carbonatos has been observed for Co . Cd.
y xx) +0-30Cu, Fe. Ma. Ni. lib. Sr. U. and Zn . However . a wide variety of che elements under various zn 61x1 4--t4s

18(t
t7 geochemical environments may substituto for Ca in different proportions in nodular cslcites . zr 10 1m -000

3n-t'43o

As Vochien anJ Geycs` observed , che secondary calcite erystals show a temarkably high
N.a,. &wrcc. are a. (otkw+: a, 94. b , $09. e. tal : 4. 319: asid e. 334.tontear of Sr and Co - up to 1000 ppm cor►ttntrations . Carbonare: can 6e che dominan¡

trace elemenl link in a pa rt icular soil, but che most importan( enechanisms fa regulating
¡he trace element behavior by carbonatos are re lated lo veriation of che foil p1 1. humid climate , but in tolla of arid etimatie sones 1hey casi be tlle dominan¡ con¡rols of chebehavior of trace elements . The metallic ions (mainly Fc", Mn' -. Hg", and Cut-) may
D. Phosphates form relatively atable sulfides of acidic or neutral reducing potencial in floodcd tolla . Sevecal

Crysulline fo ms of phosphate minerals rarely occur in soils; however , many varieties of other heavy metals .(Cd, Co. Ni. So. Ti. and Zn) can alto be easily coprecipita¡ed with ¡ron
sulfidcs.'"^"metastable and meumorphous phosphatcs are of importante in peJogenic protestes. Therc

arefewdataon ¡heoccurrenceo(Caphosphatcs (apatiteandhydroapatite)or orherphosphates The precipitation of melallic ions as sulfides is an import an( mechanísm (or regulating
in soils . Rather . it has beca suggesled (ha( an intimare mixture of Cs, Fe , ard Al phosphatcs che solution eoncentration of both St`asid metallic cations. Sulfides of heavy metals may
predomínates in soils .'v. be transfomtcd ¡oto more soluble oxidizcd sulfates when fiooded foil becomes drained and

Several of ¡he rock phosphales contain a largo amount of trace elements. of which F. snd aerated.

at times Cd. are highly concentrare] (Table 17 ), Some substitudons for Ca by trace elements Pyrite is che mogl eommon mineral of Fe sulfides in soils and other geochemicai envi-
are known to occur in natural apa¡ites ; lhey are. howavcr. of link importante in soils. Algo ronments . Some other heavy metals which readily form sufijos may aleo be. as is re.
many trace elements ( Da, Di. Cu. U. Mo . Pb. Re . Sr. Th. U. and ?n) can be incotpaated, rcmarkably related to mierobial S cycling in soils, as wat recently dcscribed by Trudinger
togcther with Fe" and Al ". in hydrated phosphatcs «" Norrish'•D reponed extremely high and Swaine.w"

r1 eancentntions of load ( 1 to 35% Pb0) in che phosphace concentrares oceurring in fem)sols Sulfides o( IKavy metals are not common in soils . espeeiatly in soils with good drainage.
( lateritic podzolic soils)- Sulfates of metals , mainly of Fe (jarosiae ). bu( alto of Al (alunices) and Ca (gypsum.anhydrite ). are likely lo occur under oxidizing soil conditions. Tbey are readily soluble and
E. Sulfides, Sulfates , snd Chlorides Iherefiare are greatly involveJ in foil equilibrium processes . Sulfates of heavy metals are

Sulfides , sulfates , ani chlurides are negligible compounds in soils Ihat developed in a alsts rcad'ly available to planas , asid lheir occurrence in soíls has practica ) importante in
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1 1 colAs' Se", arel W. tczvy asarte sS.:ciallyl are knu.,•n for tLci, t.,.; ' y
t i' agtículhwo ^" Chh>r¡des as Use ttwssl soluble satis oceur only in emite uf oíd ot semiarid

mictobiota, wish fungi and actinomyeces having rhe mosi resisrancc. Rcdu,',h,n úf u,b allimarle zoncs. groweh and enzymalic ac(ivity is oficn reponed for $o¡is eontaotin:,ted by hc',y mol.
ale!''"' "' Malhurel al."'showed ehat dte cffcct vía naturally high Cu come e u( I,isrosols111. ORGANISMS IN SOIIS

• ¡s mosi suppressivc ora levels of accumulated criz, n+e activities involved in rhe dcrr. dae4>n
Living organisnss, orlen rcfcrtcd Ns as!lee :oil biuta compssed u[ frasea and flora of variuus of thc majoreomp nenas of organic debr¡s in emite. A low tase of dccan>lwshiun uf > egcrasion

din+cnsitnss lawcr�r, meso.. and microbima), occur abundanty in emite. Al ihe mictobiota having a snciora of and a ofy due to Ihe sano processcs in natnre.»"

leve¡ Ihe b+undary l+Cewecn pl:mt and animal ct11s botamos Dlurred. The importante oí
Suppressioionandforforslstimutat¡ononofbiososynthcsiscsisofmicruorganismsbyheavymrratsJc¡Knds

opon ¡he nature o( rhe organisnu, ¡he kind o( n>ctal, asid rhe pl{ oí suite. Leen v;th oneliving twgrnissns as rellecled in biulagicat acsivity oí %oils has been dixcussed in many
spiecies ttx tange olsequiredor inhibitorycnncenvadons of a g¡ven metal varios significantlv.•»'te x ltxxtks.'"r.°u . ■.+o,.+.

The abundante oí mitnxwganisms in ttspsoits varice w¡(h:oil atad climatic corsditions and Based on data presemed in ¡he nsonograph by 1Vcinberg'1 it may tic generaUzc.t sha(

may reata as muta as 2(» (Ir ¡he total biela uf a soil system. There ¡s no easy way of tfit
bacteria,

conesnlration oí Fe, Mn, and Zn required by '.Tito n+icronrganisnrx (fungi,

knawing wilh cenainty (he bitunass of microorganisms because tisis quantity can be dotar- bacteria , acilla , and actinsa(sve es) was around X00 Of t-'. The iuh¡bitury conccuttalians

Cl mincd only intlirecdy. The maximum weight of :oil Mota g¡ven by Richarde'" for a by- o! !hese elements ora vegelative grow(h and sccondary metabolism of micrrx>rganisnt> have
aleo beenpothctital grassland %oil ctwtesptmds lo 7 1 ha'' of mictobiota (bacteria atad fungi) atad to
Heavy metal

sisaestab n rhe
own

tab
be
oye rango.

1.3 e ha- 1 of etwzubiota. Kovalskiy el al,"t calculaled that Ihe biomass of bacteria asad fungi
reponeded that rhe

a
re
rc k
(ungicidal action

rh
nf
e (yamusa

ce
rase tome alemana. especia lo tu fungi. Sume rs'M

Fr-
prosee( in lhe plow zone of %oil (20 cm depth) rango from 0.4 so 1.1 s ha''. The biomasa ca(ions is dise primarily ¡be fonnation oí ata
uf hactería varios signifscanily during rhe growins season , and may inerease about tarar un-ionizad complex wish sur(ace groups, c.g.. phusphale. carboxyl, and sulthydryl. This

n, tienes from spring lo falla' autMw showed that there is a relationship bctwecn tire toxic concenuation oí rtic mcec,t ion
M¡croorganisms are very ¡mpmam ecologícally because they are Ihe producing, consum- and ¡ti clcctronegativity valuc. The arder oí toxiciry of aqucous solusions oí uiu:n :red

ing, and transpsning nscnsbers of the soil ceosystem atad therrefore ate involved in rhe flow sulfatos aga(nst conidia o( Atarearlo anafe was eiven by Somers"° as fono.,:

of energy and in sbe cycting of chemical tlensents . Taus, sise microbiola is responsible for
many ditfereot processes, frotas mnbilization to sccumuladon of chemical ekmeMS, in emite - Os > 1 ig > Ag > Ru > Pb TM Cr > 1' > Ce > Co > Ni
Althtwgh micrtowganisms are sensitivo lo bola deficiencias and exeesses of trace elements, Qc=Y>Mn=TI>Zn>Li>Sr
!hoy can adapt tu high concentra(ions of !hese elements in lheir environment.

The role oí nsicnrorganisms in geochemical cycting o( Ihe major elements is telatively in soil systems. tlg, Cd, and As :comed lo be rhe mosi i+arns(ul w ammonification Processes,Cl watt undersuxxl ata sise global levó. The bingeochemieal eycling of trace ekrtsents has wafle Cu greatly reduced phospha(e mirseral¡zation rae.'°t ""
rcccived much lees attemion . With the recognition that microbíal transforrnasions of toma Mictoorganisms can adape lo high concentrations of trace elements. This has beca w•el¡psunds of Ihese elements can tcsult in soma problema o( :oil fertitily as watt as in Use illustrated by Aristovskaya" and LttunovaM' for severa! elements suca as Fe. Mn, Mo, Se,formation of sortee environmental psllsnion or detoxicadon processes, lile imponance of atad Q (Figure 8). This adaptation ¡a also we11 shost•n in various microbiogenehen>ical proc-r microhinta in cycting oí trace elements , especially heavy metals , has beca more extensively ceses described in detail by Qabich and Ssotzky," Gadd and Griffishs"' Kowalskiy,'" andsiudied. Zajic.' The sensitivily oí microorganisms (mainly fungi) to different concentrations of trace

The basic microbial phenornena in cycting pmcesses in the ¡oil environment ate elements has oAen lucen usad in the determination o( rhe avaitability of micronutrients such
as Fe, Cu, Zn, atad Mo."xt"t

1. Transpon oí ata e lement inio tw out ola cell The physicochemieat relationship betwecn bacteria atad mineral surfaces teads lo diverse
' 2. Charge alteration oí ata element effects o( dissolution and secondary precipisation oí trace metal iotas, including changos in

3, Interaction oí ata element wish organic eompsunds lo beeome a functional pan of rhe their valence andror conversion ¡ato organometallic compounds, A biological oxidation and
sys(cm reduction oí Fe and Mn, for example, is one oí rae most importan factor govemine tac

4. Cnmplexing ata element by organic acids and other compounds produced by solubility , asid !bus , che bioavaitability, of !hese metals in soils. Many bacteria¡ species are
(fi ^ micrnorganisnss ímplica(ed in <he Iransformation of trace element compounds. including even neofonnation

S. Micrub¡al accuntulation or mobilizalion of ao element of cersaita Fe and Mo minarais.'"' Tisis cffcct, however mar aleo at times tu: ata indirect6. Microbial demxication oí ptisoned :oil al a Bite effeq . Bacteria aleo play the most importana role in etey rormation which affects %be mobility
oí metals in

The most importaras microbial functitsn in rail, however, is ¡be degradatiort of planl and Microorganisms Cake up trace elements , several of which play imponant metabolic (une-animal residuos . 11 has hecome apparcnl tha% the quantity oí trace clemente; needed or harmful t¡ores . µ •""M' It has becas shown by Kokke,^' however, rail celas oí microorganisms mayter groweh o( míctaKganisms influcnccs aleo rhe biological sctivity oí wih, show quite variable affinities for radionucl¡des chas are necessarily relatad so sheir biolog¡cal
Ali availabtc evidente indicates that a mOw concenttation o! trace elements stimulatcs function (Table 18).

bacerial groweh in sail. bol a higher ctmtent is harmful. Ming usuatly mees toxic lo (he A complex balance of trace elements rcquired for microb¡al activity is o( imponance inbacteria ibas fax free N and as> nisrifying bacteria." " Of the 19 trace elements s(udied by :oil poductivity. The quantitics oí specific trace elements available lo ¡mil microe>rganisms
Liang and Tabatabai.` aIi inhibited mineral N pn>duction in soils . At ¡he concentrations can he Ihr crittcal determinan in (he esta*lishsrent oí a distase condition of cenain planwoí S µbf gof :oil, Ihe rsu+st toxic clensenls were Ag' atad lig', while tac tease toxic were The trace element eompetition belwer ' s and m¡crtwrt ata¡sms is apparenl in sarious

Ii{
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Table 19

60 RIOACCUh1ULATION OF Cu, Mo, and V BY MiCROIIIOMASS INP 1-. 6
TOPSOiIS AT VARIOUS SEASONS'11

m c o
Cu hIo YL I o, 40 4

5.011 Bbma" Sol¡ Blemau Sofi Blumass
E Dab on wil Ippml Ik& ha •' i tppm) 1t h2,1) lppm ) Ikt ha•'1

Ót

Ó

20 2 Low e+mtent 49 9.004 (Set 6 0 . 0013 (Spi 66 O .m! (Sp)
of elemems O.(0)6 (Smi 0. 002 (Sm) 0.093 (Sml

n_ 0.029 01) 0.009 011 0.013 tFh
Q O Itish rauen, 279 O.H) ÍSp) 72 0.077 (Sp) 940 0.124 %Spl

16 250 of ekmcnts 0.25 (Sm ) 0.031 (Sm) 0.032 (Sm)
0.:: (Fl) 0. 029 (ni 0. 049 (FI)

8 in soüs (ppm) cumrol soil 73 0004P) lo 0.003 (Sr) 149 0 ro s (Sp)

F2 ^ (ctemm :cml 006940o 0.017 ( Smi 0.0(9 ISm)
0.039 411) 0.013 (Fl ) O.OIS 4FI1❑1 02

V Note: Sp, sprint : Sm, .umnyrJl. (all.
I'IGURE 9. T lennce n(AerinumrreO i (roo wils wilh eu-
iuw It clmu nl,. to 15 e.mCemralkvrx in Ihe Kruwth media, t 11

i"l~ e".-¡os funsi , in percem ut total numhec,, (3) maxintum can oceur: the first irrvolvcs nonspeciftc binding of (he cation lo cell sur(acc%. s¡intc layers.
n.lcrahk Concenlrolion oí a in wluiwm.� extracellul ar matrices, etc., while Ihe second involves meiabolic-dependen{ intraccllular

uptake. Ttte polygalacturonic acíd, a common constituent of Ihe outer sliine layer of bacterial

Table 18 celis, can complex sevcral Trace metals.

RADIONUCLIDE UPTAKE BY TNE YEAST CANDIDA The adsosption o( buce ekntenis by nsicroorganisms differs widely. as is shown un Tables

11UM1COL1 AS A FUNCTION OF TIME~' k 18 and 19. Ahhough Ihe niass of niicrobiota in soils has been calculated tu be in Ihe range
of O,X - X t bis '. (tic grealesi amounts of metals frxcd by microorganisms are ¡he follow•ing

bili.l enncentraihm Tino osr.wth Idays) (g ha-'): Ni , 350; Cu. 310; Zn. 250; Co, 150; Mo. 148; and Pb. 8.4. which eorresponds
in trowth media to 0.002 lo 0.2169E of Iheir total abundance in Ihe 20•cm topsoil leve¡ oí' 1

Radionudide (wsf t ry 1 2 4 9 It Caleulations mude by Kovalsk¡y el al„" and Letunova and Gribovskaya'^s indicated that,i nr tniti el e°"aw<ruia at Ihe annual tate. ahe total biocycling of about 11 generations of microhiota may, on ¡he

_Ce 40 9) 93 99 99 99 average , involve Ihe following amounts of trace metals (kg ha -'): Ni. 147; Zn. 104: Cu.
.Te 40 M 93 9$ 93 93 78 ; and Co, 28. Trace cltmcnis fixtd by microbiomass may be much higher iban {hese

G1 -•Z0 64 40 60 60 73 99 values for soils thal incrcase their Icvcls, as has been shown by Krasinskaya and Letunova."^
-Sr 40 I9 a la 37 99 Microbioaccwnu¡miion of trace elemenis may be of great imponance boili in Ihe cycting
"i 2n 06 I9 23 23 o( trace clcmems in sud and in nce ir availability to plants. Fungi and actinonsycetes are Ihe-Ro 40 15 N) 43 60 73

mosi re sistan) microtsr ganisn)s lo hi h eoncenlral ¡ons of heavy metals. whilc nitríf inbr and1Co 40 3 3 $ I9 17
rhizos herc micr(x )r anisms art (tic most sensitiva yI�i .. 'HJ 40 3 3 3 S

1
1
1
2 P g

'„ca 40 t 2 • 2 3 S Various waste waters, as well as slurries tosed for soit irtígation ami amendnient, can he
sources of microhial and other pathogenic organisms of a serious health hazard lo humans

reports , asid ¡I may react in diffcrcni ways . Microbialty induced deenases in the availability and animais . This problcm has becn recently reviewed by Kristensen and iloodc.` llacterial

t'1.. of trace elements result from a considerably high accumulation of eenaia clemente by leaching of heavy metal- from sewage studges is, however, a practica¡ applic nion of ihe
microhiota and also from {he biological oxidation of compuunds of ,hese elements . Micro- biotransfunnation of Ihe forros of chemical elements .'-
biological ¡neceases of availability . on Ihe othcr hand, are caused by mictoorganisms capable More ¡han 80% of m¡crtxsrganísms are believed lo be adsorbcd to soil organic niatier and
of reducing ccnain compuunds (principally. Mo and Fe) and siso by Iheir variable biosc - clay minerals ,'w Therefore, comparísons of resulte obtained for pare cultores of nsicruor•

11.E
cumulation of trace ctcmcnis (Table 19). ganisms may diffcr from {hose nalurally occurring in coito.

Soil fumigation or steaming and many fungicides kilt Ihe Fungi and Iherehsrc may interfere The rhizosphere llora piays a special role in che bioactivity of soils and die availability
with Ihe abitity of planis lo absoib micronutrients . The nechanisnss of %bese phenomena are of nuiríenis . Alshough effecss of mycorrhizas have been almosl always ascribcd lo an in-
001yctfullyunderstood;however,rhey may be relatedtoanimbalanceofsoilmicroorganisms creased phosphate uptake, somc ubservations indicate that they may siso inlluence mic•ru-
and Iheir participalion in ¡he transpon of iuns roto or within biological systems . As Martin"~ nutrient supply . As Lamben et al."^ sud Woldendorp'" reponed. Zn. Cu. asid Sr are Ihe

C'1 reponed. variable effects in plants oí B. Cu. Li. Mn. and Zn toxicities os deficieneies of chief elements supplíed lo plants by a given typc of mycorrhiza. Soine ncgarivc effecss
Cu, Mn, and Za were found following -,oil fumigasion. occuríng in rhizosphcres may be observed when anaerobiosis around Ihe rool surface cxisis
Gadd and Gri(flths"' conclutkd that fwo main typcs of metal uptake by microorgsnisms due to a high oxygen demand o( microflora leads tu (he fomiatíon oí ferrous ¡ron compounds

IKi�r t t ;1
•i•
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20• contaminated by trace ciements• mezo- and macrobiota are decrcascd. thcir mctabnlism iSTablo
METÁIS IN SURFACE SOIIS AND inhibited, and flnally ail organisms may vanish.

• EARTII%VORMS (PI'M)
W. ORGANIC MATTER

`' Mrtal Suil F.irthwnrnn liad...urn.dwdl Ret.
Organie master of soils consists of a mixture of plan, and animal producís in varinus siages

cd 15 7.5 339 of tkcomposition and of substances shas were synthesized chcmically and hiologicatly. ThisIGá'n+' 4 4 1 339 comple x material . greatly simptified, can be divided into humic and nonhumic substances.
t. 11 1 6•v if,4
0.
9

14.4 YA OrSanic master is widclY distributed in soils• miscellanecas detxssits. and natural waters.I6
1,1 Itt ta lar The amount nf organie carhon in %he eanh as humus (50 x 10" t) has bcen calcuhued to
06 12 20 taar exceed that which txcurs in living organisnis (7 x 10" t).""

¡f:. «n
0.1 2.7 27 1^1/ The rrajor portion of the organic maser in most soils resuhs from hiohrgicai dccay of the
4.1 10.31 27.6 179 biota residuos . The orad producís uf Chis degradation are humic substances, organie acide of

Cu 20 13 u. n3 339
low-molecular and high -molecular weights . carbohydrates. protcins, pcptides. amirw acide,232 11 a.04 3 ,79
lipids, waees , polyeyclic aromatic hydrocarbons , and lignin fragments . in addition. Ihe331 11 0.0.1 339

1 .�
52 2a 0.s3 160 cz.r:tior í+uducts ol rools. composed of a wide variety of simple organic acide, are present
26 ta 0.(.9 160 in soils . It shoutd be mentioned , however, Chut the composition and propcrties of organic
9 n. 1A11 master are dependent opon climatic conditiens. soil iypes. and agricultura) practices.

las 3. 91 1.29' 013 lii
The masi stable eom unds in soils are humie substances anitioned ¡ala (he fractionsc.. (Ir t).04 0.40 r 11 í f'u p

btn n30 a2 0.06 331 of humic acid, fulvic acid. and humin, which are similar in structure. hui dilfcr in iheir
1
\'+�

226 2s D. 12 339 reactions. Ilumie substances are of a coiled pulymer chain structure and contain a relativ'ely
1Mr�.._ 27 0.16 339 large number uf functional groups (CO.. 011, C=C. C0011. 511. C0;111 having a •:reat

Ni 1* 3 1 1.11 2 4 afflnity for interacting with metal ion-,. Owing toa particular combinalion ol diffcient groups
Ix 9 t.61 M

IFi 1: t2 2.66 2M (mainly. O11 and SU). humic substances ate able to form complexes svith r ertain cations.
1h 1314 339! 2 .73 339 Some trace anions. such as 13. 1. and Se. are aleo well known w he orcani.;dly bound in

621 9 0.01 339 soils . Ilumie substances are also easity adsurbcd by clay and oxide panicles in soil and
71¡1 33r 0.47 2ra water environments . and ,hese responses are highly dependen, oo trace cations.""'
94 101 1 .94 264 loteractions between humic substances and metals have leen dcscribed as ion exchange.170 0 0.36 tttr

(I.aS surface sorP,ion , ehelation , coagulation. and tKPtization . it shoutd be emphasized Ihat thc20 9 16,1 y
am «ir 0 . t2 It4t existcnce of a part icular sito for each cation is nos easy to prore because the metal mar be

in 138 739 S.3í 339 bound to two or more ligands from different molecules , Ali reactions bctwcen organic mailcr
992 676 0 . 6 11 339 and cations lead lo the formation of water-soluble andtor water-insoluble complexes.
219 670 3.05 264 Sholkovitz and CoPland` studied ¡he coroPlexing and chelation of trace elements with4.1 4uf a.te 264
275 251) 7.27 ten organie ligands in natura l waters . Titeir studies led lo Use ronclusion Iba¡ suluhilitics of
40 900 ?2.5t1 IM humic acid complexes wiih re. Cu. Ni, Cd, Cu, and Mn are lb, roerse of ¡hose predic¡ed
St 662 a.17 199 from inorganic sotubility eonsiderations. The complexing uf these ions with humic substances

tr� • led lo ¡he solubilization al high plf (rango 3 lo 9 .5) and precipicuion at 10w p11 (range, 3
N.rcr: LlenreM e..ncenu .u..ros ey.res ed un doy weiyh+t.a>k. Ortan6ms

to I ).
analynd are ra mMi.-wl .ufrlb,a w 1.. oro v,sna , cxacl . t irwka .l.

Organic master is of importancc in the transportation (and subaequenl Ieachingt and
(hhcr bwenchrata . aceunwlation of metallic ions known lo be presem in soils and waters as chet:ues of virious

1� n Fwtaaia. stability and in supplying tírese ¡nos lo pian, roots. The ion exchange equilibrium has been
extensivoly studied for determining the stabilily constan( of mctallamreanic m;nter nnnplexes

which ate taken up by planas lo coneenlratitms that cause the physiologieal disorder known ?ti in soils . The values of stability constants aetermined by sevcrd 3uihnrs de.cribcd the ability
as fe toxicity.` of humic acids lo form complexes with metals (Table 2 U. Meial•folvic acid complexes with9 Mezo- and niacrobiota occurring in soils are also involved in bircycting of trace elements. lower stability constants usually are more readily soluble and thus more available lo plato
Sorra species of soil fauna . especially canhworms ( Annelida ), ingesl btnh decaying plan, roots.

material and mineral %oil components . These organisms are known lo be ahle lo aceumutate The highesl stabililyeonstant values were reponed by Takamatsu and 1'oshida` ¡or Cu-` ,
cenain trace clcmcnts in their lissucs . Eanhwor is can sclcctively lake up trace n3etals and , Pb". and Cd" complexed with humic acid at pN 5 and by Kitagishi anJ 1':+ro:me' liar
Iherefore, are sometimes ustd as intlicators for su¡¡ contamination (Table 20). Although Cu7', Zn'', Ni'' , and Cd'' al pli 7. Andrtejewski and Rusikiewicz" ohscrved that sin-' * ,

i ~ heavy metate in canhworms were oftcn fonnd to be signifrcanily related lo the cosresponding Co" . and Ni'' complexes with humic acids were partly soluble. while ,hose ol' Cu'',

metals in soils . many odie¡ factor- may aleo infuence Ibis enrrelation. In snits highly pe", andCr'' were insoluble. Augustyn and Urbaniak" also staled ¡bit rho higher retention

� � , 1 h tro.' �
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affinity of fulvic acids for heavy metals (Table 22). Mickiewich el al."' also reponed aTabla 21
STAIIII .ITY CONSTANTS EXPRISSED AS LOG K OF METAL FULVIC AND much higher concentration nsainly of Cu, Pb , and Ti in fulvic asid than was found in humic

IIUMiC ACID COMPLEXES AT VARIOUS p21 LEVEIS OF TttE MEDIA acid. heavy metals in soils tend lo accumulate in ihe organic substances. and ihe lower die
metal conient, ihe higher ihe energy linkage of che metallo •organic groups!r'

ptl3 ptl 3 The commonly used value of (he stability constant of a complex can be defined as in
psi 3.5 pie t equilíbrium constant of a reaction Ihat forros a soluble complex or chalate. In order lo include

C.ilorr FA de? IVA Id) FA Ibl FA (a) FA ( b) HA (t) IIA ( d) IIA (d) information about Ihe behavior of insoluble complexes , ihe value of Use stability index has
h1 3te been proposed by Cotienie e l al."" This index describes the ratio oí a given metal fixed

Ni!"
3.3 6

3 . 4
. a

3.3
.a

4.2
4.0

4a.1
.7 L7

7
12

.6
.6 12

9.6
.3

with ol 8 6anic substances lo ¡ts amount in inorganic fractons. The st abilit Y index for Pare
Cu'- 2. 9 - 2.2 4.1 3 , 7 - - - humic and fulvic acids shows thal heavy metals ( Cu, Zn . Pb, Mn ) fonn coniplexes severa)
Pb" 2.1 - 3.1 4.0 6 . 2 tt.3 - - timos more readily with humic acid rather than with fulvic acid, and that Ihe highest proponion

!4a in" 2.3 3.1 1.7 3.6 2.3 7.2 10.2 of Cu is fixed with humic acid oven ¡he range of p114 lo 5. whilc wiih fulvic acid ¡he range
Mn' 2.1 0 1 . 3 3.7 3 . 8 0 3.6 of poi is limited lo 6 lo 7. Doth acids ofien show a higher affini ty for Cu and Pb rather ¡hanC4' - 3.3 - - - 6.3 33 8.9
Fo - 3.4 3.1 - 5.6 - 6 . 4 4. 5 for Fe and Mn. These fndin8s agree wiih those reponed by Van Di1k!a' Stevenson and"
Ca'• 2.7 0 2.0 3.4 2 . 9 - 0 6.3 Ardakani "' r'&stner and Müilct."' Pauli.` Vlasov and Mikhaylova," and Schnitzcr and

r kt�" t. 9 0 1.2 2.2 2.1 - 0 . $.3 Khan"' and indícate that ihe orden of Use stability constants of metallo• nrganic complexes,1`a 3� Fe ' 6.1' 11 .4 - 9 . 1 6.6 although quite variable dcpcnding on pl1 and o (her progenies of the mcdíum, can be presentcd
AP 3. - - - - - in the following sequence : U > Hg > Sn > Pb > Cu > Ni > Co > Fe > Cd > Zn >

Neie: Suurtts are as fdfows : a, 692 ; b. 371; c . 771; and d, 395. Mn > Sr.
SchnitZer and Kemdor(f a/ rcccndy established Ihe order of Ihe affinity of metal ions lo

ala= ikrcrnrincd as p11 1.7. form water-insoluble complexes with fulvic acid . Alibough tisis order depends on ¡be plt of
Dntm,ined m plt 2 .4. Use medium , it may be presentad as foliows:

Table 22 Fe=Cr = Al>Ph=Cu>Ilg>Zn= Ni = Co = Cd = hin
!:'/31e TRACE ELEMENTS IN SOIL ORCANIC MATTER

ANO IN CLAY FRACT:ON fiThf i71V )' • The solubility of fulvic acíd•ntetal complexes is strongly controlled by ihe ratios FA/metal,
therefore, when ibis ratio ¡5 Inwtr ¡han 2, ihe forn iation o( water insoluble cronplexcs is

Conrent .f cla7 fnalnn ¿< 1 pm) favored . There is divcrsity , howcver. in ¿he interpretation of metal ion binding by peal.
E-s t oceause as bloom and Mcliride" reponed. peal and humic acida are likely to bind, at an

Ortank Humtt rulsk acid pH , niost divalent ca ions ( Mn. Fe , Co. Ni. and Zn ) as hydrated ions. The exceptionSvrr.a sol) tremtnt Total m.i¿rr »tu ara is (be Cu'' ion eoordinating with functional oxygens of ihe peat which rcsults in srrongly
Cbcnw,tcm Cu 90 33 . 0 36 211 4 immobilizcd Cu" binding.

Zn 116 41.5 3.4 39.1 The index of organic affinities of trace elemenls in various coa ¡ samples was calculatrd
f' T ara 11 in 262 Trace 234 by Cluskoter el al.'" These au¡itors distinguished ¿ bree groups of elentents:NI., 3 1.7 0.11 0.9

P.dral Cu 44 17.9 1.2 16.7
Za 80 44,7 , 13 6 29,1 1. With tht highest organic affinity - Ge, Ile, D, Dr. and Sb
Ma 18.10 307 44 267 2. With medium organic affinity - Co, Ni. Cu. Cr, Se

0.7 0. 1 0.3 3 . With ihe lowest affinity, but occuning in all organic fractions - Cd, Mn , Mo. Fe.
Zn, and As

by humic acid was of Fe'' , Cu' ' , and Zn" as compared lo other metattic ¡ens . Fe" and
Al'', however, fonn ¡he misal sable complexes wilh fulvic acid which grtally interferc . The affinity of humic substances lo accumulate trace cations has great importartee in ¡he¡(
widt Ihe erystallization of aluminum hydroside potymorphs ."* geochemist ry . The so -called " geochemical enrichment" factors of humic acid ¡bit was

The stabili ty of nidal complexes with fulvic and humic acids inereases. in many cases , cetracted frum peal can reach a value of 10,000 from very tow eoncentrations uf cations in
with increasing pi1 from 3 sol (Table 2l ). *Mis is best illustrated for lib . as studied extensivcly natura) waters ._ »... r Trace clements migrating as anions ( V atad Mo) are reduces) by
by liildebrand •and fi lume ."• The binding of Fc' ' and Fe" by fulvic acid in solution txlow humic acids and fixed in the cationic forros (Vol'. MoO,=' ). Metats conyslczcd by fulvic
pH 5.0 is very strong and, apparcntiy . cannot be exchanged casily by other metals . A acid presunably are more available lo plan¡ roots and soil biuta ¡ han are (hose accumulated
relatively high valuc of (he stability constants of Ca" suggests that Ihis metal can compete by humic acid which can fonn boih water-soluble and watet -insoluble complexes with nieta¡
with Zn'' and Mn` in ion exchange processes . Mos( likely , however . several heavy metals ions and hydrous oxides.
such as Cu''. Ni" , Co'' . and Pb' • will readily forro atable organic complexes wítli fulvic Conenie el al.` calculatrd thal ihe humic acid of a soil containing 4 111 humus may bind
acid and , mosl probably , siso with other organic compotrnds. 4500 kg Pb , 17,929 kg Fe , 1517 kg Cu , 1015 kg Zn . and 913 ke Mn per hcciare. The

4 j?-� Anatyses oí fractionated organic acids from soils by Stepanova 'M confino ihe greater abiliiy of humic acid tu complex with metals was calculated also by Ovcharenko e¡ ai,"'
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and cxpressed in gr:mn per kilogram of humic acid, as fullows: Cu. 3.3: Zis. 3.3; Co, 3. 0.4
y t fc, 3.0. and Mn . 2.6. Sapck- showcd ibas Ihe ability of humic acida lo fix cations diffcrs

• `R, witIcly, and Ihat Ihose ikolated froto Ihe A„ hori zun of podzolic soil Nave aboul Iwo limes Cu
lowcr surptiun capacily ¡te metals ¡han thosc extracted froto Ihe 13. hurizon of ¡he same soil.
In his cxperinbenl . Ihe hcavy metal contcnt of :sir-dry humic acid rcaehed more ¡han 29%.
AD uf ¡hese vahtcs wcre dctcrmineJ ondee Iabnrmory eundiriuns ; in a natural uyil xys¡rm
diese propnnions wtiuld be appreciably smaller . In general , huwevcr, il can he eapecied 0.3
Ihal up lo 509 of total trace-elemeto contcnt is flxed by organic mincr in mineral soils.
Thcsc figures. huwevcr, can vary significanlly." u
Owing so ¡he rclalively insoluble complexes of humic acids with hcavy metals, especially

-�ine in an acid medium . Ihcse complexes can be eonsidered lo be organic sturage for hcavy i I
metals in snils. The organic enatier may act asan importan) rcgulalor uf Ihe ntobility of trace
elemcnts in suits: however, in Ihe majority uf minera l soils, organic master does nos exe ed 0.2
2% o( total soil wcighl; therefore , i¡ cannol be of the grealest imponance in overall conlrols G

uof trace elemeni bchavior in soils. p E -----,
A high organic maller contcnt of soil has a complex influence un Ihe behavior of trace

Ñ
¡ s`

Co
elernents . The deficicncy sympioms of planes g rown on drained pealland or moorland (his- _ t
Iosots ) may he Ihe result of a str )ng retention of Cu. Zn. Mo, and Mn by Ihe insoluble i t
humic acid ."' A strong fixalion uf Cu in soits rich in humus i s the most cominon and may 0.l

1 t" resull in a high Moto Cu ratio in forage ibas is toxic lo cacle . Applying organic master lo 3 1 t
1sois, huwevcr , rolara ¡tic mudo¡ of microorganisms ¡has can reduce severa ) cation , mainly

Fc •and Mn. •and . in cunxequence, incrcase their availability . Increased organic master comen ) Cu
in Pb-entended plols is die Io in enhanced preservation of atable humus , pcrhaps becausc

r?31 .r oí newly formed I'b-organic complexes with humic and fulvic acida which are protected o -`
-

Co
fruto micruhial auack."" huwevcr. diere is also cvidcnce Iha1 Pb coniptexcs wilh luw ? 6 7 t3 9 10 11
molecular wcight humic substanccs werc mobitized in ¡be sois solution. On the orher batid. pH
Mime organic campuunds preseni in nxnl exudares asid in humus can oxidize and Ihe refarc

f�l immohilize cupric com(xwnds in Miel ." '"` s FIGURE 4 . The erfrn r,f PI I un thr ,,,lubility ..f C,. and Cb
Simple organie compounds , such as cenain amino acida , hydroxy acida , and asao phos- mubilired by aembicatly dccumpcing ul(u)la . SuliJ lmc..aonrv

pkied:phoric acids naturally uccurring in soils, are effeetive as chelating agrura for trace elements , /
ci ne nbetals Ma 1cn lince, nmu"1 wdmion uf CuC4,K C,['I.

Cation chetatinn is un importan ¡ factor in sois formation processes . as well as in nutrient 'ION
supply lo plan¡ rana . The solubilily of metal complexes depends on both ¡be binding slrcngth DTPAand ¡he nutbility of ¡be complex Ihus formed . which is de iermined mainly by die sine of EDTA

nc c organic group envolved . Strong binding uf metal to a low molecular organic substa rece io
will appreciably mercase its mobility in so il (Figure 9). Cegan.: ar:ds of Icaf :iecr a e lrcwn ��•' ru. °
¡o be active in ¡he mobilizalion of hcavy metals in soils . An éxtract of pine needles dissolved • í /.�•' •

fsi more metals iban un extrae¡ of oak teaves ; in both cases . however. Cu and Zn were more
rcadilycumplvaed Iban were Co. Ni. and Cd."r-"' lo suite of a hieh rnnhilizalion of hcavy 3 • i �.

�;• Mrl •� Nintcwh, fvresl Miel )luce is asao e•cll known as un importan¡ link of heavy metal ami radio=
nuctide pollulants. as reptbncd by Pavlotskaya.^" "" Van hook ti and Schnilzer and
Khan " The ahitity of simple organic acida lo soluhilize hcavy nmetals may be of importune _S 2n non
in Ihcir cycling. Rashid'•" calculatcd shas cach gran of amino acida occurring in ncc sedimcnas Zn ;'
inay mobilizc 4 tu 440 mg of variuus metal-... showing Ihe highcst affinily lo Ni and Co and

a
��i• ¡ �;: z

sic loweat tu Mn. 4
Cd

Stveral chelating agcnts are al present uscd in diagnosric cxtraclion for available mi - 2 ° •� i o
cronutrients in soits (sce N(>rvcll,s" Mengel and Kirkby.s" anal Lindxay).` Of thasc coto-
manly used are elhyIcnediamindlctraacetic acid (GDTA) and dicthytenetriaminep:nmacctic '2ii a _s r • • s s r • •acid (DITA) which huye taco used for many years (ter determining pian)-avaitable traer pO prtetcmcros in Molla (figure IO). Ahhough ¡be ¡caoba differ wftcn compare) with odie¡ sois

KY ,r cxtractanis and w• iih uptake by planta. lhey are applied in many testing methnxls, and ¡he FIGURE In. ihe enocr . d pu ,'u nc,al ths I.oinr ytI,It s 11>ll'A .,na 1DIArangos Incicritica) lave)% are given Inc suene mieronutricnis such as Cte. 7.n. Mn , and Fe.
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CHEMICAL PATHWAYS FROM STACK
EMISSIONS TO SURFACE WATER

A. S. Kallend
Central Electricity Cenerating Board, Lealherhead Laboratories, Kelvin
A venue, Leatherhead, Surrey, U.K.

INTRODUCTION

Although the possibility of the transport of pollutants over long distances has
been recognised for many years ( 1) concern over the emission of pollutants finto
the atmosphere has, until relatively recently , centred on possible adverse health
effects and on visible damage to agriculture and materials at high pollutant
concentrations near to major sources. In 1972, however, the U.N. Conference on
che Human Environment in Stockholm established a new dimension to the problem;
the possibility that pollutants , particularly SO 2 from combustion sources, could
be transformed to sulphuric acid during transport in the atmospheric boundary
layen and ultimately be deposited as acidic rain or snow at remote sites several
hundred kilometres from the source . Of particular concern in chis context is the
possible acidification of surface waters and the consequent destruction of
fisheries in affected areas.

A complex chaín of processes links the production of an anthropogenic atmospheric
emission with its action in the aqueous environment . The gaseous products of
combustion are normally carried away downstream by the wind together with those
particulate products small enough to behave like a gas. In the atmosphere,
turbulence generated by wind variations and thermal forces acts to disperse and
dilute them in both lateral and vertical directions . A vertical limit to chis
process i s frequently taken to be the height of che turbulent boundary layer
('mixing layer ') over the earth which in turn depends on meteorological factors
and topography . Its height can typically range from 200 m at night to 2000 m
during the day. As a plume disperses in the mixing layer, ground level
concentrations of gaseous pollutants fall off with increasing distance because of
vertical and lateral dilution, absorption at the earth's surface , by chemical
transformation in che gas phase or uptake in clouds and rain . All these processes
combine to determine the chemical composition of precipitation occurring along the
trajectory and their variation combined with diurnal, seasonal and meteorologícal
changes determines the variability of precipitation composition.

This paper reviews what is known about the various processes i n the pathways
leading from stack emissions to precipitation composition and highlights some of
the uncertainties.

CHEMICAL TRANSFORMATIONS IN TRE ATMOSPHERE

Within the mixing layer primary pollutants can be removed by dry deposition, onto
land or sea surfaces , or by precipitation scavenging . They can also undergo
chemical transformation l uto secondary products whích can then be removed by the
same processes . In considering near-field effects i t is tlie behaviour of the
primary pollutant , and particularly che dispersion , that i s of major interest. In
contrast che time-scale invo '-ved in the long range transport of emissions is such
that chemical reactions of emitted materials are important i n determining che
environmental impact at a receptor site.

9



10 A.S. KALLEND

In the case of SO2 the main chemical transformation of interestis oxidation to
sulphuric acid or sulphate aerosol. Nitric oxide is oxidised in the atmosphere to
NO2 and chence to nitric acid and possibly co nítrate aerosol, ending up
ulcímately in precipitacion as nitrare ion. The mechanisms of these processes are
complex arad ínterdependent as well as beimg influenced by the degree of
avai.labílity of other pollutants and natural atmospheric components.

Tuo basic routes to the formation of acidic products can be identified. 'The firsti.
volves -a sequence ..of coupled, gas phase reactions in�tlích free radicals;,2
nerated photochemicá'1ly.sby sunlight, play a' 'major role. Many of the prímary

reactions occurring have been characterised in laboratory kínetic studies so that
it is now possible to model the chemical evolution of a plume in sope decail. A
major problem, however, is that of combiníng the effects of dispersion wíth
simultaneously occurring chemical reactions.

In sume instantes the rate doteraining step for chemical transformation may be
dilution and mixing rather tiran the chemical processs itself. An example is the
oxidation of nitric oxide in a plume which, after the first few seconds of travel
is predominantly vía

NO + 03 + 02 + NO2 ... (1)

In this i nstante the oxidant, ozone, la derived from the ambient air into which
the plume is diluting and, for the first few tens of kilometres travel at leasc,
NO in the plume exceeds ambient 03. The result is that 03 is depleted in the
plume because reaction (1) is rapid, so that all the reaccion proceeds
subsequently at the plume edge where further ambient air is mixing with the plume.
The slowest process can often be the mixing which thus determines the overall rafe
of formation of NO2 (2).

Normally, and in particular in sunny summer conditions , the conversion of at
least half of Che NO to NO2 occurs withín about two hours of plume travel time.
An extreme example of a much slower oxidation cate is shown by the data in Fig.
1. This shows a cross-wind profile of NO and NO2 measurements made during an
aircraft flight on 29 January 1981 over the North Sea about 105 km from the
nearer of two major source aneas. The results are plotted as the ratio N0./NO
so that a value of 1.0 means that all of the nítrogen oxides are present as NU
whilst a ratio of 2 means that 50% has been converted to NO2. Also shown is che
profile of a chemical tracer, SF6 which identifies the position of the plume of
interest . The measurements were unique in that the catire traverse of 260 km was
flown in low stratus cloud which extended to within 100 m of sea level.
Photochemical activity was therefore at a minímum and the 03 level in the plume
was only ~1-2 ppb increasing to -20 ppb outside the plume . Even at this
discance , corresponding to about 6 hour plume travel time , the major parí of the
NO remaíned unoxidised with only -15% NO2 at the centre of the "labelled" plume
and 50% oxidised on the centre line of the more southerly plume. The increased
extent of oxidation at che plume edges ís clear evidente that oxidant availability
was determining oxidation kinetics on that occasion.

The major route to the formation of acidic species under dry sunny conditions is
vía atcack by the hydroxyl radical (3)

OH + SO2 + HSO3 + acidic sulphate ... (2)

OH + NO2 + UNO3 ... (3)

The chermodynamics of the respective systems dictate that sulphate aerosol should
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be the product in the case of S02 whereas nitric acid vapour is the predominantly
atable forro In the latter case. Experiments show that the sulphate aerosol is
almost invariably partially neutralized by ammonia of natural origin.

The yate of acid production by this route thus clearly depends on both SO2 or NO2
concentrations and also on the OH concentration . OH concentrations are a complex
function of plume dispersion rate, sunlight intensity and ambient air composition
(4-6) as precursora to OH are supplied by the ambient atmosphere . Thus che rafe
of supply of reactive hydrocarbons, which are important precursora to OH, could
become rate determining in the formation of acídic products under some
conditions.

In the reactive plume model developed at CERL ( 7) the plume is assumed to expand
at a pre-determined but variable angle vertically to fi11 the mixing layer and
horizontally at a different angle . As it expands it is diluted by ambient air
which itself can be of variable composition. The gases are assumed to be
uniformly mixed within the plume . The ambient air chemistry is modelled •using the
appropriate emission inventories for hydrocarbons, S02, NOx, 03 etc. and is
itself reactive. Other important input parameters are the latitude, time of year
and time of day which combine to determine the incident sunlight. Because uniform
mixing í s assumed within the plume the model does not allow for diffusional
limitation to reaction rates. It therefore representa the most favourable
conditions for oxidation and acid production.
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In Fig . 2 the predicted oxidation rate of SOZ for differenc ambient air
compositions is ahoyo for the early stages o¡f transport (t < 2h). Dilution finto
pure air , that is simply 20Z oxygen and 80% nitrogen , would effectively cause the
oxidation of SU2 to tease . It is only the presente in the ambient air of
hydrocarbons and oxides of nitrogen which facilítate the production of high enough
concentrations of OH and other oxidants for oxidation to proceed at rates
approaching those actually observed.

The computacional difficulty o£ combining the complex plume chemistry with the
detailed physical dispersion has so far precluded the development of models that
adequately account for both the chemistry and the plume structure for different
dispersion conditions . Nevertheless the results from simple chemical models (7)
do reproduce the main features often observed during measurements . Por example,
Fig. 3 shows che predicted conversion tate for SO2 in a plume averaged over a
period of about 6 hours from noon at latitude 50°30'N for an ambient air
composítion corresponding to average rural air. The expected conversion rate
varíes from a tenth of one per cent per hour or less at mid-winter to -3% per hour
at mid summer which is broadly in line with measurements (8,9,15). The
recognition , through chemical modelling studies, that a number of parameters
including sunlight intensity and oxídant level determine the overall cate of
chemical conversion has helped to rationalize many of the differences i n actual
observations of SO2 oxidation in plumes (9).
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Fig. 4 shows model predictions for the concentration of total acid for a typical
plume from a 2000 MW coal-fired power station dilutiog into urban air (plume I).
Details of Che emissions and physical parameters are identical to those defined
previously ( 7) with the addition of an emission of 200 ppm of HC1 gas. The
predictions are for a plume release time of noon on midsummer's day for a
latitude of 53.5°N ( Northern England ). Also shown in Fig. 4 are the predicted
behaviour of a plume containing 50% of the normal SO2, NO2 and HC1 emissions
(plume II ) and a plume containing no SO2 or HC1 , corresponding to a fully
scrubbed plume ( plume III). The figure also shows Atlantic background of HC1
which arises from the interaction of sodium chloride aerosol with acidic Species
produced during the transoceanic passage of air (10). In che model Chis is
depleted by dry deposition and hence the land masa effectively removes about 30%
of the HC1 giving rise to the " rural HC1 " shown i n Fig. 4.

The high i nitial level of total acid in plumes I and II is due to the emitted
HC1. This declines relatively rapidly through dilution while the concentrations
nitric and sulphur acids i ncrease through chemical transformacion of SO 2 and NO.
The predicted composition of the acid product at the end of 24 h of plume
transport is given in Table 1.
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The data in Fig. 4 and Table 1 illustrate the important point that typical urban
air contributes significantly to the chemical impact at a long distance. Thus
the model predicts that, in the absence of a point source plume , the urban
ambient air contributes about 63% of the sulphur acid and 751 of the total acid
concentration that would be produced in the presente of a plume.

Table 1: Concentrations after 24 Hours Plume Travel for Expansion finto

"Urban" Ambient

ACIDIC SPECIES CONCENTKATIUN/ppb

Sulphur Acids HNO3 HC1 Total

Plume 1 1.79 4.36 2.47 8.62

Plume II 1 .47 3.83 2.24 7.54

Plume 111 1.10 4.39 2.02 7.51

"Urban " Ambient 1.12 3.30 2.02 6.44
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Similar calculations for plumes expanding into ambient air of different
composition further i llustrate the effect on acid production of the ambient air
quality i ndicated by the results i n Fig. 2. For example Table 2 shows the
concentrations of acids predicted for 24 hours of plume travel and for expansion
into a typical "rural " atmosphere (7). Comparison of Tables 1 and 2 then
indicates that about 10% more sulphur acid products are produced from plome
materials by expansion i nto "urban " air than fi nto "rural" air.

Table 2: Concentrations after 24 Hour Plume Travel for Expansion into

"Rural " Ambient

ACIDIC SPECItS CONCENTRATION/ppb

Sulphur Acids HNO3 HC1 Total

Plume 1 0.95 3.07 2.47 6.49

Plume II 0.66 2.56 2.24 5.46

Plume III 0.37 3.11 2.02 5.50

"Rural " Ambient 0 . 35 2.05 2.02 4.42

Acidic and other species produced in the gas phase cannot , however, be the sole
contributors to precipitation composition . They are almost certainly totally
absorbed by cloud droplets but gaseous SO2 can also be absorbed and oxidized
within clouds . This is the second of the major pathways for SO2 oxidation in the
atmosphere but evidente for its existente is limited and based almost solely on
Che results of laboratory measurements , apart from a few preliminary experiments
in wave clouds (11). �^'4i+d?alw��?t3s3z? !K

As well as oxidation by dissolved oxygen, the possibility exists that the strong
oxidants hydrogen peroxide and ozone can also oxidize SO2 dissolved in cloud and
rainwater ( 12). The atmospheric concentrations of these is much lower than that
of oxygen but laboratory experiments have shown that the oxidation rases are so
much faster that they can compete effectively. Calculations by Penkett et al.
(12), based on experimentally measured rases, suggest that 50 ppb of ozone or 1
ppb of H202 would give oxidation rases two orders of magnitude greater than for
atmospheric oxygen.

Oxidation in solution i s further complicated by the fact shas the acídity
increases as the reaction proceeds and this decreases the extent of further
dissolution of SO2. For 03 and 02, the overall rate of sulphate production thus
decreases as oxidation proceeds but with 112O2 the rato constant increases witit
acidity. Recent work ( 13) has shown that the rafe of SO2 oxidation by H202 is
totally independent of pH so that this may be tlie only possible in-cloud oxidation
mechanism for pH < 4.0.

In general , gas phase reactive plume models predict a more rapid production of
nitric acid than of sulphur acids ( 7) and yet precipitation at most remote sites
downwind of major sources in Europe contains more sulphate than nitrare and non-
sea chloride ís negligible although i t has not often been specifically sought.
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This is perhaps the best i ndication that In-cloud scavenging and precipitation
washout contribute significantly to precipitation composition and, In particular,
that i t is by these pathways that sulphur acids come to exceed nitric acid in
precipitation . Models to simulate in-cloud scavenging and chemical transformatíon
are currently being developed at CERL and elsewhere.

Previous experimental and modelling studíes of plume chemíscry have not considered
HC1 either as a primary emission or as a component of the ambient air. Its
importance is clearly related to che chlorine concent of the fuel but two
important effects can be predicted . The first is that í t may directly affect or
even dominate the acidity of precípitation and the second that i t may influence
the other chemical transformations in a plume. Measurements by Martin ( 14) show
that, In some arcas of the UK, precipitation acidity near to sources burning high
chlorine coal is dominated by HC1 but that this is not the case beyond a few
kilometres from such sources. This suggests that, on average , HC1 is fairly
efficiently scavenged from the atmosphere.

Evídence for the possible effect of HCl on plume chemistry arises from the cloud
water analysis shown in Table 3. These samples were collected from stratiform
cloud within the mixing layer during a cross wind traverse about 105 km from a
power plant plume over the North Sea on January 28 1981. An excess of chloride
ion is evident and the low pH on that occasion was probably largely determined by
the primary HC1 emission . The consequence vas probably that the solubility of SO2
was reduced making it less available for oxidatíon in cloud droplets . This, along
with the low concentration of oxidants meant that oxidation in the aqueous phase
could not Nave been proceeding significantly at the time of the observations.
Preliminary modelling studies ( 15) suggest that the measured sulphate arose
predominantly from SOZ oxidation in cloud in the ambient air finto which the plume
was mixing the acidity there being lower and oxidant level ( 03 ^• 20 ppb) higher.

Table 3 : Cloud Water Samples 28 January 1981

1336-1545 GMT

concentrations in ueq/1
• !I

Cloud Water
C1- NO3- S042- Na-'- NHy+ K+ Ca2+ Mg2+ I.B. pH* Content

go/ m3

1758 653 1481 952 1009 372 256 296 3.03 0.6

2901 779 1694 952 1339 137 229 229 2.63 0.6

3887 897 2250 843 1917 114 335 315 2.46 0.6

2407 815 2533 726 3700 76 500 315 3.24 0.5

2817 769 2563 543 2222 88 403 172 2.56 0.4

* plí calculated from ion balance.
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DEPOSITION PROCESSES

Within the atmospheric mixing layer primary and secondary pollutants can be
removed by dry deposition onto land or sea surfaces or by precipitation
scavenging.

The range of mechanisms encompassed withind'dry:depositio3' includes capture or
absorptíon by, reaction witlt, or diffusion through any terrestrial surface, e.g.
oceans, soil, plant tissues and man-made structures, or by solution in any aqueous
films present on such surfaces. In each case it is normally assumed that the
Cake-up is irreversible, but little is known about the extent of neutralisation of
dry-deposited SO2 by mineral dusts and ammonia. The result of such take-up is to
deplete the atmosphere of gaseous pollutant in the immediate vicinity of the
surface, thus producing a concentration gradient which maintains further transport
of pollution to the absorbing surface. The overall resístante to this flux is
usually expressed inversely as a deposition velocity, (Vg). Its value depends
not only on thee meteorological conditions but on the nature of the surface.
There is also a wide variation in Vg for different gaseous pollutants which is
undoubtedly related to their different chemical affinity for surfaces including,
particularly, their differing water solubility (16).

During transport Within the mixing layer calculations using average deposition
velocities show that SO2, for example, is removed by dry deposition at rates
equivalent to a first order rate constant of 2 to 4% per hour. Although
precipitation scavenging, when it occurs is probably faster than Chis, dry
deposition is nevertheless probably the major route through which SO2 is removed
from the atmosphere. Por example, taking a deposition velocity of 1.0 cm/s the
flux of sulphur from an atmospheric concentration of only 10 ug/m3 of SO2
approximates that from 1000 mm per year of raín containing 70 p equ/litre of
sulphate. Thus, apart from the most remote sites which also have high rainfall,
dry deposition exceeds both wet deposition and chemical transformation as a loas
mechanism for SO2.

The processes by which. $ Saye e gases and partirles from the
atmosphere can be conveniently divided finto two classes . Those in which material ,,..
is incorporated finto cloud droplets are often designated as "rainout " whilsC the
scavenging by falling precipitation is termed "washout".

Various theoretical models have been developed to describe fiaáhout#g17-19). The
problem is essentially one of calculating the number of collisons between
particles or gas molecules and the falling precipitation droplets and ís
complicated by the existente a sine distribution of particles and droplets. Por
partículate washout the process is usually considered to be irreversible; that is
that all particle-droplet collisions result in the irreversible capture of the
aerosol particle by the precipitation droplet (17). This is not the case for
sparingly soluble gases, including SO2, for which scavenging may be limited by che
solubility of Che gas and che possibility exists of desorption of the dissolved
gas by the droplet if it falls into a region where the gas phase concentration is
lower (18).

The presente of ammonia gas in the atmosphere can significantly enhance the
Iwashoutlof SO2 by its neutralizing effect which thus increases the solubility.
Even so the calculations of Marsh (19) suggest that not more [han half the
sulphate in precipitation at reiaote sites comes from washout of SO2 or of sulphate
aerosol. Similar arguments apply to the other major anion found in precipitation,
nítrate, although the high solubility of nitric acid vapour may result in a degree
of removal by washout. Thus the evidente suggests that the major parí of the
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dissolved material i n precipitation is incorporated during the formation and
growth of cloud droplets.

Í�f
As with precipitation scavenging , material i s incorporated fi nto cloud water either
by dissolution of gases or as aerosol particles . In principie aerosol could be
incorporated either at the nucleation stage of cloud formation or subsequently by
either Brownian attachment or by diffusophoresis . Brownian attachment is only
important for Aitken nuclei (r < 0.1 mm) (20) whilst Goldsmith et al. ( 21) deduced
that diffusophoresis in a water vapour flux typically accounts for less than 1 per
cent of material scavenged during one cloud condensation cycle i n the acmosphere.
Thus uptake by gaseous diffusion and nucleation of cloud droplets on particles are
probably che main processes involved in scavengíng by clouds.

In clean maritime air, nucleation is probably predominantly on 'giant' sea-salt
particles ( r < 1.0 um ). Measurements indicating similar number densities for both
nuclei and cloud droplets (- 100 caí 3) tend to confírm Che hypothesis that
virtually all sea salt particles at cloud level are involved i n condensatíon (22).
Over land, and particularly in industrialized regions, cloud droplet
concentrations of 100-200 ctá-3 are not uncommon and this difference between
maritime and continental cloud suggests that a substantial proportion of
continental aerosol can act as nuclei . For example a typical sulphate aerosol
concentration of 10 ug m~3 and particles of unit densíty corres pp ond to an aerosol
number density of 2 cm3 for a radius of r - 1.0 pm, or 250 cm3 for r - 0.1 um.
Thus it is entirely feasible that virtually all pollutant sulphate aerosol can be
taken up as cloud condensation nuclei.

On this basis che expected concentration of sulphate in cloud water derived from
nucleation alone can be calculated . Thus a cloud liquid water content
of 0.5 g b-3 and 10 ug m3 of aerosol corresponds to a predicted concentration of
sulphate in cloud water of 450 u eq litre 1 The expectation thus is that
sulphate levels at least shall be substantially higher in cloud water than in
precipitation in which typical concentrations at remote sites are -70 u eq
litre 1.

Tabla 4 shows the average composition of cloud water samples from non-
�� precípitating stratiform cloud from measurements carried out during 1980-81 (15).

The data are divided finto samples upwind of che UK and downwind of the UK and,
for comparison , the composition of precipitation at a typical remote inland site
is included together with concentrations for an 'acid episode' in SW Norway on 2-
4 March 1974 . In each case the upwind samples were taken in comparatively clean
air with S022 and NOx levels below Che mensurable limít and correspondingly low
aerosol loadings.

The expectation is that West Coast samples should reflect a long oceanic fetch by
being relatively rich in sea salta whílst East Coast cloud samples would be
relacively higher i n anthropogenic species, S042- and N03- and in natural land
origin species Ca2+ and NH,,+. These qualítative expectations are fulfilled by
the mean values of analysis presented in the Cable and indeed by all Che
individual samples collected during the programme.

The data in Table 4 show that Che ratios of the non-sea-salt ions in the East
Coast cloud water are similar to those observed in precipitation , although of
much higher concentration , typically a 5 to 10-fold difference . Such sulphate
levels compare reasonably well with the values as high as 400 u eq licre 1

reported by Regg and Hobbs ( 11) over Los Angeles and Washington but are higher
than the average value found at the remote site at Whiteface Mountaín (23)
although Che maxinum value observed i n that study was -1200 u eq litre 1.
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Table 4: Composition of Cloud and Precipitation

concentrations 1n p eq/1

S042- N03 C1 Na+ K+ Cae+2+ 4+
PH

Stratiform
cloud, mean 261 73 1154 905 112 53 237 126 4.3
upwind UK

Stratiform
cloud, mean 558 240 C57 905 27 163 169 419 3.5
downwind UK

Precipitating
cloud samples, 90 55 83 47 20 - - 20 5.4
(11.8.80)

Precipitation,
mean OECD 68 29 25 21 3 14 5 30 4.35
site(NlO)
(S. Norway)

Precipitation
episode 230 150 - - - 65 27 180 3.92
SW Norway
(2-4.3.74)

These measurements indícate that substancial dilution through vapour deposition
must occur during the growth of cloud droplets to precipitation elements.
Consistent with chis picture is the fact that samples from precipitating clouds
had much lower concentrations that were only 1 to 2 times that of average
precipitation ( Table 4 ). During sampling of the stratiform clouds the mean cloud
droplet radius was measured as -6 Mm. This would only need to grow to -12 ya
radius to achieve dilution to sulphate concentrations typical of precipitation.
Clearly droplet accrecion is also important in the growth of precipitation
elements . The aboye results are in agreement with the conclusion ( 24-26 ) that the
collision efficiency of droplets is less than 1% until the radius exceeds 15 Pm.
The observations are thus consistent with a model of cloud droplet growth
predominantly by condensation up to -12 pm followed by accretion until rain drop
sizes are reached.

Another i nteresting feature of the results in Table 4 is that whereas the Na+/C1-
ratio for samples taken i n clean maritime air is almost exactly that expected for
sea salt, C1- exceeds Na+ downwind of the UK. This suggests a major contribution
to cloud composition of HC1 fro ta combustion sources and chis is borne out by cloud
measurements in specifically identified plumes ( Table 3) (15).

CONCLUSIONS

This paper has sought to demonstrate the importance of chemical transformations
and, in particular , of chemical kinetics in the atmosphere in determining the
impact of atmospheric emissíons on the aquatic environment through precipitation.
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Direct measurements as well as modelling studies based on kinetic parameters
determined in che laboratory have resulted in a reasonable understanding of che
gas phase chemical transformation of major primary pollutants . The relative

II. abundance of sulphate and nítrate in precipitation does not, however, reflect the
measured or predicted rate of production of nitric acid and sulphate aerosol in
typical plumes in whi. ch gas phase chemistry predominates and suggests that, on
average at least, in-cloud chemical transformation along with direct precipítatíon

f scavenging accounts for a substancial parí of cite sulphate actually observed in
precipitation at most sites.

The chemical interaction of pollutants from the same source and from different
sources is brought out most clearly when considering che effect of ambient air
composition on the gas phase chemistry in plumes. Equally however , oxidant
availability during in-cloud oxidation of SO2 may be of even greater importance
and may sometimes be che tate determining factor for sulphate production. There
is a need to investigate che importance of hydrocarbon precursors in chis
respect.

The chemistry of the ambient air is aleo important at long range , particularly
when i t is of urban origin, because chis air itself contains many of che principal
components that are also present in power plant plumes including SO2 , NOX and
their derivatives . Indeed , for NOx at least after 24 h travel at a distance of
-1000 km from source , it may often be che case that most of NOX in che now
widely dispersed and diluted plume derives not from the plume source but from the
much more widespread urban or rural sources which determine che quality of che
ambieat air.

Clearly che effect of changes in emissions either from point sources or from urban
and rural area sources which determine ambient air composition cannot be predicted
without considering che complex atmospheric chemical interactions exemplified in
chis paper . To be both soundly based and cost-effective any future control
strategy must likewise rely on a thorough understanding of che chemical pathways
linking source and effect and on the resolution by further research of che arcas
of uncertainty.
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,.c uound a coas - burning plant are enriched in Ag, Volume. Mercury anatlysis was done by llameless atomic

Cr, Cu, Fe, Hg. Ni, Ti, and 7.11. I'lant materials al>ulrpli(>t>. using (he Aierconuter (Anti•1'ollution Tech•

t 4 jched in U, Fe, Ni, and Zn . Soil enrichntents cor- n<dugy (•orp.). ('onvenlional AA analy.es liar Fe, Ti, %n,

tri�> wind patterns and wilh fila- (neo 11 roolenl o$1 ('o, ('r• ('ti, Ni, ('d, ami A;• wrrr rlnl un I'rrkin Eli,n'r 303.

pt
for Hg. which is only alighl ly enriched.

mercury resulting frt►m fos.il fuel consunyptic,r► HcsuQsaru!!/ iseu.csion

dycited as a source of mercur in isoluted lakts. The analylical resulta, plutted :<a c•ontuur maps. are al¡
byJoenauu ( 1971) and Billings and Matson (1972) quise similar tu that 1,f Cr (Figure 1). All patterns show

"'tbat larga quantit¡es of mercury may enlcr the en- marke< 1 enrichnn 1,t nurtheast sea<¡ aclctheast uf the plant,
t in this way. Bertine and (oldberg (11171) can- wilh ti pinched• in urea of low c•uncenlration at about 8(I`.iY ,. (W fuel consumption lo be a }>t►tenlially signilir:pt I•:nrirhntent patlenrs in Ihe se<lintenls do nos coincide well
tmospheric discharge of many metal¡,, in addi- with the latid patterns, living curnplicated by the outward

pp,51e rcu ry• The research reponed in Ibis papar was nutventent of lino parlie ies resul(ing from wave action, by
pin a1, entre to this p rohlem oí alrnospheric dis. Ihe general southward dril! of near•shore sediments in this

' ` tpecifically , lu consider how 1ma'h latid arca arca , sud by sigiifit'anl river disehar;;e col* nx•tah• The Hg
be burdened by fallout fromamajorcoalhurner • pallern diflers from the nthers in 1h:>t it lac•ks the reginn

z�µii1, of very luw concenlration aruund 1111(1 cono h nl't he plan!.
•I'o g;tin .come insig li l inlu Ihe I►cossihle eitry of the dis•

`' trotan! is located on the eastern shore of Lake Michi- charged metals ¡ni<> the biota, samples uf native grasses,
Dcepi for a ridge of low dunes at the shoreline , the nlaple Ieaves. ami bine n(Kdles frnrn liiur cites in the }

ing terrain is quite fíat. Typically. the soil is background region and (i>ur sises in Ihe enriched region 1
*ltb a thin cover of deconlpta ed orgatnie mal ter . The viere (vtlle(•t(•(l 1u►d snalyzed. The data ('I'able 1) show

poteatially competing source of atmospheric dis- highly signiliennt inereases in Cd, Fe. arad Ni. Tus, cat-
metals is the city of Holt 1,d, lying sis miles lu (Ie pastured in (1►e enriched reginn are ingestit►g grasses

s �pQth. which has severas metal industries . The plant with a considerahly grenter 01 comeos ¡han catole pos-
etattcd up in 1962 . Since then it has consumed about tured in the background regios.
�y of Ohio coa¡ . It presently generales 650 MWV. and The wind dala presente(1 in Figure 2 are t he summary of

through a 400.1 '1 stock eyuil►ped a•ith pret•ipil.1 3•hr (11►I:crvalions uver fuer years al Ihe U.S. Weather Bu.
%khoperateatabout90%efliciency. reau station at Muskegon , 18 miles nurth. and near the

shoreline . The most fre uent wind componen( is 13-18andAnolysrs nlph. *¡*¡le pal(('r11 has lacen ru1;tte<1 1X(l' from the conven- 1
'jand aampling grid included 45 cites, with two sam- tional wind roce, lo hett'er illustrat é a resulting fallout

at each cite . Usually, samples viere soils from panero, The wind pattern is quise similar to the observed
wooded arcas, one from under deciduous trees. fallout patterns , with winds uf maximum 1'reyuency di-

~ Kb r from under coniferous traes. All saniples wrrr recled nort h(-as( 111<1 sutil hcast uf¡ he plan1. relatively low
fto
m well .drained arcas. The .acople. oyere 2 crn I'requenry dired t' 1 al abuul $11", :uul :1 vern• Iow frequen<•y

CM were screcned tu rrnwtr Iraves, tonos, pel►bles. of luw.tclurity wind.. *¡*la<- main ditfrrenre bt'tween the
• M edditional 24 surface grabs were (¡¡kv¡¡ ul' st•di. wind pa tierll and ¡he Ialluul patterns i, th:u the observed

in LakeMiehigan ,uplo 3ni ¡les oft'shore. .uulhern enriched ron(' is lelo largo <-;¡Ni ¡1r !ceso. Yoasibly
temples Itere t11Ull\'%t 'd liS rP4'1'1v1 41 . 1111,1 (he rrallls Illis i. (lo- 74 •.1111 ''1 ( l1,• :n71,urn ,• aislan . ••1 tl,.• talV <•l 11(11

to a dry weight oasis. 'l'wu-grata samples !oyen Enid. reinfiar'ulg lita., pallt•rn Ironn Ihr plant. The
finto screw- top centrifuga subes. and initialh' taxi- nurlheaslern enriched reginn i, rrntrrr(I uhout 1i miles

91 1 room temperatura in an HZSO,- KMutO4 médium. from Ihe pian1; thus il appears 1ha0 I:: 18 ntpfi winds are

the KMnO( oxidalion uppeared esintplete, 2 ml. of rnmpelenl (u 1rutapurl ¡la(- jarticul:,l1 (mi,:ion, al»,tal (i
X Oawas added and the subes were sealed and placed miles. The wind jo tiorn showrl 11:1, Ir-en empiricall
y�C oven for 30 nliii . The saniples !!yero' theti rentri - :ealyd arcurdingly: 1h:¡( is. a !virus crl,n ile ' (llar 1,f 1

and (he supernatant was dreauited nnd hroughl 141 nlph rorn•.pund. toa con¡r,Ila:ulr( ..(li nlil(,.
II Ihe wind pallrrn. :a- .r:,lyd, :,.L yunt, It rcpl:tins
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Table 1. Trace Metals in Snils and Plani Materials around a Power Plant

f 1:.ckgronnr 1 nr.chred ttackground Enteched Sol fol.]¡ Calcd
%wls. :.011%. plants . plants • ennchment . d•sch;t,oe. discharge .

Metal ppn, ppm ppm ppm lons Ions ton$

Fe 1500 2840 80 260 20.000 25. 000 10.000
Ti 55.6 91.6 None delected 540 680 500
Zn 2G.3 35.0 37 51 130 160 50
Co 2.3 4.6 None delected 34 42 5
Cr 4.6` 6.5 Norte detected 28 35 10
Cu 2.8 4.6 10 8 26 32 15
Ni 2.4 4 . 0 0.5 2 . 1 24 30 15
Cd 0.55 1.46 0.12 0.35 14 18
Ag 0.247 0. 272 None detected 0.4 0.5 0.5
Hg 0.0079 0 . 0102 0 . 09 0.07 0 . 04 0.05 4

Figure 1. Oulside 1his region lhe nlelnls arre ¡ti hackground
concentralion . The enriched arca euvers 115 mil and en-

N chuces 2:3 of the 45 latid santple cites.
• Enrichment js eunfjned tu the upper 2 cm of soil,

C which has a dcnsity ul' 2.7 gm/cma.
• Except for Hg, metal concentrations in the Goal are

A ¡hose presented by I3ertine and Goldl►erg (1971). The con-
8 centration of Hg is taken as 0.:( ppm , an estimate possibly

¡si error bv at factor of S.
• The precipitator works with 90% eftíciency for all

A C metals hut 1 Ig. AII 1 he niereury in the cual is discharged lo
the atmosphere (tiillings así¡(¡ Matson• 1972).

F4tch assumptiun may he in error by a factor of 2 or 3,
but lese, than an order of magnitude . The assumptions
perntit calctllalion uf lit) uhserved total discharge, in met-

M,,,t 1 ,
H

¡ ric ( una, and a calculaled discharge based on an as umed
111 1 ' 1 cturl anaht:is. 11e nuntbers ¡are shutvn in Table 1 . The

ra nge front Fe tu Ag coceas nearly five orders of magni-

Figure 1. Chromium distribution around the power plant lude, and onh Hg shows a seriuus di'crepancy, by about
two urders of magnitude.

P, plan¡ : H. city oT Holland. A. 0-5 ppm ; 6. 6-10 ppm: C. over 10 ppm There a re severa ) possible explanations for the discrep-
anc•v

- - �'I'he nasuuud nurcurv runrrnlmalion in cual . out\ he
N tut► high. To rentove the discrepaney would reyuire that
�. (he mercury concentralion nlust be about 0.11113 ppm,

D whieh is unreasonabl luw. This explanation is probably
incorrect.

• Mercury le•aves Ihe stiaek as (he vapor. adsorhs ton (he

C 1►articulates and depusila with lile uther metida. Once in
C A (lo<- snil natal uh it is val:uilired fama the p¡trticulales by

sume unknown chentic•al ur biulugical pnxes and dis-
0 A persed over a wider arca.

• Merc•ury leavea the stock as the vapor, a smatl frac-
tion is adsorbed san particulares and deposits. and the bal-
ance la dispersed over a ¡vide aren.

M il es Although we t-anlut d¡alingujalt heltt•cen 11w 1allcr two
1 0 17 3 4 5 explanations . it is olear that ntercurv discharged tu the

wiÑo S►rrD M►N atmosphere by combustion of coa¡ is much more widely_ H0 5 lo 0 5 70 dispersad to the environment than are uther metals simi-
larly discharged.

Figure 2. Wind distribution around the power plant
Acknme!f-dR nr eral.

Total observations . 14.000 . A. 0 125 ohservaiaons . 8. 126 750 : L. 251
375. D. over 375, 1Vt thank .I. linrtver, .1. \lunds, and 11'. 1'ttplatvsky fur.

technical asaistaance alud •1. ¡levntilda oí (•onsumers Power
Co.)lant enters Lake Michigan. As shown hy Figure 1, how- lorplantoperatingdata.

over, Chis one l'jflh iv mil ha•aled where Ihe wind pollero l.iternlrrrrl'iht!
lredjets. pnd►alrlp In•raraa cal lile ventr •nl ul .rdirur•n¡�das lterrrw .K.1<..c:r,IJl.rr1:.I;.It.,N.vn•..17:1._x; :,1111711.
:ussed previausly. liilliags• ('. E..1lalsun, 1\'. It.. ibrd., 1711, 123; 4:4 4197 I.

l3y unaking thc lirlluwing nasum li tions , Ittr a¡ryrroxint : rle Irratsuu ,0.1..Ihu/.. 172. 111'!¡ 8(I!+7I+.

talan! r hI Iwe a•n r•md t, nasa.111ptiun and 1lw .uil t rnu a utr;,. !C, rru•rd /.,r r.•rrrrr l1, •.1..r • /7+•_ :Irrrpi..1 1lrrrmb.r 2, 1!f:2

1 joras can he conslrUCted '
'%lr ac /rrrr/ r•rf hox /pv•q xuppurleel r,rrd / rrron . rr/ UI /rurl 6C Ihe (l•. K.
I%rllutl /iunduhur, wu! M thr ll'at.•r IJuolif, (llp,•c'. Enr•irnrt-

1Itere js a single regjon esarjched liv cual hunu•d :tI Ihe rn. rrlu! linf. •rl,.n, .t •u•,, l.ur,u.u,t 1•• fh• 1'r,lrrnl It'nf,'r ¡'alta
tdant. '¡Ibis regiun as sh; pa-ti 1ikc (1a• shaded load arca al* aí.a ('urrlrulrlrl.

359 Fnvirommontal Sciunr�' R Tnchaolron
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BERYLLIUM POLLUTION FROM SLAG AND ASILES FROM

THERMAL POWER STATIONS

)ANA KUBIZÑÁKOVÁ

)nsrirute of Landscope Ecolog)•. Czechoslovak Acodemy of Seiences. 37005 Ceskt Budijo ice,
C_echosim'okia

(Received September I. 1986: revised January. 1987)

Abslract. Beryllium enlers (he environment principally from coa¡ combustion . Be contents in the ashes from
a Czechoslovak power plant were dctcrmined. The ashes used in the experiment were as follows: coarse
(> 2.0 mm ) and fine ( 2.0 to 0.2 mm) fraction from dump . and fine (<0.2 mm ) fraccion from electrostatic
precipitators . It was discovered ttiat thc acidic and Ihe alkali aqueous extracte oí (hese ashes contain various
concentrations of Be ( 1 to 17% of total concentration ). Wastew• ater has shown 3.15 and 3.4 pg Be L''.
Thus. secondary Long-term Be pollution emerges from (he siag and ash dunips.

1. Introduction

Beryllium exhibits toxic and carcinogenic elTects (Groth et a!., 1980; Reeves, 1979;
Sunderman, 1984: IARC, 1980; SCTM, 1981). Its threshold limiting value is
2 pg Be m - 1 and MAC occupational exposure value is 1 pg Be m `. Experimental
cvidence of carcinogenic efects of Be on mammais has bcen revicwcd by Kuschncr
(1981); thc phytotoxicity of this elcment is not yct fully understood (Lcpp, 1981).
The amount of Be present in the evironment has increased dramatically over thc.past

50 yr. The world production of Be was about 20 x 101 tonne in 1979. The annual
cmissions of Be have bccn estimated to be 30 tonne. About 2 tonne of Be pollution
results from special extraction planis and in the nuclear, electrotechnical, metal working,
machincry, and ceramic industries.
The alnount of atmosphcric emissions of Be in Czechoslovakia is cstimated to be

3.1 tonne yr- 1; in Chis respect this country assumes fifth place in Europc after USSR,
Poland, GDR, and FRG (Pacyna, 1984). The main source of pollution is thermal power
stations which burn coal containing Be, particularly brown coa¡ mined at thc North
Bohemia Brown Coa] Mining District which contains Be in amounts of 1.5 to 30 pg g - 1

( annual extraction of coa¡ about 1 x 10 tonnc) (Bou3ki 1981).
In 1976 to 1980 we monitored environmental pollution in the vicinity of a thcrmal

powcr station burning coa¡ from that mining district, and measurcd the concentration
of Be and other potcntially toxic clcmcnts along thc chain: coal-slag-ashes-dust fallout-
wastewatcr from thc Iight ashes dumping ground-soil-plants within a distance of 15 km
from the power station. Wc observed no significant changos in the accumulation of trace
clcmcnts in crop plants, which are the first link of the food chain (Svácha er a!., 1979.
1980).
Thc aire of thc present work was to cstimate the Be content of thc solid mattcr of

thc w,astcwatcrs. and to examine thc libcration of this pollutant from (he solid inatier
by acid and alkalinc solutions at various p11.

11 oi,,. Air..v,d .S-,t /•nllunon 3J 1 I'/H7) 161- 167
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2. Materiais and Methods For dctermining ¡he total Be contcnt , about 0. 2 g samples were decomposed by

The Ntélník power station is a condensadora type, with instalied capacityof 1333 MW;
pressuredigestion with 8 mLofconeentrated HCI and 2 mLofconcentrated UNO, for
1 hr at 150'C. The system was filtered through a Synpor filler, the filtrare was dilutcd

its annual fuel consumption is about 5 x 10 tonne of brown coa¡ with medium S
and Be was determined (details concern ing the optimizad fluorometric determination

contcnt and about 30% ash. The dump, located to the west of the station, is a horizontal
of Be in cnvironmental samples can be found in Kubizñáková , 1983).

typc and is divided finto two paras by an hydraulic-fill carth dam. The situation is
Wastewatcr samples (1000 mL) were stored with 10 mL additions of concentratcd

depicted in Figure 1.
Thc samples of wcre ground and homogcnizcd in a ball grindcr (Fritsch, FRG), thcir

HCI as a preservativc.r. Thc polyethylene bottles were clcaned with 1 M-FINO„ and
perfectly

rinsed
nsed

w
ith rcdistilled water prior to use.

wat decomposition was perfornted in a home made Teflon-lined autoclave .
In order to see how easily Be can be relcased from actual samples by acidity in alk ality,

Bcryllium was determined fluoromctrically with morin on a Flaphokol H l instrument
50 mL volumes of 10''. 10-', and 10's M solutions of H2SO4 and sodium hydroxide

equippcd with a fluorometric adaptcr (Zeiss, Jcna, GDR). The acidity of the solutions
were added to 5 g samples in polyethylene bottles, and the systents were allowcd to stand

treated was mcasured on an OP-265/1 digital pH-meter ( Radclkis, Hungary).
for40 days with occasional stirring . The suspcnsions thcn were fi ltercd, pH of the filtrare

A rcfcrcncc stock solution of Be was prepared by dissolving 0.4506 g of Be in 50 mL
of IM-U2SO, and diluting to 500 mL with water. A 0.064% solution of morin in

was measured and the concentration of Be was determined.

ethanol was made up from the purified chemical (Koch-Light, U.K.). The other
chctnicals usad of rcagent grade purity were purchascd from Lacliema, Czechoslovakia. 3. Results and Discussion

Samples wcre collected in polyethylene bags , dricd at 105 'C, and scrcened using 2.0
The results are given in Tabla I. The long-term action of wcakly acid or weakly basicand 0.2 mm sicvcs to obtain a coarse fraction from the dump , a fine fraction (fly ashes)

froni the dump, and a fine fraction from ara electrostatic precipitator in the power station . solutions leads to a pardal liberation of Be from the ashes . The total available Be
conccntrations in thc coarse fraction from the ash dump (sample A), in the fly ash from
the dump (sample B), and in the light ashes from the el ect ro sta tic precipitator (sample C)E
wcre 1.80, 1.87, and 1.58 pg g -', rcspcctivcly. Acid medium rclcases Be best from the
light ash from (he precipitator (samples Nos. 16 to 18), whereas the coarse fraction froni

S lhe dump is better attacked by alkaline solutions (samples Nos. 5 to 7). Virtually no BeM
was extractad from the ash on the dump (sample B), which is a fine fraction formcd by
abrasion . This fly ash contained Be in the highest amounts , and also has the highcst pH

W (in the most basic medium).
During the hydraulic transport of the slag-ash slurry to the dump, the ash interacts

EM E with the water used . whercby the quality of thc latter is markedly affected. Thercfore,
0 J•s S .Okm wc also measured the average amounts of insoluble and soluble master, pH , and Be

conccntrations in Chis water. The results are given in Table Il. The pH was found to be
• higher by 0.3, and aleo thc amount ofinsoluble and soluble master was about 3 and 12 %,

rcspcctively, highcr in the wastewater than in the initial water source . (These values.

2- ,' naturally, refer to our spccific case and cannot be generalizad.)
Beryllium conccntrations werc determined both in the outflowing (recurrent) water

from the dump and in thc stagnant water directly on the dump. The values obtained lucre0 1-.,// rf I t
v `l1•j T ..\ 3.15 and 3.4 pg L -', respcctivcly. lt should bc notcd that ihe dump eomprises a vaficty

III 44 of matcrials of dilrei ent chcmical eomposition, granularity, etc., and a numbcr of local
equilibria, influenccd by diversc externa) factors, are involved.
The water draining from the dump alrccts zhe onderground waters by incrcasing thcir

í j/ 1 t Ievcl and gradiente. and possibly also by cuntaminating tbem with a numbcr of clemcnis,
including Be. lt was, indeed, observed that if no wct feed is added, rapid draining and
drying of the dump takc place.

fig. I. Lo,'alion o ( samplint cil„ m tl .orr„undh,g. of (he ntti,úk lhermal power station . The conccntrations of Be in (he outilow waters were comparad with the highcst
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TABLE 1 admissible values as per EPA. which are 11 Ng L -' for surface waters and 1.1 )Ig L - '
l:xtraclio n of Be from ashcs with acid and alkaline solutions for underground waters (EPA-Be 1978), and was found lo be lowcr than ¡he fornler.

(No Czechoslovak standard giving thc highest admissible conccntrations of De in waters
No. Extractani Be cxtraclcd pil

cxists. A USSR standard requires less than 0.2 )Ig Be L - ' in drinking water.)
ng L - ' ' Balance calculations showed that the powcr station contributes daily 100 g of Be lo

1 the wastewater pollution. Air pollution by volatite beryllium compounds (chloride,
A. Coarte fracuon from dump ( sitos 4 , 5), grain sizc 2 mm. Be content 1.80ll g

fluoride ) also occurs . It is estimated that about 1 % of the total Be contained in the coa]
water 67.5 3.8 6.79

2 10 - 'M-II,SO. 45.0 2.5 6.33 is relcased to thc air, the majority, howevcr, rcmains in thc stag. Liberation of Be from

3 lo-4M-11 , SO4 45 .0 2.5 6 . 33 power station ashes was observed by Jilele as early as 1967.
4 10- 'M-H ,SO4 78 . 8 4.3 6. 75 Our present knowledge of the environmental situation with respcct lo (he pollution
5 lo -'M-Naoll 67.5 3.8 7 .65 by Chis dangcrous elcment is still incompleto , and additional data conccrning the normal
6 10M-NaOlt 146.3 8.1 6.55

and elevated lcvcls of Be both in the natural ecos stems and in ecos stems disturbed7 10 'h1-NaOII 135.0 7.5 7.32
by the activity of man are nccessa y for a comprehensivo and thorough evaluation.

8. FIy ash from dump ( sitos 4.5), grain sine 2 .0-0.2 mm . Be content 1.87 pg g-'

8 Water 22 . 5 1.2 7.49
4. Conclusions

9 10-3M - H,SO4 45.0 2.4 8. 11
lo 10-4M-H=SO, < 11. 5 - 7.08

Thermal power stations, which bum coa] with high Be contents, are the most scrious11 lo-'M-H,S04 < (I.5 - 7.11
12 10- 'M-NaOH < 11 .5 - 7.92 sources of environmental pollution by this clcmcnt. In addition lo the primary pollution
13 lo - 'M-NaOll < 0.5 - 7.35 by emissions, secondary pollution emerges from thc slag and ash dumps. Thesc dumps
14 10 -'M-Na011 < 0.s - 7.67

give rise lo long-term pollution, from which both surfacc and underground waters
C Lighl ash from clectrostatic precipltalor ( sito 3 ). grain sizc 0 . 2 mm. Be content bccome contaminaled . The experimenis presentad in this paper give evidente that Be

1.511 pg g •' can be rclcased from the solid matter rather readily. In vicw of thc high toxicity of this
15 water 22.5 1.5 7,39 metal, thesc obscrvations should stimulate further intcrest in its behavior and transpon
16 lo -'M-II,SO4 22.5 1.4 7.39 in the environment.
17 r lo '4M-Il,SO. 270.0 17.1 7.38

18 l0'M-11,50. 135.0 8.5 7.38

19 lo -' M-Naol l 67.5 4 . 3 7.59
Refcrellces

20 10 - 4M - Na011 67 . 5 4.3 7,48 i..
21 10 ''M-NaOlt 22.5 1.4 7.38 EPA • Bery llium, Water Qualily Criteria : 1978, NTIS I'B•292-422.
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0 tn1-cd 203anaary : acccpttd S Iltiamhe, 198x. acid, sandy soils, howcvcr, an appreciable portion of thc pools

1. k, nrdd , A. & Kak , A. e. lSxisal lNwre Hrreu.nt (AVdtmiC . New York . 19821. of various solid-phase aluminium fractions is currcntiy leached
2. Kuhntn , L Nmure319.393-394 ( 1986 ). from the soil. Table 1 indicates that leaching could Icad to a }It
3. Kuhntn , L Narunvs . 73, %-97 ( 1966).
♦. Kuhntn , L, Pohlmann , L, Ktut . HA. & Weuler , G. in Srlfarrenitor :on 6y Nonlinear significaos depletion of ce rt ain soil aluminium fractions within

Ineornióle Romos Ieds Ebelint. W. & Ulh ieht. 11.) (Sprinttq atdin . 1936). severa) decades. The current depletion rases of extractable
S. Zhahq¡niki¡ . A. M. Cantenreariwol Awo-asrilbrisna (N-k-, hloscow , 19 74 ).

1., K6róa , L & Noyes, k. M. A A- rAtrra Sor. 94 , 3649 . 8664 ( 1972).
alUmlmUm are SlgnlflCantly higher (han lhe tales of aluminium

j 6. F'reld , R.
1 7. Kn3, II.•2 ., Pohlmann, L & Kuhntn, L J., . CAens ( sohmillcd ). transfer from silicate-bound lo extractable soil aluminium.

Raldi11, F, ArutA boda ( Iloldtn I24 y, San Francisco , 19651. Maximum annual cates o( formation of extractable aluminium
9. Ilalcn , 11. J. tbins Phys K 12119- 1294 (1987).
10. Compurariunof S)'arem; Narueal errd Arr tio!(td . llaktn . ll.)(Sprinter , lleidelhtr8 & Ntr amount lo 0.030 mmol per kg of soil,as estimatedfromaccumu-

Yod. 1 9 87). lation rates in the soil solid phase" (J.M. el al, prcprint) and
from current rases of organic-aluminium precipitation".

{ Decreasing content of various fractions of solid-phase
Depletion of soil aluminium by acid aluminium could a(kct the aqueous aluminium concentrations.
deposition and implications for Insight lobo these aspaos is essential for evaluating long-sean

effects of acid deposition.
acid neutralization Data on ( he sources of dissolved aluminium were obtained

from a laboratory leaching experiment. Air-dried, <2 mm frac-
J. Nlulder, N. van Breemen & H. C. Eijck tions of soil samples from (he Netherlands and New Hampshire,

USA, were taken from the surface and sub-surface horizons of
Department of Soil Science and Geology, Agricultura) University, two podzols ( Haplorthods ) and of a recent driftsand (Udi-
llox 37, 6700 AA wagcningen, *Me Netherlands psamment ) (Table 1). Duplieate samples of each soil horizon

(5.0g) were leached 10, 25 and 50 times, respectively, with
100 ml aqueous hydrochloric acid at pH 3.0. After each acid

In acid soils acid ralo is often largely neutralized by dissolution addition the suspensions were kept in tightly capped centrifuge
of aluminium '3, which is potentially phyto-toxic`. Here we show tubos at 20±2 °C for 24 hours . Suspensions were shaken
that only a minor fraction af soil aluminium is readily dissolved . manually three times in each 24 hours. The suspensions were
This most soluble fraction consisis largely of non-silicate , organi- cent ri fuged at 2,000 r.p.m. for 15 min, and 80 ml of the olear
cally bound aluminium, which has been formed in (he course of supernatants was decanted and replaced by 80 ml of fresh HCI
soil development. The current rapid and irreversible depletion of solution . Sub-samples of each supernatant were pooled lo give
(h¡,.¡ fraction constilutes a draslic change in soil genesis. Oeplelion a single exlract aftcr 10, 25 and 50 HCI treatments. In cach case,
play eventually result in reduced acid ncutralization , as a con- pooled leachates were analysed for al¡ major solutes, dissolved
sequence of decreased dissolution of aluminium , and should be aluminium concentrations were measured after 6, 24 and 72
accounted for in soil acidifica ( ion models. hours in one additional leaching, and soil samples were freeze-

Dissolution of aluminium in acid soils is one of (he most dried and residual solid aluminium fractions were estimated by
pronounced soil chemical e(fects of acidic deposition '- J. sequential selective dissolution (Table 1). Dissolved aluminium
Aqueous aluminium is toxic lo7crop roots 6 and has also been was assayed colorimetrically using pyrocatechol -vio les.
associa(ed with forest die-back. Because of its toxicity the soil We selected a leaching solution of pH 3.0, because this is
chemical behaviour of aluminium has been a major topic in clase lo the current pH of the water infiltrating many surface
agronomic`.9 and ecological10 studies . Most of these studies deal soils of forests and heathiands in no rt h-western Europe 3 (J. M.
wilh short-term phenomena such as speciation , exchange el at, submitted ). We enhanced aluminium mobilization rases
characteristics and solubility control . Long-term eflects on relative lo those in the f)eld by applying HCI at a rate of 20 mmol
aqueous aluminium in soils , resulting, for example , from H' per kg of soil per 24 hours, This is considerably higher than
changes in ( he soil solid phase, are generally ignored. In many the current acid load in the field (4 mmol H' kg-' yr ').

Table 1 Pools of solid . phase aluminium in three acid, sandy soils from the Netherlands , and one from New Hampshire (USA). before laboratory
leaching treatments , and annual aluminium mobilization rates from the respective soil layen in the fteld

Extractable aluminium ' Annual
Total removal of

Site Soil Depth horizon KCI Na4P707 (NH4)7C204 aluminiumt aluminiumt
(cm) (mmol kg-')

Gerritsfes driftsand 0-10 C 2.2 33.3 3.7 450 0.5
10-40 C 0.7 35.7 6.3 427 0.3

Tongbcrsven podzol 0-12 E 1.3 5.0 1.5 101 0.1
12-35 0 13.7 196 3.3 446 0.4

Hasselsven4 podzol 0- 7 E 11.1 21.2 7.7 221 0.5
7-22 El 16.3 55.8 13.5 273 0.1

Iluhbard Ilrook podzol 0- 5 li 1.2 7.8 3.0 16(10 0.005
15-30 It 5.8 322 51.1 2185 -1001

Solid-phase aluminium was extractad using leleclive dissolulion. Soil samples (1 g) wcre scqucnlially cxlraclcd with 50 ml 1 M KCI (0.5 hour).
So nd 0.1 M Na4P.O, (1611mtrs) and 50 ml (1.2M (N1I,);C,O, adjustcd 1o p11 3.11 (4 hours in thc dark)". Extracted amnun,s represcnt exchangcahlc
aluminium (KCI), organie aluminium and niinoramounts of non-crystalline hydrous oxides (Na4 l',O,) and mosi amorphous aluminium hydrox ¡des

Exiracted alulnllllllln was Illcasllred using colorimctry, with pyrocatechol viole) (KCI), inductivo eouplcd plasma spcctroscopy
(N.,l'.O,), and atomlc absorpllnn Spcclroscopy wilh a nitrous oxide-acctylenc lana

1 fosal aluminiumt , largely origlnaling from aluminium silicate,, was tlctermined by X-ray fluorescenee spcctroscopy of a lithium tctrahoratc meh
f the soil material.

1 ('alculale (1 from hulk densily (kg m.4) H. F. van I)ot/hcn and J. Mclder. manuscript in preparalion ), and cstimatcd aluminium fluxes (kmol
la ' yr ') (1.M, el al., prcprint). Monthly aluminium (luxes wcre cstini micd by mulliplying ihe simulated Soil w:rtcr flux and tse measured monthly
liasolvcd.aluminium) conecntratiun in the soil solutions collecled from sucliun piales in Ihe licld. Valucs for inorganic aluminium in Ihc Huhbard
Irook soils were taken from 1)riscoll el aL". Negattvc numhers uldicaie inlmubilizatlun.

Nut includcd io lhc leaching sludy.
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Cerrilstles Tongbersven Hubbard 13rook
Co

Plg. 1 '1IIC tlcl'rca%c ¡ti soliA . t�haec ahunioium,
k10 ' ..� ° alter 25 Icachi,Xs with 11(1 (left har, halchc<i)

:, ( � •,�•' asid 1110 :IftlOt1111 /lf alUllllllillm removed in (hc
' `\ :!%f ICaChates ( rlgh( har • cross-ha(ctlc(I) for sis s<il

so ?i samplcs . Values ate mcans of duplicatcs. t)upli-
a, X.k, cales of dissolved aluminium were within 37%

f Y 1. ( E horizons ) or 6% (a11 other horizons) of Che
¡« ó fA E1hs hora Ohs hora mean ; duplicatcs for thc deplction of (he

E Na4P,O,-extractable fraction were within 38%
(E horizons ) or 22% (othcr horizons) of (he

40 mean . Note that in the Hubbard lirook Bits
horizon KCI -extractable aluminium incrcascs

ir - 75 - 150 cm slightly ovcr thc course of 25 Icaching cyclcs.

20 0 - 25 em Th is increase is due to the strong incrcase in
dissolved aluminium relative to that in ficidIM E hor. E hor. nconditions .

.�
o

KCI (j' ] Na4P2O7 f 1 (NH417C704 rti� dissolved

The cumulative amount of aluminium dissolved by is In (he feld 1-2% oforganic aluminium is removed annuallyY
invariably close lo the amount of extractable (' free') aluminium from the surface layers of the Dutch soils (Table 1). Note that
removed ( Fig. 1). Our data indicare that the dissolution rafe of the currcnt rate of mobilization of aluminium from the upper-
'free ' aluminium is high relative lo that of the more abundan[ most soil layers is Iowest where the content of soil organic
aluminosilicates (Table 1). Organically complexed ( Na4P2O4- aluminium is Iowest . Based on the content of soil organic
extractable ) aluminium is the fraction that dissolves most, aluminium , the mobilization cates of aluminium are potentially
whereas the exchangeable fraction ( KCI-extractable ) con- high in the spodic B horizons . However, the availability of
tri butes little lo the total dissolved aluminium ( Fig. 1). Thus, readily mobilizable aluminium is associated with a rapid acid
aluminium is transferred lo solution mainly from the organically consumption and consequently an increase in solution pH,
complexed solid phase, even when the pool of organic which rest ri cts fu rt her aluminium mobilization . Soil solutions
aluminium is small . in Bhs ho rizons are generally close lo equilibrium with gibbsite.
On addition of HCI , dissolved aluminium concentrations In the Dutch podzols the current depletion of alumino -organics

inva riably rose to constant values within 24 hours , indicating is most pronounced in the upper few centimetres of the Bhs
attainment of chemical equilib rium. Charge balances of the horizon , which was formed by precipitation of organic
leachates indicare that dissolved aluminium is present mainly aluminium in the cou rse of soil development . In such soils the
as aquo-Al3'. Only in the leachates of the podzol Bhs ho rizons
is a significant fraction (20-30%) of dissolved aluminium
organically complexed . (The podzol Bhs is a soil ¡ayer rich in 300.
organic-aluminium precipitares .) Dissolved aluminium con-
centrations are significantly correlated with the organic
(Na4P,O7-extractable ) aluminium content of the soil sample 250(Fig. 2). This further indicares the importante of solid alumino-
organics as a major source of dissolved aluminium . Becausc
dissolved aluminium concentrations in our leachates increased °
rapidly to stable leveis, but were highly undersaturated with w 200 °
respeta to gibbsite ( pAl-3pH=-8. 11; ref. 13 and Fig . 3), 'E °
exchange equilibrium betwcen dissolved and adsorbed ó
aluminium as described for forest-floor samples'2 may also hold E 150
for solid - phase alumino -organics in our mineral soils. E

Following Cronan el al. 12, the exchange equilibrium 3H'+ Q
AIX=H3X+A13' can be modelled as [AI3']/[ H']3= 100
KC,(A]X/H3X)" = K,pp, where n, K, (exchangeable ) asid K.,,
(apparent) are constants , square brackets denote activities of
aqucous ions and AIX and H3X are their mole fractions on the
organic sorbent . Taking negative loga ri thms , Chis expression 5o
becomes

pAl-3pH=pK,.- nlog(AIX/H.,X)=pK,pp 0 V .,.,,�,,,
The data in Fig. 3 indicare that pK,pp increases with decreasing 0 50 100 150 200 250 300
content of solid-phase alumino -organics. Only the first cquilib - Pyrophosphate-extractable Al (mmol kg-')
rium extracts of thc podzol lths horizons ( rcprescnted by

Fig. 3 ) were close (o equilib ri um with gibbsite . l i p . 2 s, aftibrium aluminium concentrations in individual (((.1

refcrto
ft lo as a function ufdiamonds

In general.
in

theKCI-extractablealuminiumfractionisassumed
eacha t e alter 10, 25 and 50 a ataadditions.
Na4P,0,-cxtractable aiuminium . Data sil six soil horizons.

to represent readily mobilizable , exchangeable aluminium" • Equilib ri um concentrations of aluminium ([ Al]) are significantly
However, our data show that in a strongly acidic environment correlatcd ( R2-0.9466) with Na41',O, -extractable sois aluminium
the Na4P2O,-extractable aluminium fraction is a better cstimatc (Al,,,,,): IAI]=-0.60+0.98 x Alp,,,,, where ( Al] is in mmol m-3
of rcadily mobilizable aluminium, exchanged against H and Al,,,,,,, is in mmol kg-'.
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1 A new picture of the Moho under the
á -7 western Alps

-81 p,bbv l e ECORS-CROP Deep Seismic Sounding Group"

o

-9 The Moho-the bounda ry between trust and mantle first discovered
by A. Mohorovicicl-is the main seismic marker in the continental

-lo lithosphere. The seismie nature of (bis interface , in terms of its
0 100 200 300 400 position , topography, smoothness and continui ty, may prese rve

Pyrophosphate -extractable Al (mmol kg'' ) imprints of the regional geodynamic evolution of the lithosphere.
Here we report the results of a wide-angle seismie profiling experi-
ment across the western Alps, which allows us to draw a cross-

Fig.3 Values forpAl -3pH in equilibrium leachates as a function section of the Moho across Chis mountain bel[. A tight sampling
of Na, P,O,•extractable aluminium . Leachates are from al¡ soil of (bis deep reflector shows abrupt changes in its depth and dip.samples after 10, 25 and 50 HCI additions (squares ). For the

Theroot zone of (he chain ((he zone of maximum crustal thickness)samples of the two podzol Bhs horizons values of the first leachate
are alzo given ( diamonds). Aluminium activities were calculated is well defined , with a 55-km-deep crust-mantle bounda ry . The
using thc chemical equilibrium program ALCHEMI ( re(. 18 ). For Moho under the western Po plain is also clearly seco, and a shallow

gihhsile wc used pK - -8.11 (ref. 13). rellective structurc is mapped under ( he liriangonnais zone in the
25-30 km depth range . This structure , if interpreted as lower-
crustal or upper-mantle material, would support (he hypothesis of
a flaking

introduction of acid rain produces a drastic change in the
of the lithosphere under (he western Alps2'.

To prepare the layout of the vertical reflection fine through
naturally occurring podzolization process . the western Alps that formed the basis of the ECORS-CROP
The mobility of aluminium in the Hubbard Brook soils is . 's in 1986, a a 6

significantly lower (han in the Dutch soils (Table 1 ), because
condu which

ch
t at

mapping
series
very deep interfacesaces

was
ndí along

of higher soil-solution pH values, which is duo, in turn , toa
aimed

15
a
a

cross
cross-se-sect ion extending from Grenoble (Franco ) to the Po

lower acid load and higher mobilization rates of base cations . Plain (Italy ). One-ton changes were detonated at five places (Fig.
The current rapid depletion of organic aluminium in the 1 ) and pan of the recording array-Iow-frequency geophones

rooting zone of many acid , sandy soils is irreversible on a and autonomous recorders-was deployed along fan profiles, a
timescale of decades or centuries . Because aqueous aluminium method which had already proved successful in other orogenic
concentrations are in equilibrium with solid-phase alumino - belts7-9. The fan radii were chosen so as lo coincide with the
organics, depletion upon continued acid deposition will inevi- theoretical maximum amplitude of reflections , corresponding
tably lead lo a reduction in dissolved aluminium eoncentrations . lo total reflection, at and beyond a critica) distance . The Moho
At the same time, soil -solution pH values , which are currently depth was assumed to be -40 km, with an increase from west
hultered in the pH range 3 .5-4.2 by dissolution of aluminium lo east ; the fan radii therefore ranged from 90 to 130 km . Because
(J.M. e! al., prepritnt), may drop lo values just below 3. Such (he velocity is assumed lo he constan¡ within the trust, and
dramatic changes in the soil solution chemistry of the rooting because cach shot -station line is along thc local strike of the
zone may have signilicant ecological consequences . Thereforc, Aips, no apparent dip of the reflector is expected. Each mirror
depletion of solid•phase organic aluminium and the associated point (triangles in Fig. 1) can therefore he plotted half-way
changes in the chemical composition of soil solutions should between the shot- point and the station . \Vith an average station
he incorporated in current soil - acidi fi cation models . spacing of 4 km along the fans, the reflectors are ihus sampled
Wc (¡link the I)uteh SUHC Forest Serviee and hlr W. A. Ni. evcry 2 km.

Rijken for making available the research sites . This study seas The fan data were processed lo construct twvo composite
supported in parí by the EEC and by the Netherlands Tech- cross-sections of (he Alpine chain, shols•ing the topography of
nology Foundation (ST\'). deep reflectors (Figs 2 and 3). Figure 2a, corresponding to shots

A, 13 and C, hegins 30 km wesi of thc Ilelledonne Externa)
Rati.ed 11 nuguN , aactMcd I2 No.•emher 198 8 Crystalline Massif (ECM ) and extends throu g h (be Bran onnais.

and Picdmontese zones ¡o ¡¡le east of the Dora Maira Interna)
1 gin Reeemen , N. I)rncolI, 1 L AAdaler , 1. Noma 3117 , 390-ha ( 198 47 Cr •stalline Massif (ICM). Fi6r. 2h Ishots 1) and 1W'. 1.h.nw . P K . I'r<nrd . J,, Mn9e. . K 1 , lllnch , tl L Al.uner , li. S.nf So S.r. Am / SI . ) ) extends

441,.4"119 9 71 from the Gran Paradiso ICM lo the Po Plain, intersecting the
1 61,14,, , 1, ,.n Gnn. , cn, 1 1 M L .an Il,rrmc•n, N. Sor An.. J M. IMO-11,:1,

Se.ia-Lanzo zone and Ihe Canavese lino, which marks the11Vn7,
1 nr.J<... m. 1 L 9,B. .1 M , r.l., Ah.m,n,9m r,,,,411 1.. 7ret. I Swta.h unne,.n...( west ern Iintit of the cha o. It should be: uiiderstood that [hese

4p,.uho, -, I S.,<n.c., 11p ¡,..L, So.drn. 19x41.

1',,,,. 1 1 II A 11,,.yl.am, 1 1 ..,) .., .... A.,, J 44, 991 W,7 419)75 -

h 990)14 R 1, If.hy.1, Y ( A N•r171.l, .. 1144.224.232119X7) A II.o,S . N. J,r,In.,,lul.lcl 'h).,4 u<J.(.IW.c,4p!..eln ..iru. 1'4,1 , lance ; 1. ,)),,,reno[,

1 llln.h, N , AI. ) rt, K A Kh. ,,,u. 1' k S„1 S„ 1311 , 191-19911'48111 1 .1..o..... Je 1.c.q. hl u.lue 1nlern., a fecu,noph..�uc. l lh.tr ,. o,eo Je C,nnobk . IR1(i S1.

J . L A.I.— , 1. A. !',.n 34 , 720.714119701 1.•.411 ncn..hlc , I.,'", <,wnba aAJrc.. 1, H \noh:hA (, PrIL., Lnmdl J. Sbn, e,. e Gtnó.io

v Ilhwm, 1'. 81 ., 7.1:1111J <. ,lt. 51 A %t c . wr, R -el Sn! S,. S.. Am . J. 41, 4xK - 491 , 101,, Ap¡.hc4 ?. , I,w.,,.na ,b 1r¢.1<, 1 141:7 lraa<. 11 A., . A 1 Tah..co , holu,o J.
914111., . 1.1)11 I. 1'a.lell.nu . O..enalonuU n.. W, 1.t If A I)n..,ll. (' 1 (:r..A•r u 33 , 207-118,19X11 (, e..h.n1 A,II ., I,I,.I11411419,tull l —— 1, ........
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HISTORICAL CHANGES IN ACID
PRECIPITATION AND HEAVY METALS
DEPOSITION ORIGINATING FROM
FOSSIL FUEL COMBUSTION IN
EASTERN NORTH AMERICA AS
REVEALED BY LAKE SEDIMENT
GEOCHEMISTRY

M. Ouellet and H. G. Dones

/nstitut Nationa: de la Recherche Scientifique (INRS-Eau), Universite du
Quebec, 2700 R.e Einstein, C.P. 7500, Sainte-Foy, Quebec, GJ V 4C7,
Canada

ABSTRACT

The present study deals with the geochemical stratigraphic evolution
of the most recent sediments in lakes of Eastern Canada (Quebec). In
particular, the sediments from two representative soft water lakes
(Tantare and Lafla me) in "undisturbed " watersheds on the southern
edge of the Precambr:an Shield were studied.

The increase in Al ir. the sediments of Lake Tantare since about 1950
is attributed to the processes of surface water acidification of this
watershed induced by acid precipitation. The analogous upper strata
of the sediments frcm Lake Laflamme, a non-acidified Lake, show no
such increase in Al content.

Pb, Zn and Hg levels in the sediments inereased significantly from
1940 onwards. However , the subsequent reduction in the stratigraphic
concentration of Zn since 1960 in both Lake Tantare and Lake Laflamme
is, in all probability, the result of the important decrease of the
total particulate emissions to the atmosphere from coal-fired plants.
The same phenomenoc may also explain Hg decrease during the same
period . In contrast , Pb shows no such reduction in the more recent
strata and the sustained increase of this element in the sediments is
attributed to the progression in motor vehicle activity during the
past twenty years.

Purther data from other isolated lakes suggest that the major sources
of heavy metal deposition and acid precipitation in the Province of
Quebec are the emíssions from fossil fuel combustion (coal and/or
motor fuel) originating in the heavily industrialized American
Midwest and Great-Lakes Regions.

INTRODUCTICN

Paleolimnology is an integrative science which not only allows us to
study several ecolcgical variables as a funetion of spatial inter-
relations, but alsc as a funetion of changes in time. Lacustrine
sediments may be recarded as integrators of allochthonous and auto~
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chthonous inputs and transformations resulting from the global
metabolic activities of the lake-watershed system (Hutchinson et al.,
1943; Zülling, 1956; Frey, 1969). It can be very difficult to diff-
erentiate concomitant changes in both autochthonous and allochthonous
inputs (Hutchinson, 1970; Likens et al., 1970; Shapiro et al., 1971;
Ouellet, 1974; Kemp and Thomas, 1976) from the evolution of sediments
subjected to anthropogenic inputs from the lake catchment area.
However, for lakes in remote or "undisturbed" watersheds allochtho-
nous inputs will dominate any changes in total inputs and the
sediments of these lakes will more accurately reflect any changes in
atmospheric fallout from air masses originating from outside the
watershed. As long-range atmospheric transport of pollutants derived
from anthropogenic activities is now a well established fact ( Husain
and Samson , 1979; Canadian LRTAP Program, 1980), the fallout from air
masses subject to such transport phenomena may indeed perturb other-
vise "undisturbed" watersheds.

The present paper describes a study of Pb, Zn and Hg contents of*
sediments cores from two soft-water pristine lakes, Tantare and La-
flamme, in the Laurentian Park region north of Quebec City. A brief
discussion of the results for these metals in the most recent sedi-
ments from other isolated lakes in the province is also presented.

Lakes Tantare and Laflamme are exposed to similar meteorological
conditions which suggest that the sediments of both lakes should show
the same stratigraphic characteristics for atmospheric inputs. How-
ever, due to local geological conditions, Lake Tantare is only

ÍI slightly buffered against the incoming acidic precipitation while
Lake Laflamme is well buffered and suffers only short isolated
periods of acid stress during spring melt (Dones and Bisson , 1980).
The data of the sediment cores from these two lakes were thus analy-
sed in a comparative fashion in order to see if any significant ef-
fects due to acidification (Al) and/or long-range transport of heavy
metals ( Pb, Zn and Hg ) could be determined . The study on the other
lakes was orientated primarily to the determination of the distribu-
tion of Pb in remote areas although the distribution of Zn and Hg vas
also investigated . A more complete description of the heavy metal
contents (137Cs, Co, Cu, Hg, Mn, Ni, Pb and Zn ) of the aboye cores is
the subject of a recent publication by Ouellet and Jones , (1982).

SITES DESCRIPTION

Some geographical and physical characteristics of 26 lakes studied
(including Tantare and Laflamme are s own in Table 1, while their
geographic distribution is illustr ted i Fig. 1. The distribution
of the lakes may be further subdl'vi ed in`to three groups, lakes 10,
11 and 16-25 lying along the St� Lawrence River valley where the
dominant winds are from the southwest, lakes 3-9, 12-14 and 26 in the
interior plateau of Quebec between 50°N and 52°N where the dominant
winds are more from the west and lakes 1 and 2 in the more northerly
regions where dominant winds are west-south- west . The lakes vary in
depth from 3 to 270m and in surface area from 0.1 to 2500 km2. Lakes
1 to 11 are isolated and in contrast to lakes 12-26 do not Nave any
human activities within their watershed; the data from lakes 1-11 are
those particularly treated in the discussion below. The majority of
the lakes are on the crystalline rocks of the Precambrian Shield,
only lakes 18, 20, 23 and 24 being found on the paleozoic sedimentary
rocks of the Saint-Lawrence Lowlands.
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TABLE 1. General Description of Sites Studied

No. Lake Name Lati- Longi - Alti- Depth Area
tude tude tude Watesshed Laki
o ' o ' m m km km

1 Nedlouc 57 40 71 37 235 4 15 0.8
2 Desaulniers 53 33 77 36 145 10 62 11.4
3 Matamek ( 1) 50 21 65 56 120 65 460 12
4 Matamek ( 2) 50 21 65 54 120 100 460 12
5 M0-74 - 7 50 37 65 50 500 3 0.17 0.04
6 140-74-8 50 27 65 4 9 364 5 0.21 0.04
7 Mistassini ( 1) 50 17 73 42 371 5 18130 2040
8 Waconichi 50 08 74 00 380 4 440 81.8
9 Clairy 51 18 72 42 385 6 28.7 5.7
10 Tantare 47 04 71 33 500 5.5 12.1 1.33
11 Laflamme 47 33 70 01 766 4 . 5 0.69 0.06
12 Manicouagan - 4 51 48 69 08 366 155 23160 1960
13 Manicouagan -6 51 32 69 09 366 250 23160 1960
14 Manicouagan - 13 51 20 69 08 366 270 23160 1960
15 Desroches 47 21 71 10 813 5.4 1.8 0.11
16 Saint-Jean ( 1) 48 31 71 56 99 23 . 0 73010 1000
17 Saint-Jean ( 2) 48 30 71 59 99 66.6 73010 1000
18 Atkins 44 45 75 51 116 3 . 3 9.1 0.92
19 Pink 45 28 75 48 157 21 21.3 0.93
20 Lemay 45 27 75 43 44 9 5.6 0.07
21 Beauport 46 57 71 17 262 12 6.7 0.77
22 Saint-Charles 46 56 71 23 149 7 160 3.2
23 Saint-Augustin 46 45 71 23 42 6 8.8 0.6
24 McKay 45 27 75 40 44 9 0.76 0.14
25 Waterloo 45 20 72 31 206 4 . 5 37.71 1.5
26 Mistassini ( 2) 50 14 73 49 371 3 18130 2340

The Tantare watershed ( 47°04' N, 71° 31'W) lies 42 km north of Quebec
City ( Fig. 1, lake 10).' The region is a part of the Laurentide high-
lands of the Precambrian Shield. The vegetation consists of a mixed
forest cover of St . Lawrence lowlands type vegetation ( maple , yellow
birch ) associatedwith boreal stands ( fir, spruces , white birch),
( Desloges and Lachance , 1977).

The total annual precipitation which averages 145 cm ( 30% snow) is
among the highest for Eastern Canada . The watershed does not support
any permanent human activity and is one of the rare lakes in Quebec
known to have recently shown a decline in pH (Dickman et al. , 1981).
The present pH of this main water body varíes from 4.9 to5.2.

Lake Laflamme ( Fig.]., lake 11), the watershed of which is also devoid
of any permanent human activity , is located at a higher altitude (766
m) than Lake Tantare ( 500. m) and 50 km further to the northeast. The
forest cover is dominated by balsam fir while white birch is a minor
constituent. The total annual precipitation averages 155 cm (35%
snow ). It is a typical soft water humic lake of the Precambrian
Shield with an average pH of 6.1.

The sampling of lacustrine deposits was carried out at, or near, the
deepest point in the lake by means of piston and box core samplers.
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Fig. 1. Geographical localization of the lacustrine
sediment deposits studied for their geochemical
content in heavy metals

In the field, the cores were cut into 0.5 cm intervals. In the
laboratory the samples were dried at 60°C for 48 hrs. All metals

:,<:,>>:.•;,:,; were determined by atomic absorption spectrophotometry as described
by Guimont and Pichette (1979). The detection limits for each metal
and for 137Cs are: Al - 100 ppm; Hg - 0.005 ppm; Pb - 2 ppm; Zn - 2
ppm; and 137Cs - 0.18 pCi/g. The standard deviations on 10 replicates
for each metal at similar concentrations to those in the sedimenta
were Al ± 2.0 ppm; Hg *_ 0.005 ppm; Pb ± 0.2 ppm; Zn t 0.08 ppm and
137Cs t 0.004 pCi/g.

To evaluate the yate of sedimentation, the two cores from Lakes
Tantare and Laflamme were dated by quantifying the stratigraphic
distribution of 137Cs in the most recent sediments. 137CS content
was estimated by using a Packard gamma counter, model Tri-Carb 3280,
on 2 g of dry sediment. The photonic detection of the emissions was
quantified at 662 kev, with a half-band width of 50 kev. Based on
standard samples the efficiency of the counter was estimated at 9.85
percent. The number of disintegrations was counted for a period of
500 min.

The Sedimentary Anthropogenic Enrichment Factor (SAEF) for each
element in the recent sediments is mathematically expressed by
computing a ratio between the concentrations of the top stratigraphic
levels and those of the natural backgrounds which are found deeper in
the cores and correspond to the period around the turn of the
century. Unlike the calculation of the Sedimentary Enrichment Factor
(SEF) of Kemp et al., (1976), the paleolimnological data were not
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normalized as a function of the role associated with clay minerals in
controlling the abundance of several elements. This is due to the
fact that the lacustrine sediments of the present study are much more
organic than those studied by Kemp,

As no historical data on the pH of precipitation in the Quebec City
area from 1940-1979 are available, trends for the pH of precipitation
for this period were estimated from the available historical data in
the USA (Cogbill and Likens, 1974; Cogbill, 1976; Likens and Butler,
1981) and the current CANSAP data (1979). The present mean value for

} the pH of acidic precipitation in this area is 4.2.

RESULTS AND DISCUSSION

SAEF for Lakes Tantare and Laflamme

Figures 2 and 3 represent the stratigraphic distribution of 137Cs,
Hg, Pb, Zn and Al for the most recent sediments of Lakes Tantare and
Laflamme respectively. The SAEF of each element appears at the base
of each stratigraphic curve.
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Fig. 2. Dated stratigraphical distribution of 137Cs,

Hg, Pb, Zn and Al for the most recent sediments
of Lake Tantare.
SAEF: Sedimentation Anthropogenic Enrichment Factor

SAEF values range from 2.2 (Zn) to 36.6 (Pb) in the Lake Tantare core
and from 1.5 (Hg) to 31 (Pb) in the core for Lake Laflamme. SAEF
increases are not due to any change in organic carbon content in
these sediments as the stratigraphic carbon curves do not reflect any
major fluctuations in either lake (Oue1113eit and Jones, 1982). The
geochemical evolution for the metals ( Cs, Pb, Hg, Zn) may be
divided into two groups. The first group, which consists of 137Cs and



120 M. OUELLET and H.C. JONES
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Fig. 3. Dated stratigraphical distribution of 137Cs, Hg,
Pb, Zn and Al for the most recent sediments of
L-ke Laflamme.
SAEF: Sedimentation Anthropogenic Enrichment Factor

Pb, reflects a rapid and sustained increase of the content of the
elements in the recent sediments over the natural background level as
shown by older sediments. The second group (Hg and Zn) shows an
initial rise in the sediment concentration.similar to the first
group. This increase is followed, however, in the most recent strata,
by a decrease or stabilisation of the heavy metal content.

In contrast, Al shows different behavior in the two lakes; the
element tends to increase in the upper levels of the Tantare core and
decrease in those of Lake Laflamme.

The two 137Cs profiles for the sediment cores from Lakes Tantare and
Laflamme are similar. The depths of 9.5 and 8.0 cm are approximately
contemporary with the year 1952 corresponding to the first test of
thermonuclear bombs. Unfortunately, the amount of 137Cs found in the
cores does not correlate well with the atmospheric production of this
artificial element; Norton and Hess (1980) for Norwegian lakes, and
Galloway and Likens (1977) for New England lakes, were also unable to
establish a similarity between the known atmospheric production curve
and the stratigraphic evolution of 137Cs in the sediment cores. In
spite of the poor correlation between the known atmospheric produc-
tion of 137Cs and the stratigraphic content of the cores, the annual
sedimentation rate was estimated by this method to be of the order of
3.3 mm/year for Lake Tantare and of 2.8 mm/year for Lake Laflamme.

From the yate of sedimentation for Lake Tantare we can estimate the
start of the increase in the Al content of the sediments at about
1950. As this element is not subject to long range atmospheric tran-
sport we believe that the Al increase in the recent sediments is the
consequence of the mobilization of this metal within the watershed by
acid rain which, by 1950, would have shown a mean pH value of 5.0 to
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5.1 approximately in this particular area (Cronan and Schofield,
1979; Johnson, 1979; Driscoll et al., 1980). Jones et al., (1980a)
have demonstrated that, at preseñt, there is a significánt loss of Al
to the sediments of Lake Tantare as the waters from the catchment
area pass through the lake basin. Average concentrations of Al in
the incoming streams (pH 4.4) is 0.47 mg . �-1 while that of the lake
epilimnetic waters (pH 5.1) is 0.20 mg.l Por the non-acidified
Lake Laflamme, the Al curve does not increase in the upper sediments
for the same period. Total concentrations of Al in Lake Laflamme
water (pH 6.1) have not been found to rise aboye 0.07 mg.l-1 and,
under the mean flow conditions of the Lake Laflamme tributaries (pH
6.0), the average value for the total Al concentration in the
incoming water is 0.05 mg.l-1 (Dones and Bisson, 1980). It would
thus seem that the acidity of Lake Laflamme surface waters never
reaches the level at which a sustained wash-in of Al from the
catchment area, comparable to that observed at Lake Tantare, occurs.

Pb, Hg and Zn start to increase in concentration in the sedimenta
about 1940. In contrast to the Pb trends in the upper strata, Hg and
Zn concentrations decrease or stabilize simultaneously in both lakes
in the early sixties. The greater mobility of these two elements in
an acidified aquatic environment, which could have resulted in an
increased concentration in the water and a decreased content in the
sediment (Dickson, 1980; Norton and Hess, 1980), might be an
acceptable hypothesis for Lake Tantare; as discussed aboye, this lake
is well on its way to becoming strongly acidified. However, since
Lake Laflamme does not yet show any apparent sign of acidifiation,
another explanation for the stratigraphic behavior of Hg and Zn in
these lacustrine sediments must be considered. Large scale inter-
annual mixing of the sediment (physical or biological) can be ruled
out, as indicated by the steep gradients observed for other sediment
constituents (i.e. the group of 137Cs and Pb) towards the top of the
cores. One hypothesis for the simultaneous decreases of Hg and Zn
during the last 20 years is a diminution in the emission loads of
these pollutants finto the atmosphere and consequently a decrease in ;c?RE
the transport of the metals finto the region of Lakes Tantare and
Laflamme.

As historical data on the real emissions and transport of heavy
metals finto this region are not available, we have attempted to
determine past trends in the emissions of Hg and Zn finto the atmos-
phere by a study of the emission loadings of associated particulate
materials. It is now well known that volatile elements ( Se, As, Zn,
Pb and Hg) are preferentially concentrated on fine particulate matter
(fly ash < 3 'm) from coal-fired power plants (Coles et al., 1979;
Smith et al., 1979; Wangen , 1981). These particles are more suscept-
ible to long-distance atmospheric transport than larger fly-ash
particles.

Flagan and Friedlander (1978) who studied the mechanisms for' sub-
:nicrometer fly-ash particle formation in pulverized-coal combustion
showed that Pb and Zn enrichment factors were high for these
elements; Hg was not discussed. Natusch et al., (1974) showed that
Pb and Zn concentrations are high on submicron particulates from
coal-fired power plants. McElroy et al., (1982) have also pointed
out the selective enrichment factorsof several trace elements (As,
Isa, Cd, Cr, Cu, Hg, Mn, Ni, Pb, V, Zn) and, in particular those for
As, Zn and Hg, as a function of submicrometer size particles (1 - 0.1
Hm); similarly Ondov et al., (1981) have reported high concentrations
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of Zn and other elements in submicron (0.1 .m) particles from a 430
MW pulverized-coal-utility boiler with electrostatic precipitators
and flue-gas desulfurization system. Sievering et al., (1980) have
associated Pb and Zn enriched submicron particulátes over Lake
Michigan with anthropogenic sources and have suggeted that these
particulates are more prone to long range transport than other asso-
ciated particulates.

The increase in the quantity and concentration of trace metals in
atmospheric particulates due to anthropogenic activities is thus a
well established fact. Galloway et al., (1980) have estimated from
various data that in the U.S.A. the ratio of the mean concentration
of certain trace metals in the atmosphere of the urban areas relative
to the mean concentration of more remote regions is as follows: Zn
(7000) = Pb (7000) > Cu (500) > Mn (375) > Co (200) > As (125) ) Ag
(100) > Ni (83) > Hg (40). Apart from wind-blown soil particles
which have only a very limited geographical range, over 75% of the
total TSP in the atmosphere of both urban (Washington DC) and rural
areas originates from coal-fired furnaces and motor vehicle transport
(Kowalczyk et al., 1982). These facts would indicate that the parti-
culates gencrated by industrial processes in urban areas gradually
fall out from the atmosphere as they are transported into the more
remote non-populated regions. The association between the more vola-
tile metals and the submicron particulates would favour the long
range transport of these elements (Rahn, 1981; Davidson et al. 1981).

The important •two fold reduction since 1960 in the TSP emissions
(Fig.4a), with which several trace metals are associated, could thus
be the major reason for the tendency of Hg and Zn concentrations to
simultaneously decrease or level out in the recent sedimentary strata
of Lakes Tantare and Laflamme . The evolution of Zn and Hg in the
sediment of these lakes is thus composed of two distinct phases; the
first reflects the increase in atmospheric inputs from 1940 to 1960
followed by a regression or stabilisation phase from 1960 to the
present due to decreased atmospheric input into lake catchment areas.
This phenomenon would then be independant of the acidification of the
lake waters. Recently Goldberg et al., (1981) have discussed the same
hypothesis in a study of the sediments of Lake Michigan. Heavy metal
concentrations (Pb, Zn, Cu, Cd, Ni) in these sediments showed
increasing concentrations in the strata representing the period 1930
to about 1968. After the latter date these elements showed slight
decreases in concentration. By analysis of charcoal and fly-ash
contents they concluded that the decrease was related to the instal-
lation of improved control devices to remove fly-ash from the stack
gases.

It should be pointed out that, in the development of the technology
that led to the reduction in total TSP emissions, collection
efficiencies for large fly-ash particles.(99.7%) are higher that
those for submicron particles (McElroy et al., 1982). As submicron
particles with their concentrated heavy-metal loadings contribute the
most to the long range transport of these elements, decreases in
atmospheric input to lake catchment areas are not expected to be as
dramatic as those in the reduction of TSP.

In contrast to the regression of Zn and Hg, Pb profiles in both Lake
Tantare and Lake Laflamme show a sustained increase in the SAEF. We
believe that this phenomenon reflects mainly the continued increase
in Pb submicron-particulate inputs into the atmosphere as a result of
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increased motor vehicle travel. Fig. 4a shows that even though TSP
declined significantly from 1960 on, both SO, and NOX emission con-
tinued to increase. Approximately 50-60% of NO, emissions and the
majority of Pb emissions originate from motor vehicle travel (Gordon,
1980) and one would expect combined Pb emissions from both coal
combustion and dispersed motor vehicle sources to continuously
increase up to the present time, in contrast to the recent decline of
Hg and Zn from the point source emissions of coal-fired power plants.
The Pb SAEF curves for lakes Tantare and Laflamme seem to support
this hypothesis; we should, however, point out that other workers
have observed decreases in Pb in very recent sediments (Goldberg et
al., 1981).

As both SOx and NOx contribute to the hydrogen ion concentration of
the precipitation, we would also expect a continuous increase in the
acidity of precipitation during this period. One should note the
similarity between the estimated acidity curve for the Quebec City
area with the evolution in the stratigraphic concentrations of Pb in
the sediments of Lake Laflamme for the years 1940 to 1980 (Fig. 4b).
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Fig. 4(a) Annual coal consumption and trends for atmospheric
emissions of sulfur oxides (SOx), nitrogen oxides (NOx)
and particulates (TSP) from EPA 1978.

4(b) Pb distribution in the dated strata of the sediment
core of Lake Laflamme and the acidity trend of precipita-
tion in the Quebec City area (1940-1980). The latter was
estimated from Cogbill and Likens (1974), Cogbill (1976),
Likens and Butler (1981) and CANSAP data.
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Geographical Distribution of SAEF Values for "Undisturbed" Lakes

The isopleths of the Pb SAEF values for the most recent sediments of
the remote "undisturbed" lakes (Fig. 5) have roughly a similar
pattern to the pH isopleths of precipitation in the Province (Fig.
6). The figures show mainly an area of Pb SAEF values of 30-50 and
pH values of 4.3-4.4 along the Saint-Lawrence River Valley to the
north of which a gradual decrease in Pb SAEF values (3-20) and
increase in pH (5-6) occurs . SAEF values for Zn and Hg in the most
recent sedimenta of the remote lakes are lower than those of Pb, but
do show definite enrichment for these metals (Table 2). The data
would support the hypothesis of concomitant deposition of acidic pol-
lutants and heavy-metal submicron particulates from air masses coming
into the Saint-Lawrence River Valley from the Great Lakes region.
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Fig. S. Isopleths for Pb Sedimentary Anthropogenic Enrichment
Factor interpolated from lake sediments having no
anthropogenic activity within their watershed (•);
(■ perturbated watersheds).

However, an alternate hypothesis to the transport of heavy metals
into the remoter regions of Quebec by submicron particulates from
fossil fuel combustion is the emission of particulates from smelting
operations situated north of the Saint-Lawrence River Valley. In
this study we can find no evidence to associate the origin of Pb and
Zn in these remote lake sediments to the large smelting complexes
located at Sudbury (Ontario) and Rouyn- Noranda (Quebec). Data in the
literature suggest that metal pollutants emitted from Sudbury (Hutch-
inson and Whitby, 1974; Conroy et al., 1975; Scheider et al., 1981)
and Rouyn-Noranda (Journault-Dupont 1979) smelters have from little
to no influence over distances exceeding 100 km from the stacks.
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Fig. 6 . Quebec Province , Canada: Precipitation pH (April -September
1977-79) and the annual mean wind direction ( adapted
from CANSAP 1979 and modified by Jones et al., 1980).

Crocket and Kabir (1981 ) found that even for volatile metals ( As, Se,
Pb), presumably associated with the smallest particulates emitted
from the Sudbury smelter, that natural background levels were4�?m
dominant 100 km from the stack . In similar research dealing with the
atmospheric fallout in the vicinity of the base metal smelter located
at Flin Flon, Manitoba , Franzin et al., (1979 ) give the following
radii for zones affected by various metals : 264 km , Zn; 284 km, Cd;
87 km , Pb; 68 km, As and 60 km, Cu . As all these distances are much
smaller than the distances between the two aboye complexes and any
sampled sites of the present study , we conclude that the smelters
contribute very little to atmospheric particulates containing Pb and
Zn at a distance greater than 300 km from the stacks . Insufficient
data on Hg emissions from smelters do not allow us to come to the
same conclusion for this element as the one arrived at for Pb and Zn.
As in the case of coal-fired power plants ( Klein and Russel, 1973)
the form in which mercury is emitted and its subsequent interaction
with particulates and other aerosols in the atmosphere is largely
unknown.

The high SAEF values for Pb, Zn and possibly Hg for remote sites on
the Precambrian Shield are thus likely to originate from pollutants
emitted by the combustion of fossil fuels in heavily industrialized
regions to the south-west of the Saint-Lawrence River Valley. Acid
precipitation originating from these areas would be expected to also
contain heavy-metal particulates . Studies have recently demonstrated
the association of acid rain with other atmospheric pollutants such
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TABLE 2 Percentage Carbon ( C%) and Sedimentary Anthropogenic
Enrachment Factors ( SAEF ) for Sediments Cores from Several Lakes
in Quebec and Ontario . The lakes are listed in increasing order

( A) estimate of anthropogenic activities within the watershed.

SEDIMENTARY ANTHROPOGENIC ENRICHMENT FACTOR
A No. LAKE NAME Hg Pb Zn

1 Nedlouc 1.2 5.0 1.4
1 2 Desaulniers --- 3.2 1.2

3 Matamek ( 1) --- 32.0 1.6
1 4 Matamek ( 2) --- 56.0 1.3
i 5 MO-74 - 7 --- 28.0 0.9

6 MO-74-8 --- 46.0 2.3
7 Mistassini (1) 4.3 46.0 2.1

1 8 Waconichi 2.3 5.2 1.1
9 Clairy 3 . 4 15.7 1.4
10 Tantare 2.3 36.6 2.2
11 Laflamme 1.5 31.0 2.1
12 Manicouagan - 4 1.2 1.5 1.0
13 Manicouagan- 6 2.1 2.8 1.4
14 Manicouagan-13 --- 2.4 1.3
15 Desroches 1.6 3.2 1.6
16 Saint-Jean ( 1) 8.6 10.0 1.7
17 Saint-Jean ( 2) --- 28.0 1.7
18 Atkins --- 10.0 ---
19 Pink --- 41.2 3.3
20 Lemay --- 50.0 3.3
21 Beauport --- 220.0 3.5
22 Saint-Charles --- 29.0 2.0
23 Saint-Augustin 2.5 16.8 2.1
24 McKay --- 271.0 8.6
25 Waterloo 3.0 23.8 2.3
26 Mistassini ( 2) 10.0 5.0 1.2

------- No anthropogenic activity within the watershed
Few anthropogenic activities within the watershed
Heavy anthropogenic activities within the watershed

as suspended particulates and heavy metals ( Granat, 1972; Brezonik et
al., 1980 ; Wangen , 1981 ). Husain and Samson ( 1979 ) have also shown
that high episodic concentrations of sulfate, suspended particulates
and their associated trace metals , appearing simultaneously over a
broad geographical area encompassing the states of New York and New
Jersey immediately to the south of Quebec originate in air masses
coming out of the industrial Midwest . Al though no similar data are
available for the Province of Quebec , it appears reasonable to assume
that the atmospheric pollutants originating from the American Midwest
and Great-Lakes States are transported by the prevailing cyclonic
disturbances along the Saint-Lawrence River Valley . Orographic lift-
ing of the air masses leads to high precipitation on the southern
slopes of the shield while drier conditions will prevail to the
northern regions of the interior peneplain . Deposition results in
increased heavy metal content in lakes and their catchment areas.
The amount of metals deposited would decrease in lakes further to the
north of the foothills area. In a similar manner , acid rain acidi-
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fies running waters, mobilizes aluminium from the catchment arcas to
the lake sediments and, over a period of time, further acidifies the
lakes. This interpretation agrees, in part , with the works of Jones
et al., ( 1980b ), Grimard (1981 ) and Bobee et al., ( 1982 ) which all
tend to demonstrate the stronger acidification of surface waters
immediately to the north of the Saint -Lawrence River on the southern
foothills of the shield compared to those areas further to the north
of the province . The paleolimnological evidence also supports this
hypothesis by demonstrating that the regression of Zn and possibly Hg
in the sedimenta of the past two decades may be related to the
reduction in the total TSP loadings for coal combustion during this
period.
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ABSTRACT

The acidification is no longer confined to Scandinavia, it is a trans-World
problem. The concept of acidification is bound up with the discharge into the
atmosphere of sulphur dioxide, nitrogen oxides, and metals and other micro-
pollutants - and the subsequent effects of these substances on the environment.
The bulk of man-made emissions occurs over industrialized regions covering less
than 5% of the earth's surface. In these regions, man-made emissions exceed
the natural emissions by a factor of five to twenty. In the 1950's a sharp
rise in oil combustion increased the SO emissions in Europe to about 25 milli-
on tonnes of sulphur per year by 1970.E1ropean emissions of NO have increased
from low values 100 years ago to the present value of about 6 lillion tonnes
of nitrogen per year. Similar emission trends of SO?and NOx have taken
place in North America. Sulphur dioxide emissions inEurope are predicted to
remain about the same as present-day emission through 1990. Further trends in
emission will depend critically on the energy policies of each country and the
entire region.

Strong acids have decreased the mean annual pH of precipitation in much of
Northwestern Europe and large areas of North America to between 4 and 4.5. The
sources and environmental consequences of acid deposition are often separated
by hunareds, even thousands, of kilometres. Its impacts on aquatic systems in
more susceptible areas of Europe and North America are clearly documented today.
Tomorrow, the emission source areas exposed to the heaviest depositions will
be facing serious direct and indirect effects on natural ecosystems, materials
and possibly even human health. f.u. her netal.toxicity in soils, surface
waters : nd,groundwaters with consegUence -.for terrestrial añd quatic -,e
,will abst�likél}f'U 9' Top in both heavily poll ut"ed and °sensitiva-areas.

INTRODUCTION

The time has come for greatly increased scientific.and public awareness of
atmospheric deposition in general, and acid precipitation in particular. Acid
deposition is a modern phenomenon -- a product of manas interferente with
sulphur and nitrogen cycling both on a regional and global scale. Today acid
deposition is recognized in many industrialized countries of the Northern
Hemisphere, as one of the most urgent and important environmental problems of
the 1980's.
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Many lines of evidence show that most kinds of atmospheric pollution are
caused, directly or indirectly, by the combustion of fossil fuels. Burning of
coal and oil are the major sources of acid precipitation. The concept of
acidification is bound up with the discharge into the atmosphere of sulphur
dioxide, nitrogen oxides, and micro-pollutants, - and the subsequent effects of
these substances on the environment.

The effects of acidification are becoming more and more manifest and widespread,
producing environmental damage that is increasingly hard to comprehend and
increasingly difficult or impossible to remedy. Atmospheric deposition of
acidic and acidifying compounds and associated gaseous pollutants are having
serious impacts on climate, human health, materials, water, aquatic organisms,
vegetation, and soil.

In this presentation I shall seek to relate acid precipitation to the broad
subject of atmospheric depostion and its consequences, - with particular refe-
rente to the natural environment.

EMISSION, TRANSPORTATION AND DEPOSITION

Acid deposition results in large parts from man-made emissions of sulphur and
nitrogen oxides, Major sources include combustion of coal and oil, smelting
of ores, exhausts from cars, and nitrogen fertilization. In this context,
sulphur and nitrogen compounds giving rise to the acidifying properties of
precipitation, are'of prime interest. Their sources should be described with
a view to finding their geographical distribution, emission rates, and seasonal
variations. This is necessary for the purpose of modelling their transport
and formulating abatement policies against their negative effects.

Calculations put the current world total of anthropogenic sulphur emissions
into the atmosphere at about 75 - 100 million tonnes a year. Emission
patterns in Europe show that a large proportion of the sulphur comes from
urban areas of the European Continent and in the British Isles. Some 30
million tonnes of sulphur are emitted as S02 annually in Europe. Emissions of
nitrogen oxides , calculated in terms of nitrogen , are estimated at about 6
million tonnes per year. In Northern Europe the man-made sulphur emissions

;;,,„3,,y;•<;e~ count for about 90 per cent of total sulphur emissions in the ares. Future
sulphur emissions will be the combined result of changes in amounts of oil and
coal burned and changes in use of control measures . 502 emissions in Europe
are predicted to remain about the same as present-day emissions through 1990.
Emissions of nitrogen oxides are predicted to increase in Europe. Future
trends will depend critically on the energy policies of each country and the
entire region.

Sulphur and nitrogen oxides are transformed in the atmosphere to sulphuric and
nitric acids. High concentrations of ozone and photo-chemical oxidants, which
are observed over large areas of Europe, and North America will increase the
transformation rate. In pare because of tall smokestacks, air pollutants often
travel long distances. Hence, the source and environmental consequences of
acid rain are often separated by hundreds, even thousands, of kilometres. A
much used technique in analyzing source areas and transport directions of air
pollutants is sector analysis. grouping together trajectories belonging to the
same sector. Arctic haze and transarctic transport of air pollutants are
partly caused by emission in the industrial regions of Europe and North America.
Of particular interest fQr long-range pollutant transport is the build up of
high concentrations of stagnant air near the ground. Observations show that
such parcels of contaminated air sometimes move over long distances without
much dilution.
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In 1977 the OECD program on Long-Range Transport of Air Pollution (LRTAP)
concluded: "....air quality in any one European country is measureably affec-
ted by emission from other European countries" -- an important scientific
conclusion with important political implications. Air pollution was finally
recognized as being a problem of the entire European Continent.

In large parts of Western Europe and North America there ayas a marked increase
in the concentration of hydrogen and sulphate ions in the precipitation during
the 1960-1970 decade. Strong acids have decreased the mean annual pH of
precipitation in much of north-western Europe and parts of North America. In
southern Scandinavia and eastern North America the present total sulphur load
is 1.5 - 3 gSm-2 yr-l and the pH in precipitation is 4.0 - 4.5. In Southern
coastal areas of Norway, about 90 per cent of the acidity in precipitation
comes from nondomestic sources. Long - term data at some stations in Northern
Europe shows a drop in precipitation acidity of about 1 pH unit between 1955
and today.

Since the early l970's there has been no obvious trend in the sulphate concen-
trations at Norwegian stations. Generally speaking, the sulphur content in
precipitation in Europe has remained substantially constant for this lame
period. This apparent discrepancy may be explained in part by the greater
proportion of dry deposition during recent years. lhe nitrate-ion content of
the precipitation has shown a more steady increase over the last decades.

Model calculations of wet and dry deposition pattern over Europe show that in
Scandinavia, particularly in Norway , the wet deposition outweighs the estimated
dry deposition . If future sulphur emissions show an increase in regions that
are already acidified, it need not mean that the precipitation there will
become correspondingly more acidic. It may instead be that the increases in
emissions will lead to a situation in which a greater proportion of the sulphur
is dry deposited. Maximum total depositionoccurs in the vicinity of source
areas where dry deposition predominates . In more remote areas the wet depo-
sition assumes greater importance.

Long-range transport appears to dominate the general deposition pattern of
several heavy metals in Scandinavia . Studies of organic micropollutants in
precipitation and in aerosols have identified a wide range of compounds in
the same air masses that bring acid precipitation to Norway.

At present there are no reliable quantitative data about the geographical
distribution of dry deposition of acidic or acidifying substances over North
America. In the industrial regions of the eastern part of the continent it is
generally assumed that dry deposition is about the same order of magnitude as
wet deposition . In the more arid regions of the western states and provinces
dry deposition is believed to be greater than wet deposition . Qualitative
estimates will have to wait on the development of methods for the proper
collection and analysis of dry deposition on a network basis.

Reliable precipitation chemistry networks have been established in both Canada
and the United States during the past 5 years. Two-thirds of the total land
area of North America receive precipitation with an average ( precipitation
weighted) annual value less than what would be expected for natural rainfall over
the land surface (pH 5.6 - 6.5). The ares receiving highly acid precipitation
(> pH 4.6) in 1930 included large parts of eastern Ontario and southern Quebec,
most of Newfoundland and Nova Scotia in Canada , and large parts or all of the
following states in the United States: Wisconsin , Michigan, New York, New
Hanishire, Vermont, Maine , Massachusetts , Connecticut , Rhode Island, Iowa,
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Missouri, Illinois, Indiana, Ohio, Pennsylvania, New Jersey, Delaware, Maryland,
Kentucky, Virginia, Tennessee, North and South Carolina, Arkansas, Mississippi,
Alabama, and Georgia.

IMPACT ON THE ENVIRONMENT

Air pollutants cause many environmental problems. Sulphur dioxide and nitrogen
{ oxides exert both a direct and indirect influence on organisms and material.

Foremost among the direct effects are health effects, plant damage, and corro-
sion due to high sulphur dioxide contents. The direct effects are determined
by the concentration of pollutants in the aír, and in general they decline
rapidly with increasing distance from the source of emission. The estimated
mean concentration of sulphur dioxide in Europe in the most heavily polluted
areas is close to or even aboye levels at which it can do direct damage.
Acidification effects, however, are the result of indirect influences depending
mainly on two factors: the magnitude of wet and dry deposition, and the
natural, inherent sensitivity of the soil and water to acidification.

Ecological Impacts - terrestrial ecosystems

Vegetation acts as an efficient filter of the chemical components in air and
precipitation. Apart from well known damage to plants in heavily polluted
atmospheres, direct effects of acid precipitation on forest trees have been
shown by experiments with simulated acid raro. Acid deposition increases,the
leaching of some elements such as calcium and potassium from the foliage.
The total effect ís an increase in concentrations of most of the compounds in
throughfall compared to incídent precipitation.

On the basis of.studies in Scandinavia, decreases in forest growth due to acid
deposits have not been demonstrated. A temporary growth stimulation probably
due to the nitrate-ions in the precipitation, has been recorded in some experi-
mento. But the present data do not exclude the possibility that adverse
influences may develop over time in susceptible forest ecosystems of Scandinavia.

West German scientists have concluded that large forest areas in Central Europe
appear to be seriously threatened both by acid precipitation and by direct gas
injury. The total damage ascribed to air pollution impacts includes deficiency
of magnesium and/or calcium in combination with aluminium toxicity in the soil.
The combination of high acidity and high concentrations of aluminium and heavy
metals in soil is a very important feature of acid deposition.

At present there is no compelling evidence that the effects of ambient acid
deposition on terrestrial ecosystems in North America are more detrimental than
beneficial. Mainly on the basis of controlled exposures of crop plants and
forest trees to simulated acid deposition, we have good reason to be suspicious,
but no compelling evidence with which to conclude, that forest and agricultura)
ecosystems are presently being harmed by ambient acid deposition. However, in
various source regions of Europe and North America economic damage to forests and
agricultural crops is occuring.as the result of dry deposition of toxic gases.
Ambient concentrations of ozone, sulphur dioxide, and oxides of nitrogen,
acting alone or in combination, are causing important damage and decreases in
yield of both crops and forests.

The most serious consequence for terrestrial ecosystems of regional acidifi-
cation at levels currently observed in many parts of Europe and North America
may be the increasing rate of leaching of major elements and trace metals from
forest sois and vegetation. -Asa result of atmospheric deposition, particu-�1
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!la te, •y'�.sulphur,,,yjpcreásed quantities of aluminium and cadmium are leached out,
`of the acidified soil. and carried to groúnd'water. and surface'water. The
leaching of aluminium is greatest in the most acidified soils while the risk
of cadmium leaching is greater in soils that are high in cadmium and undergo
rapid acidification.

In the soil, dissolved aluminium interferes with the ability of plants to
assimilate phosphorus, since the two elements react and form almost insoluble
aluminium phosphate. Another negative effect of aluminium is that the fine
root filaments of the trees are damaged.

Elevated aluminium contents in surface waters have been found to lead to large-
scale mortality among fish. Aluminium in water causes precipitation of organiz
substances. The effect of this is that cadmium and other heavy metals become
more toxic in soil, in ground water, and, in surface water.

The relative significante of strong acids and associated heavy metals found in
heavily polluted areas has not been clearly established in terms of toxic
effects on plants and soil organisms. It is important to keep in mirad the
possible long-term synergistic effects on ecosystems of the array of heavy
metals and organic micropollutants commonly associated with acidifying air
pollutants.

From an ecological point of view it is difficult to forecast the ultimate
results of the atmospheric acidification and related air pollutants on terres-
trial systems, and to judge the rate and even the direction of changes. In
the more susceptible areas it seems to be a question of proportion and time
re uired rather than whether any ecological effects appear or not.

Ecological Impacts - aquatic ecosystems

Acidification of inland waters is caused by strong acids, primarily sulphate
and nítrate. Freshwater acidity is often a result of complex interactions
between precipitation or meltwater and the terrestrial systems. Processes
such as cation exchange, weathering and accumulation and release of various
substances affect the composition of run-off waters. Thus the low pH-values a;~
often observed in connection with the first heavy ralo in the fall, may largely
be explained by a wash-out of sulphate accumulated during the summer or
earlier. The first fractions of the meltwater contain considerably higher
concentrations of ions than the bulk snow . The low pH levels often observed
in lakes and streams during snowmelt are partly caused by this fractionation
effect.

Freshwater bodies in many areas of northern Europe and North America that lie
in and adjacent to areas where precipitation is most acid, are threatened by
the continued deposition and further expansion of acid precipitation. The
effect of acid precipitation on water acidity depends greatly on bedrock
geology and the nature of the overburden. &he.most _well-known :.susceptible -:,
creas'árefthose;wi.th,,shallow:.; oilsy nd, quar, z-liearing�bedrock;_=e.g� lg1~áliite
bnd.grieissq. , There is convincing evidente of a decrease in pH in fresh-.
waters during recent decades in southern Scandinavia and other exposed regions
in Europe and North America with similar geology. Both in Norway, and in other
countries, recent regional acidification have been reported only in areas
receiving acid precipitation (pH less than about 4.7). Extensive regional lake
surveys have been carried out in Norway. Considering lakes with similar Ca-
levels, *here ;;is.a high correlation between concentrations of:hydrogen and
isulphaxe±sións. The sulphate deposition explains in general the sulphate
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concentrations in the lake. The nitrate concentration in lakewater is always
much lower than the sulphate concentration. lakes with low pH often have
elevated aluminium concentrations,and sometimos increased concentrations of
other metals. Concentrations of:mercury mangánese; cadmium`ánd'léád'are'
Yhigher in fish from acid, than trom_�léss acid,,waters:`'Dissá1ved inorganic
aluminium leached from soils and-scdiments is toxic to fish in surface waters
at concentrations as low as 70 ug1- .

Empirical data from Sweden, Norway, Canada and the United States show that
lakes in sensitive areas, wíth alkalinity <50 uEq/1 have in general not been
acidified when the catchments receive a sulphur load of 0.5 gS/m2 - yr or less.
Any reduction in acid deposition must be beneficial to aquatic ecosystems under
acid stress. Further, arpe inputs;•,of.acid precipitation must lead to,reduced
e tralization ca ácit �� tbisoi ]sr d to urther•fresh-wate~dl*f-'

k9F6undwátér, :ac idiflcatión.

The recent acidification in Western Europe and North America has had profound
impacts on aquatic lífe. All trophic levels are affected. In the four
southernmost counties in Norway, more than half of the fish populati�ns have
been lost during the 1940-1980 period. Lakes in more than 13 000 km of south
Norway are practically devoid of fish, and in additíonal 20 000 km2, the fish
stocks are reduced.

In southern and central Sweden, fisheries damage is observed in 2 500 lakes and
is assumed to have occurred in further 6 500 lakes with some observed symptoms
of acidification. On the basis of lake chemistry, the fisheries of
about 18 000 lakeswith pH <5.5 are now affected.

In western Norway and south-central Sweden in large areas of unreactive geology,
thin soils and waters of low alkalinity are expected to show signs of acidifi-
cation over the next 50 years with present levels of total 5 deposition.

In 0ntario Canada, about 50 000 lakes on granitic terrain receive
? 0.7 gSm-' yr 1 and 2 500 lakes surveyed in the ares indicate that 20% have
alkalinity 1 40 veq 1-1. In Quebec, the extent of sensitive areas is even
greater. Based on Scandinavian experience, these lakes are expected to undergo
acidification in the next several decades. Loss of salmon is reported for
several rivers in Eastern Canada. In northern United States, loss of salmon
fish species is reported in about 100 lakes.

High egg and fry mortality in acid water is regarded as the main reason for
fish decline, but other population responses are also known. Massive kilts of
adult fish during acid-release episodes is well documented, and is caused by
physiological stress from toxic combinations of water acidity and aqueous
aluminium. The aluminium toxicity depends on water pH and seems to have a
maximum around pH S.

Acidified aquatic ecosystems show both reduced production and reduced decompo-
sition. The fish in acid waters do not disappear for lack of food. Certain
tolerant organisms come to dominate. This simplification of the plant and
animal communities makes acidifíed ecosystems more vulnerable to changing
conditions, and may mean an additional stress on the top predators, as food
will not always be easily available.

It is not the __symtote�ms but the causes of acidification that must be attacked.
Desulphurizationonof uels and stac ases apparently is the only viable
solution to the problem.

1
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'Y,)iv.t:l.. !•..1. rala Uot frs , t c t- '� asetits. AdditÍótssLot,�.tlylash;,to rtbe ridd ,soil decreased ' DTPA-
y'ash from a•coal-fired power plant was'separated fato various- exáactabk Fe,•Mn,NI , Co, and Pb.The data demonstrated tbat the

sine l fractioos which Overo then ehemiesily cliaracterized . The 11Y ash alkalinity of ny ash playa a signif csnt role la regulating (he availabill-
coatalied bliher concentrations of B, Co, Cr, Cd; Mo, NI, Pb, As, ty of trace dementa lo the amended soils.
aad Se. tháo,e more cont ad to soils. Except tor Cd, Co, sud Pb, trace

Addittonallndex Words: Goal-tiren powerplants, heavy metals, ea-c emcats viere móre conceo traten la ¡he <53-µm thaa la the >250-µm
i7►etiIi SolobUUty of trace el menta fas water lee~ gready as (he vironmental poilution , levaste material.-r.�; n...1; , • �s
Mgilibñuna pH Ovas lowered.

rec soda; aa acid sand, a calca rcous loamy caed, and a calcareous
si .lam , viere amended with five rates of fly ash up to 1.0% by Increased efforts are being directed both toward devel-

ilvelgbt and equilibrated at molsture contents of 1/3 bar or satura tion oping alternate energy sources and making better use of
for. periods ranging up to 29 weeks. Solubittty of trace elements in existing reserves . Among traditional fossil fuel sources,
:wate and DTPA extracts were observad . Appllcation of ny ash la- coal exists in quantities capabie of supplying a large por-
creasen $oil pH ; (he acid sol¡ exhibited (he grealesl increase. Except tion of our nation's future energy needs. However, in-
lo! B, ny ash amendment up to 1.0% did not resol ( lo elevated con- creased knowledge of the adverse health effects of par-

o! either water-soluble or DTPA-extractable trace eles ticulate pollutants, together with a corresponding cm-
phasis on the development of control devices, have led

ontribution from the Dep. Soil and Environ . Sci.. Univ. of
-alifornia, Riversidc, CA 92502. This rescarch was supported by lo the widespread collection of much of the fly ash
'outhern California Edison Co. under Contract no. U3294908. Re- which is producen by the burning of coal. In 1976, it

.�'-`ce;ved 12 June 1978. was estimated that 34 million metric tons of fly ash
j- O5tgraduate Research Soil Scientist. Associate Profesor aradl of Soil Science , and Specialist, respectively. would be producen in the United States (Brackett,iofessor� Senlor a commercial consumption of

•'y'4Ó71UY Srnior Research Scientist , SCS En ineneersrs. Longong Beach, CA 1973). Over the years, the
w .., f1y ash has been < 10%. The nonutilized fly ash is dis-
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poned of primarily in lagoons (usually on site) and land- Table 1-General characteristice of the soile used infill arcas. Since no consistent utilization trend is evident, incubation study.
it is expected that stockpiles of fly ash will continue lo Soil moisturegrow as reliance upon coas as a fuel source increases.
Thus large quantities of this material are brought into Satura-

Series narre pH O.M. CEC 1/3 bar tion Classircationcontact with soil and water environments.
Depending on the coas source, fly ash varíes widely in % meq/ %

its pH (Plank and Martens, 1973; Furr et al., 1977) and long
trace element contents (Abernath et al., 1969; Furr et B ood 5.2 2.2 6.5 3.75 25.0 Entic HaploxeroU

sandal., 1977; Swanson, 1972) which generally exceed (hose ealhi loamy 8.2 1.8 4.0 6.25 17.5 Typic
typically present in soils. Klein and Russell (1973) found sand xeropsatnment
that the soils around a coal-burning plant were enriched Dom;nosilc 7.8 4.3 14.0 32.50 41.5 xerotlk
in Ag, Cd, Co, Cr, Cu, Fe, Hg, Ni, and Zn; plan ma-

loara Caltyorthid

terials were enriched in Cd, Fe, Ni, and Zn. Bradford et
al. (1978), however, found no elevated concentrations alter which the pH variation was f 0.2 unit. Deionized water was thenof trace elements in the sois saturation extracts and na- added to bring the volume to 30 ml. The subes were centrifuged,
tive vegetation around the Mojave Generating station . frltered, and the fíltrales analyzed for B and the eight trace metals
Recently, Gutenmann et al. (1976) reported that white previously mentioned.
sweet elover voluntarily growing on beds of fly ash con- Trace metais were determined by trame atomic absorption spec.

troscopy . Boron was determined by the curcumin method (APHA,tajned Se in excess of 200 ppm. They asno found that 1971). Arsenic was measured by the arsine-molybdenum blue proce-water, plants, and insects from a fly -ash-contaminated dure (Smali and McCants, 1%1); Se by che amino-benzidine method
pond contained elevated concentrations of Se. (APHA, 1971); F by a specific-ion electrode method ; and molyb-
There has been increased concern over the possible denum by thiocyanate procedures (Reisenauer, 1 965).

deterioration of the environment as a result of fly ash
deposition on land . The objectives of this study were lo Experiment 2
determine the: (i) trace element concentration in differ- An incubation experiment was conducted to evaluate the solubility
ent-size fractions of fly ash produced from western U.S. and availability of trace elements in three soils amended with fly ash.
Goal sources ; (ii) release of trace elements from stock- Some propcrties of the soils used in this study are presented in Table 1.
piling of fly ash as related to equilibrium pH; and (iii) Aír-dry soil (400 g) was mixed in 500-ml polystyrene containers with
water solubility and DTPA extractability of trace ele- fly ash at rata of 0. 0.05.0. 1, 0.5, and 1 .0% by weight. These rases
ments from fly ash-treated soils. are equivalent to the amounts of ny ash that are emitted from a gener-

ating station and deposited on 2.5 cm of soil in a 1,280-km' arca over
periods ranging from 3 to 50 years. Deionized water was added to che

MATERIALS AND METAODS
amended soils to bring the mixtures to their 1/3 bar and saturation
water contents . The mixtures were thoroughly mixed and incubated at

The fly ash used in Chis study was collected in Janua ry 1975 from 25°C for varying periods up to 29 weeks. These moisture contents
the Mojave Generating Station near Bullhead City, Arizona. Ttte pH were maintained throughout the experiment by the weighing tech-
of a saturated paste of the fly ash was 12.3 and the electrical conduc- pique.
tivity (EC) of saturation extract was 7 . 5 mmhos/em. The fly ash was Duplicate samples of each treatment were removed weekly (later,
componed primarily of Si, Al, Fe, and Ca (30-40%) and its alkalinity biweekly and monthly) from the incubation room. Soil saturation ex-
appeared to have derived mainly from oxides and hydroxides rather traces (SSE) were prepared (U.S. Salinity Lab. Staff. 1954). The
than carbonates (Phung et al., 1978). Partiese size distribution analysis DTPA extractability of trace metals was determined by shakíng 10 g
showed that 32.5% of the fly ash was in the sand -sized separate (2- of air-dry-treated sois with 20 ml of 0.005M diethylenetriamine-penta-
0.05 mm), 63.2°10 in the silt-sized separate (0.05-0.002 mm), and 4 . 3 019 acetic acid (pH 7.3) extracting solution for 24 hours. The contents
in the clay-sized separare (<0.002 mm). were then centrifuged and frltered.

The SSE extracts were measured for pH, EC, B, and other trace ele-

Experiment 1 ments , including Cr, Mo. Ni, V, and Ag (Bradford et al., 1973), and
Cu, Zn, Mn, Cd, and Pb (flameless atomic absorption spectroscopy)-

The fly ash and its component size fractions were analyzed to char- Due to low concentrations (< 0.1 pg/g), a preconcentration treatment
acterize their chemical composition . The ny ash was fractionated by was used on the SSE for flameless determination which included
mechanical sieving into the following particle sizes: > 250 pm. 250 to mixing an aliquot (5 to 10 ml) of the extract with 5°7° ammonium J-*
105 µm, 105 to 53 µm, and <53 pm. Samples ( 1 g) of each fraction pyrollidine dithiocarbamate (APDC) at pH 2.5 to 3.0 and extracting
were digested in a solution consisting of 7 ml of 3 :1 concentrated HCI/ with 5 mi of methyl isobutyl ketone (MIBK). The DTPA extracts were
HNO, (aqua regia), 1 ml of water, and 5 ml of an aqueous solution analyzed for eight trace metals (Experiment 1).
containing 48% HF for 2 hours at 110°C in 50- ml test tubes on a
circular aluminum digestion rack. Alter cooling, boric acid (5.0 g) was RESULTS AND DISCUSSION
added to neutralize the HF, and deionized water was added to bring
the volume to 50 mi. The subes were shaken for 1 hour, frltered, and Trace Elements in Fly Ash
(he fihrates were analyzed for eight trace metals (Mn, Zn. Cu. Pb, Cr,
Co, Ni, and Cd). Additional fly ash samples were digested in 4N Except for Pb, Cd, and Co, the trace elements de-
HNO, (80°C. 12 bours) for B and F; HNO,-H2SO. for Se (Fine, termined were more concentrated in the <53-µm than in
1965); H,SO.-HCIO. for As (Small and McCants, 1961); and HCIO2 the > 250-µm fraction (Table 2). Boron, Zn, Cu, Se,
for Mo ( Reisenauer , 1965). and As showed an inverse relationship between concen-
To determine the release of trace elements in water from different tration and particle size.Davison et al. (1974) reponed(ly ash particle sizes in relation to equilibrium pH, 0.2 to 5.0 g of fly

ash were equilibrated by continuous shaking with 24 ml deionized that fly ash particles >74 lem exhibited no dependettce
water in 35-ml centrífuge subes. Twice daily the pH was adjusted with of element concentration on particle size. They found,
HCI to 6.0 and 9.0. The suspensions attained equilibrium in 3 days however, that airborne fly ash particulates (< 10 µm)
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Table 2-Concentratione of trace demente la varioue eized fractione of fly esb,
eí�i B F Mn Zn Cu Pb Cr . Co Ni ' Cd se As Mo

250
-... 148 72 100 56 45 65 38 ._: _ . 40 41.. ... 4.1 8.5 6.5 20

169 66 117 64 62 65 49 45 49 a � . 6 .3 10 .4 7.2 28
aR'` 337 68 120 70 62 63 ' 46 45 49 2.7-— 11 .6 &4 36

b3 ,x. 300 ... 83 • 115 . • ., 88 119 67 60 ?! 44 .;. si y ^ 4.1 13.8 9.5 42
�j ,pu g 239 ..:= 72 g 113 t ;z 70 .. 69 68 45 44 48 - 4 . 1 11.1 &2 38

ash - 293 ,70 120 -. • - , 74 ' 64 86 44 ' 43 49 4.1 : 12.9 8.9 40

e increased conoentrátions of Pb; Te, Sb, Cd, Se, ; element ' and the ' fly ash; ` its chemical form, and the
Z NifCr, andS with decreasing particle size.:. • ? chemical and physico-chemicalproperties of the water.

Pb, Co Cr, Ni, Cd, Mo, Se, and As contents Higher. release rates of soluble trace elements from fly
'were higher when compared to the concentra- ash may occur in a ground :- water than in a surface

o�f�f thes elements -.insoils; as reported by Connor water dueto, the, fórnier's lowé H higher CO: con-
fia ic eté:. {1975) tlus, áigè •qual tities of' fly tent) -Hévéi',�'o"ther prócess

(
e.g;; 'ion ' exchange, ' rf`

mcoipórated fintósoil ,the resulting mixture"may precipltition ánd sorption/desorption) that affectthe sa
eatl éñiíc>iéd with these trace elements . Examples release'1`of"trace ' elements;- ,'prior to entering ground

tecl concentrations that may result in fly ash- water, should alzo be coiisidered. , rWr -n E:
en oi laré:•�Mo (Doron ; and ..Martens, 1972),!B u lrrf7i: fic4�ú ,` ,*3 ..s, Q 3 lr ,rt

al t�1978; Plank a1íd, Martt ns . 1974),- and Se = •i Water-Soluble andDTP trl►ctableTrace'- d
Y176) . M

eas
from FiyAsh-Amended Soils.'

1 f,tíce;elementsla,water :was greatly iri- iz. *1 `f�r �níi� �f:�t► ch �..�
ul H � th sus= .. Smcé Só pH}Is;among , eorelmportá it.chemicai.-librium3 :ttté eq p Eof e.7fly,"<ash properties góvernmg me aváilabihty óf. trace elements totí�> lyskate Uus poi average. cóncentrations ',':th ,resúltingp�. K,s,,�.plants . o the, fly asli=amended soilsus qn deñsity: o1� 0.066 g/ml;(2' g/.30 mI) aré". I

=t
f

ilify óf alltracé éleménts ana ~ were Gxámined: Of the ü Studted the acid Bay-
wóbd .SC Uho. tlie gmcl< .jn pHdtié to flyeai lóy►llatáW !gongiídipH�oft 12.3:! r�. .l•la !goriiziídipHí-oft 113: ash amendm=ent (F1g 2) ep" lo>jthw.,Sóil iriciéased iri

'óíí" fB;<)'b;Co; Cr=and iwere eaUy 111 relationtó the amounts, �f�flry a�h• áddedbut gradually
�. >P decreased with incubntion time forall treatments exceptet-Futther •leleases of trace elements were ob- the . 1 % ráte.Thé; ameíided D& iino soil did nót showhei tht<.equilibrium pH was lowered •to 6.0. A any significas t increásés inpH:;,This may be . due partlypul ef ect .. oñtrace element . solubi lity was re- to the biiffering capácity and. ónginal pH of the soil.édjbyi e1.$< dWirth (1977) Copper and Cd were The,moisture effect showed ''no' discernible . trend, al-.by the equihbrium pH.With the exception though thó resulting pH áppearedto be higher. at satura-e1ement ; solubility, was not. related to their tion thanát 1 /3 bar moisture content¡a the Baywoodontent,ylñ fly ash irrespective of pH adjustment .

a iláf .mountsof trace elements reld from fy. soil
y ash -additions also resulted in increased solublenatural waters (pH 7-8 .5) from stockpiles of fly . . salt concentration . Although the release of soluble saltsdepenil largely on the pH, bonding between the from fly ash varied, the trend was similar to that of pH.

The Baywood soil showed the greatest increase and the
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Table 3-Effects of fly ash application rete and incubation moieture on the concentratione of selected trace elemento
¡u sol] eatnration extracte.t

1/3 bar tenaion Saturation

Flyashrete B Ma Cu Zn Mo Ni Pb B Mn Cu Za M. Ni Pb

96 pg/ml 4
Baywood axil

0 0.11 0.085 0.011 0.06 0.03 0.03 0.038 0.23 0.38 0.018 0.05 0.05 0.06 0.038
0.1 0.27 0.081 0.014 0.04 <0.02 0.04 0.082 0.46 0.87 0.012 0.08 0.03 0.05 0.070
1.0 1.14 0.008 0.014 0.03 0.03 0.03 0.034 1.47 0.019 0.018 0.04 0.07 0.06 0.031

Calbi soil

0 0.14 0.008 0.022 0.09 0.05 0.03 0.034 0.13 0.003 0.023 0.21-' 0.06 • 0.03 0.006
0.1 0.27 0.005 0.019 0.04 0.06 0.02 0.019 0.32 0.008 0.008 ,.. 0.13. 0.10. 0.03 0.002
1.0 0.93 0.004 0.016 '0.04 0.13. 0.04 0.021 0.77 0.007 0.019 0.12 0.28 0.08 0.024

Domino soil

0 . , 0.84 0.003 , 0.035 0.05 0.06 0.03 0.011 ' 1.30.. 0.98 0.98 0.05 r,+ 0.12 0.05 0.009
0.1. 1.17 0.010 0.026. 0.02 <0.02 <0.02 0.017.. 1.59 •0.28 ... 0.28 0.11 0-13,—% 0.04 0.006
1.0 136 0005 0.029 0.03 0.05 <0.02 0.021 1.79 10.42 0.42'`r� { 0.08'.'.' -0.12' V'"0.04' 0.002

t Values are averagea ofdate for all eampling daten. Concentrations of Cr. Co. V. As, sud Se were <0.02 pg/ml4 andAg and Cd <0.002 pg/mL

Domino soil the least in EC. This lis related loprobably (Davison et x1:;1974):: Engle asid Cápp.(1967) suggested
soil texture and. CEC:- The'soluble salt concentrations . that many of the elements in flyásli are •released slowly
are within the range for crops with low•salt tolerante. into soil solution because .they'were.trapped in silica

Except for B, fly ash amendment up lo 1.0% did not spheres formed by burning' of the pulverized coa]. Re-
res in elevatéd concentrations of water-soluble trace sults of our study indicate, however� that there was no
elements (Table. 3): On the contrary, concentrations of . definite relation between' concentrations 'of the water-
some elements such as Mn in the Baywood soil, and Mn, soluble trace elements in the amended soils and incuba-
Zn, Cu, and Pb in the Cálhi soil, decreased at the 1:0%' tion

'l;
ash'rate for the 1/3-bar water content. This may be .:. DTPA-extracted s1atficantlyihigher concentrations

atñbuted to thehigli'alléaliñity of the fly ash which re-., of.trace metals than water'extractions The DTPA ex-
duced `the `solubility 'of there' metals in the amended, tractability, however, was relatively`lów, ranging from
sois. In general, concentrations bf the trace elements in <1.0% for Zn; Mn, Co, Ni, añd':Cd'to' 1.0-3.0% for
the SSE of the fly ash-amended soils are comparable lo Cu, Pb, and Cr. Concentrations of these trace metals in
those reported for 68 soils from California (Bradford et • the DTPA extracts varied greatly=among: soils and, in
al.,1971). ' most instantes, tended to decline with incubation time
'Trace metals in coal are volatilized and possibly re- (Table 4). Since Cd was generally present in <0.1 µg/g

duced to the elemental state during combustion before ip all three soils, its concentrations are not included in
condensing and adsorbing onto the fly ash particles the table. Again, amendment of fly ash up to 1.0% did

Table 4-Changee in levele of DTPA-extractable trace metala in three fly ash-amended coila at two incubation soil moiature leveis.
1/3 bar tension Saturation

Incubation Fly ash
period rata Cu Za Ni Pb Mn Co Cr Cu Zn Ni Pb Mn Co Cr

weeks °.b lag
Baywood soil

4 0 0.20 0.44 1.4 1.1 4.1 0.30 0.40 0.25 0.40 1.5 0.60 13.5 0.55 0.40
0.1 0.20 0.28 1.6 0.90 2.9 0.55 0.40 0.35 0.29 1.9 0.50 13.0 0.85 0.40
1.0 0.25 0.30 0.80 0.65 2.2 0.15 0.20 0.37 0.32 0.80 0.50 10.6 0.10 0.40

29 0 0.25 0.26 1.5 0.65 4.1 1.5 0.30 0.30 0.30 1.1 0.65 12.2 1.1 0.40
0.1 0.25 0.29 1.0 0.50 2.5 0.60 0.25 0.28 0.25 1.3 0.50 14.2 0.80 0.40
1.0 0.20 0.24 0.30 0.30 1.7 0.35 0.20 0.22 0.27 0.80 0.45 8.3 0.25 0.40

Calhi sol!

4 0 0.40 2.0 0.65 0.75 11.9 0.20 0.20 0.40 2.3 0.60 0.60 17.0 0.10 <0.10
0.1 0.40 1.7 0.60 0.80 10.6 0.15 0.20 0.50 2.6 0.60 0.90 16.9 0.15 <0.10
1.0 0.75 1.5 0.55 0.90 9.3 0.15 0.20 0.60 1.8 0.60 0.85 10.0 0.20 <0.10

29 0 0.30 2.3 0.20 0.60 12.8 0.10 0.10 0.30 1.6 0.20 0.80 16.2 0.10 0.10
0.1 0.36 1.1 0.20 0.50 8.1 0.10 0.10 0.48 1.5 0.30 0.50 15.5 0.10 0.10
1.0 0.36 1.2 0.30 0.55 5.9 0.10 0.10 0.47 1.0 0.25 0.50 10.2 <0.10 0.10

Domino sol] s4

4 0 2.4 2.2 0.80 2.5 66 0.70 <0.10 1.4 1.4 1.0 3.1 186 1.3 <1.10 Á
0.1 2.7 2.1 0.80 2.9 108 1.2 <0.10 1.7 1.0 0.95 3.0 195 1.3 <0.10
1.0 2.3 2.0 0.80 2.5 84 0.90 <0.10 1.9 1.4 0.95 2.8 178 1.2 <0.10

29 0 1.4 1.5 0.40 2.5 34 0.30 <0.10 1.9 1.0 0.60 1.9 168 1.3 <¡-
0.1 1.3 1.4 0.40 2.0 37 0.30 <0.10 1.8 1.5 0.60 1.6 174 1.3 <.I0

7 1.0 1.2 1.4 0.40 2.1 29 0.30 <0.10 1.9 1.4 0.60 1.8 172 1.3< L
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Chapter 3 continual transfer of trace-element contaminants from the atmosphere finto the
hydrosphere or finto the soil, so that the air tends to be restored to an
unpolluted state by natural processes. Air, therefore , provides a route for the

TRACE- ELEMENT CONTAMINATION OF THE ATMOSPHERE contamination of the rest of the biosphere by trace elements discharged In smoke
and fumes.

3.1 GENERAL CONSIDERATIONS Mitchell, 1968 1228] calculated the average total planetary loading to be
Heavy metals are emitted finto the air mainly as a consequence of about 2 x 106 tonnes. It is clear that this loading must vary considerably from

high-temperature processes such as combustion , roasting and metallurgical year to year . In the UK, there has,been a considerable fall in the level of
operations . Some of the most toxic elements are among those i nvolved (As, Bi, smoke in urban areas over the last twenty years, partly as a result of 'Clean

Cd, lag, Se, Pb ). In industrialized countries , deposition on pastures via Air' legislation and partly from a reduction i n domestic consumption of coal,

polluted atmospheres i s probably the most widespread and efficient route ot bu: as pcl '. uticn frocs this source has declined , pollution from motor vehicle

heavy metal transfer i nto agricultural products ( Ronneau et al., 1983 1 2211). exhausts has increased 1229].

Valkovic 1 2221 has classified atmospheric pollutants , on the basis of their Since the volume of water in the oceans i s so enormous , any enhancement of

physical and chemical composition, as inorganic gases, organic gases, inorganic trace element levels i n otean water brought about by fallout from the atmosphere

particulates and organic particulates . On the basis of figures given by Ross , will be insignificant i n the long term. By contrast , contamination of soil from

1972 [ 2231 for discharge of pollutants I n these categories, the total weight of this source can often be significant , since many trace elements tend to remain

pollutants released finto the atmosphere every year has been stated to be about near the sol¡ surface after deposition . Trace-element contamination of soll

173 million tonnes , and the particulate fraction of this total amounts to 14.6 resulting from atmospheric pollution from an industrial source can therefore

million tonnes . Such figures can be no more that rough estimates , for lead to accumulation of contaminant elements i n the surface horizon.

Vandegrift et al , 1971 1 224 ] made a projected estimate for 1980 for particulate Although it has been stated by Sisler 1230) that the chemical composition

emission from electrical utilities in the United States alone of 4 million of the atmosphere i s in equilibrium with the hydrosphere, it is clear that

.. tonnes. The major sources of atmospheric pollution have been reviewed by anything approaching an equilibrium situation could only be regarded as existing

Freedman and (iutchinson , 1981 1 2251,'and these are generally recognized to be, i n a natural situation uninfluenced by human industrial activity. In the

transport , i ndustry , power generation , space - heating and refuse burning . current situation , there is a net transfer of trace elements fi nto the oceans

Heskéth, 1972 ( 2261 has reported figures for the contributions for each class of from smoke, fumes and wind-blown dust from industrial sources. The quantities

pollutant from each source in the USA. transferred i n this way are then diluted virtually to extinction i n otean water.

Most of the trace elements naturally present , or present as contaminants i n There is also a constant return of trace elements i n otean water to the land in

the atmosphere are associated , largely as metal ox(des , with the particulate wind-blown spray and in aerosols derived from the sea surface, although the

fraction, and Schroeder (227) has stated that metals account for 0 . 01 to 3 per composition of marine aerosols appears to be considerably different from that of

cent of particulates . On the basas of the figures quoted by Hesketh 1226 1, half bulk sea-water . This difference i n composition i s related to the physical

the total burden of particulate atmospheric pollution comes from industry and a mechanisms leading to aerosol formation, and it has been suggested that the most

quarter from power generation . The contributions from other kinds of human important process is the bursting of small gas bubbles at the otean surface to

activity are on a much smaller scale. produce aerosol particles i n the range 1-20 mm [222 , 231, 232). It is probable

Í- In addltion to being contaminated with particulate matter from industrial that aerosol particles with diameters around 1 um can be transported great

sources, the air is always substantlally loaded with material derived from distances before they are finally deposited.
n

natural sources, and many of these particles are in the same size range ( 0.1-1.0 Data published i n the literature for the elementary composition of

#,m) as the smoke particles derived from human activities ( 2221. Industrial smokes 1n Brltish and North American cities have been summarised by

The trace elements present i n the atmosphere which are dispersed i n Bowen, 1966 [ 180) and the levels given for trace elements which can give rase to

aerosols or associated with particulate matter are eventually removed by pollution problems are given i n Table 9. No figures are , unfortunately,

precipitation in rainfall or by gravitational fallout . There is , therefore , a avallable for mercury , although this is undoubtedly a widespread atmospheric
contaminant . Hamilton , 1974 [233 ) has reported levels of mercury In dust



r --

So s►

collected from air samples I n the London ares In the range, 1-14 ppm, and pollution , although this Is the main long -term effect . The effects of air
substantial quantities of mercury are known to be discharged from coal -fired pollution on plants and soil have been reviewed by Webster , 1967 (189). This
power plants ( Freedman and Hutchinson , 1981 1225 1 p . 72). work deals mainly with effects on plants , although referentes are nade to

On the basis of these figures , industrial smoke has to be regarded as a enhancement of fluoride levels in soils and the possibillty of enhancement of
significant potential source of contamination of the atmosphere with arsenic, soil lead content, resulting specifically from exhaust fumes from motor

-► antimony, copper , fluorine, lead, manganese and nickel . The Inhalation of all vehicles. Other reviews of the literature on atmospheric pollution have also
these elements at enhanced levels, with the possible exception of manganese , can dealt primarily with direct effects on plants (Meetham et al., 1964 [238);
be expected to produce adverse physiological effects . According to Schroeder Stern, 1968 [2391; Spedding , 1974 (51).
(2271, among 27 contaminant metals, cadmium , leed and nickel are a real or There i s no doubt that the contamination of the atmosphere with trace
potential hazard to human health, while antimony and berylllum require careful elements which commonly occurs in industrial areas can have pronounced effects
control . Mercury, certainly , should also be Included In this company . on biological systems. The effects of inhalation of smoke containing

particulate matter on the incidente of lung cancer i n man, and on asthmatic and
TABLE 9 bronchitle subjects have been clearly demonstrated by medical statistics.
Trace element composition of smoke ( v 9/m3 polluted air ) Stocks, 1960 [ 2341, Ruehling and Tyler [ 240] have discussed the depressant effect on the
Junge, 1963 1 41) decomposition of spruce needle litter at a number of sites around two

metal -processing industrial plants i n central and south - eastern Sweden , emitting
Element North American Cities British Cities cadmium, copper , nickel and zinc , and cadmium , lead and nickel , respectively.

As 0.01 - 0 . 02 0.01 - 0 . 2 Tyler has also reported i nhibition of respiration rete and of phosphatase and
Be 0.0001 - 0.0003 0 . 0001 - 0 . 001 urease activity i n spruce mor, contaminated from a brass foundry In Sweden
Sb 0.004 - 0.25 [2411 .Có 0.0007 - 0.004
Cr 0.002 - 0.02 According to Tyler, 1972 [ 242), comparatively large quantities of deposited
Cu 0.05 - 0. 0 . 02 - 0.25 heavy metals may be stored in carpets of mosses and lichens and in humus layersF 0.01 - 0.44
Pb 0.5 - 3 0.2 - 1 . 4 in ecosystems. Perkins et al,, 1979 (243] have reported the accumulation of
Mn 0.1 - 0.3 0.01 - 0 . 1 atrborne fluoride by lichens in the vicinlty of en aluminium reduction plant.Mo 0.0005 - 0.006
Ni 0.002 - 0.2 Following the work of Lounama i n Sweden [ 2441, increasing attention i s now being

-r Sn 0 . 01 - 0.03 given to the accumulation of trace elements by mosses and lichens , for the
dependence of these plants on the atmosphere for their mineral supply could make

While levels of berylliun i n smoke are generally'low owing to the limited them suitable biological instruments for measuring metal contamination of the
use of this element i n Industry, where there i s a specific industrial source of atmosphere . Andersen et al ,, 1978 [ 2451 have reported a significant linear
dispersal, acute problems can arise. The processing phosphatic shale has been correlation between bulk precipitation of heavy metals i n the Copenhagen ares
found by Severson and Gough , 1976 1 2351 to contaminate soll within a distante of and concentrations In lichens and bryophytes.
16 km from the source . inhalation of beryllium compounds which are present in Goodman and Roberts [ 2461 have used the content of the moss , ltypmen
some industrial dusts i s known to cause chronic pulmonary damage , and effects on euprissiforme , with respect to cadmium , copper, lead , nickel and zinc, as a
the lungs have been reported by Conradi et al.[2361 . measure of atmospheric pollution with these metals downwind of the Swansea urban

-y The element selenium i s also released i nto the atmosphere by Industrial industrial complex i n Wales. Sphagmen moss has been employed by Little and
processes 12211 and this supplements dimethyl selenide volatilised from solls by Martin [ 247 ] , and Swalne et al., 1983 12481 to monitor alrborne pollution with
microbial action . It has been shown that a range of plant specles, i ncluding respect to cadmium, lead and zinc around a lead and zinc smelting complex at
grasses and crop plants can absorb , metabolise and translocate selenlum from Avonmouth In England.
atmospheric dimethyl selenide (Zieve and Peterson, 1983 [2371). The leed content of lichen has been used by Laaksovirta et al„ 1976 [2491

Until quite recently, there was little publishgd evidence of a substantial as en indicator of lead emisslon adjacent to e highway In Southern Finlalnd.
general effect on the trace-element compositlon of the sol] resulting from air Jenkins and Davies 12501 have reported a close correlation between the
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concentrations of contaminant trace elements in lichen ashes and values for the atmosphere between 1900 and 1971 . Reported activities did not Include coa]

ash of material depositad from the atmosphere i n North Wales , and have derived , combustion ( Pietz et al., 1978 1256)).

from the average composition of the lithosphere , the following order of Beavington 1 257 1 has reportad enhancement of mean levels of acetlc

+- enrichment of trace elements to be expected in an organic soil due te acid - extractable cadmium, lead and zinc and EDTA-extractable copper in soils

contamination from the atmosphere: Di, Pb, Cu > Sn, Zn, Ni > Mo, Be, Ge, Co , Cr from urban grassland, in the Wollongong city in Australia , up to ten times

> V, Mn. The relationship between the uptake of metals by mosses and lichens , greater than in a rural control arca. The highest levels found were in an

and metal concentrations i n contaminated air, however , appears sometimes to be industrial arca, where the soil samples within 1 km of a metal - smelting complex
were found to have mean ' available' levels of 2.8 ppm cadmium , 343 ppm copper,complex and tenuous.

-' Both ice and snow are valuable and sensitive monitors of environmental 21 ppm lead and 82 ppm zinc. These levels are quite alarming and very much

pollution because of their normally very low metal content ( Davies, 1980 [ 219 1 ). higher than those normally associated with-urban contamination.

The analysis of snow deposited at varying distantes from a specific source of Beavington alto found correspondingly high levels of copper and zinc in

atmospheric pollution provides another means of measuring the leve] of herbage in the sane city arca [2581 and reported a significant negative

contamination , ánd in this case , the levels measured are valid only for the time correlation between the herbage leveis of these elements and distante from a
�.. at which precipitation took place. This technique has been used by Kerin 1252 copper smelter. Samples of urban herbage taken from within 1 km radius of the

to monitor lead pollution i n the vicinity of a lead smelter I n Yugoslavia . smelter , were found to contain mean levels of 170 ppm copper and 131 ppm zinc on

It is a reasonable assumption that much of the trace - element contamination a dry matter basis . Since the level of copper i n uncontaminated rural herbage

which occurs I n urban areas derives from fallout from atmospheric pollution . As is seldom outside the range , 4-10 ppm dry matter, such a level of copper is

was pointed out in the previous chapter ( 2.7), there i s not a great deal of quite unphysiological and would certainly be a serious hazard for grating

difference between the levels of ' available' boron , copper, lead , nickel and animals. The enhancement of herbage copper content in this arca appears to be

zinc encountered I n urban gardens and in urban parklands , where the main source caused both by surface contamination of leaves and by increase In uptake by

of contamination i s obviously atmospheric . There has been a pall of smoke over roots from contaminated soil, and reflects an exceptionally high leve] of

towns I n the UK since the Industrial Revolution and huge quantities of domestic atmospheric pollution with copper . Beavington , 1977 (259) has lince reported

soot have been deposited locally, to the extent of darkening the color of the total annual depositions per hectare of 30.7 kg copper, 8.4 kg zinc , 4.7 kg lead

soil in many places. Hallsworth and Adams [ 2521 have stated that over a and 0 . 19 kg cadmium. This corresponda to an annual addition of copper

.., relatively wide arca of the Midlands of England , soils are recelving regular equivalent te the total content of copper present i n a typical uncontaminated

additions of chromium, copper , manganese , molybdenum , nickel and vanadium . In sol] . The annual cadmium addition to the sol] i s also a high proportion of the

!- the author ' s view , cadmium, lead, mercury and zinc should certainly be added to normal background leve] and dangerously high. It i s of interest that vegetable
gardens near this smelter contributed to the diet of local people and that theythis list.

The general leve] of contamination of the atmosphere with trace metals now must have breathed daily an atmosphere heavily contaminated by potentially toxic

characteristic of conurbations may be greatly enhanced when i ndustrial activity metals.

supplements pollution from domestic sources. Two of the most serious point High levels of cadmium, lead and zinc have been reportad by Little and

sources are coal or oil-fired power plants and metal smelters. Concern has been Martín [ 260) in elm leaves ( up to 50 ppm Cd, 500 ppm Pb and 8,000 ppm Zn on a
dry matter basis) and surface soils In the vicinity of the Avonmouth industrialexpressed for the environmental loading of trace metals currently emitted from

such sources by Mastradone et aZ ,, 1982 [ 253], and this aspect of the problem complex, which includes the largest lead and zinc smelting plant in the world.

has received a great deal of attention in recent years. Zoller et al., 1974 Metal contamination of areas around smelting complexes has been described by a
number of other workers [ 246, 251 , 261-263 ]. This kind of contamination is a1 254) and Gladney et ai:, 1976 f255 1 have published data on the trace-metal

composition of particulate matter 1n emissions from coal-fired power plants . long-standing problem ( Haywood, 1907 1 264]) and i t was recognized at the

One of the major Industrial areas in the USA i s in north western Indiana beginning of the century that livestock can be poisoned by the consumption of

along the south side of Lake Michigan. Industrial production records from this forage contaminated by lead and arsenic from smelter smoke. Methods were

industrial urban complex indicate that approximately 650,000 tonnes of zinc , developed early in the century for removing solid particles from the* smoke

80,000 tonnes of lead and 3,000 tonnes of cadmium were released fi nto the 1 651, but i t is evident that smelters are a continuing major source of
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atmospheric pollution with metals. Schmltt et al,, [ 2661 have reported the any other and no pollution probiems have been reported as having arisen in this
occurrence of lead poisoning in horses in British Columbia related to the way. Problems can arise, however , from metal deposition in Inland seas and

presente of lead i n surface soil, which had been accumulated from emissions from lakes . Winchester and Nifong ( 268) have described a substantial degree of water
pollution occurring i n Lake Michigan due to the presente of potentially toxica nearby smelter.

From time to time, large quantities of a particular trace element are metals In aerosol fallout.

discharged fi nto the environment at localized sites. On the 26th September 1976, Ruehling and Tyler 1970 , [2691 have stated that analyses of moss material

an explosion occurred at a chemical plant in Manfredonla on the south-east coast preserved in old herbaria, show significant i ncreases i n metal levels from the

of Italy, i n which it was estimated that 10 to 30 tonnes of arsenic were mid-nineteenth century to the present , reflecting an increase I n metal

dispersed in the atmosphere . Much of this arsenic was quickiy deposited within contamination of the atmosphere during this period . Also, Rassmussen, 1977

a declared danger zone of six square miles and levels of 10,000 ppm arsenic were [ 270) has used epiphytic bryophytes as indicators of increases In the background

found in plants on the outskirts of the town shortly after the accident . Within of airborne metals in the period, 1951 to 1975. On the basas of comparisons

a few days of this i ncident, 116 people had been admitted to hospital with with analyses of herbarium material , this worker has reported an increase in

suspected arsenic poisoning and it seems probable that arsenic levels In the atmospheric metal levels i n rural areas of Denmark by about one order of

sol) in the crea affected will be permanently enhanced . magnitude . National trends i n trace -metal levels in ambient air In the United

The general situation seems to be that fallout of domestic soot and trace States have been reported by Foara and McMullen , 1977 [271].

elements carried down by raro have produced a background leve] of trace element There i s a great deal of evidente that, while the greatest deposition of

contamination in soils in urban areas which has been supplemented in the present trace elements i s concentrated locally near the source , transmission can be

century by fallout of lead originating i n motor vehicle exhausts . Although widespread as a result of long -range transport by wind [267 , 272-2751, so that

effective measures have been taken to deal with this problem i n the United natural ecosystems , even i n areas remote from centers of population, are

States, this is still a major source of lead pollution of the atmosphere In many affected by the i ntrusion of contaminant elements i nto biological pathways.

western countries . The general background of contamination produced by domestic When non-essential elements , such as cadmium, lead and mercury are involved, the

chimneys and motor vehicle exhausts i s differentially enhanced i n certain areas long-term consequences of this intrusion could be profound . Murozumi et al ,

by various kinds of atmospheric pollution from factory chimneys and from other [ 276] have reported the presente of contaminant lead in Greenland and Antarctic

sources which will be referred to in the following chapter ( 4.2). snow strata, and Weiss et al., [2771 have presented evidente of enhanced levels

A proportion of the atmospheric content of trace elements produced i n urban of mercury i n the Greenland Ice sheet. There i s now evidently widespread

areas must be deposited in areas downwind , so that there must also be a general trace - element contamination i n the polar regions, reflecting the continua]

+r-- background of contamination at a much lower level in soils in rural areas in circulation of air from the industrialized temperate zone towards the equator

Industrialized and densely- populated countries. Sgme fallout can also be and thence to the poles via the upper atmosphere.

expected i n nearby seas or even in other countries beyond , and Tyler [ 242] That fallout of trace elements from atmosPheric pollution i s widespread and

states that the high concentrations of cadmium and lead in the moss carpets of far from confined to urban and industrial areas , i s also borne out by data

southern Norway and south-western Sweden, reflect an atmospheric deposition of Published by the UK Atomic Energy Authority, who determined , by neutron

_ these elements transported from remote sources, probably from continental Europe activation analysis, about 30 trace elements i n alrborne dust, rainwater and dry

and the UK . Hanssen et al, , 1981 [267] have published data based on analysis of deposition , sampled at' regular i ntervals i n north-west England (278 ) . The

Ír moss samples indicating that arsenic, antimony , cadmium , lead, vanadium and zinc highest concentrations measured i n air were for chlorine, sodium, calcium,

_ deposited in southern Norway are predominantly supplied by long distante aerial aluminium , ¡ron, lead and zinc , and there were also measurable levels of

transport from other parts of Europe . Some of these elements exhibited a antimony, arsenic and mercury , usually i n the winter months , when there was a

iIf"►j-' tenfold higher deposition than in the remoter more northerly regions of the general Increase i n trace-element concentration . Further data were published on

country . the atmospheric content and total deposition of a wide range of trace elements
.i

- Fallout from atmospheric pollution finto the otean is unlikely to produce at seven non-urban sites (one in Shetland ) in the UK in the years 1972 and 1973

high local concentrations of any potentfally toxic element . Dispersion of trace (279 ). The results of this survey have been summarized by Peirson and Cawse,

elements i n the environment by this particular route is more efficient than by 1979 ( 2801. Data have also been published for the North Sea and the Firth of
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Clyde 1281 ). with copper commonly found i n urban areas. If this level of contamination were

On the basis of these data , the equivalent additions to the top-soll i n sustained over 100 years , It would correspond to an addition of 24 ppm copper to

rural areas in the UK ( Table 10) of elements known to be general urban the upper 20 cm of urban soil.

contaminants , suggest that there i s appreciable contamination of rural soils,
from the atmosphere , with metals from industrial and urban sources. It is 3.2 LEAD FROM PETROL

evident, for example, that over several years, the deposition of zinc at levels A mejor source of lead contamination of soil from atmospheric pollution is
within the range i n the table , could have a considerable effect on the content undoubtedly the exhausts of motor vehicles using petrol to which tetra - ethyl or

of zinc i n the topsoll. tetra-methyl lead has been added, although smelting operations and smoke from
Rohbock .'t al . , 1981 [ 282] have monitored atmospheric metal deposition in fires and furnaces will also make a contribution . Contamination of herbage with

the Federal Republic of Germany at 10 selected stations. This has involved lead from car exhausts is a well - established phenomenon . Warren and Delavault,
analysis of dry deposited material and precipitation water for lead, cadmium , 1960 [2841 reported abnormally hIgh concentrations of leed in vegetation

manganese and ¡ron at regular i ntervals. Marked differences were found between ( 1,000 ppm in plant ash) in the vicinity of mejor highways in North America,

metal deposition vates i n unpolluted and polluted areas. and Cannon and Bowles [2851 subsequently demonstrated that there was a

r*� It may be that the enhanced levels of water- soluble boron generally found concentration gradient of leed in herbage for a distante of 1,000 feet from

in the urban environment are largely due to fallout from soot from the burning majo! highways i n the US.

of domestic coal (205 ]. The water-extractable boron content of uncontaminated A number of workers have since documented contamination of roadside
environments with lead [249, 286-289) and Grabam and Kalman (2901 found levelsrural soil i s usually less than 1 ppm and five samples of soot from domestic

chimneys have been found by the author to contain 640 , 355, 650, 94 and 555 ppm of lead i n forage grass from sites near woods i n a suburban area, nearly 200
water-extractable boron. Two samples of domestic coal ash were found to contain times the natural background level. There is undoubtedly substantial
375 and 75 ppm water - extractable boron , so wind-blown ash no doubt makes a concomitant contamination of sol) from this source and enhanced levels of lead
contribution to boron contamination . have been reported in the bodies of small mammals living in roadside verges (61,

291 1. Accumulation of leed derived from automotive exhausts i n the organs of

TABLE 10 sheep has also been reported by Ward and Brooks, 1978[ 65).

iT Range of total deposition of trace elements per ennum at rural sites The general presente of a metal as toxic as leed in the urban environment
las attracted considerable attention and the possible effects of direct

Element ppm air-dry topsoil i nhalation of lead discharge i n motor vehicle exhausts are of interest to
elinicians and public health authorities. Indeed, the implications for healthNi 00..02

02 -
- 0

0..36
35

of the presente of lead in petrol have become a concern of envlronmentalists andN
Pb 0 . 07 - 0.28 a major public i ssue. This practice has continued for over 50 years and theCu 0.04 - 0.21
C
o

0.0006 - 0.093 quantity of l ead directlY dispersed es en atmospheric pollutant every year is
enormous. The total world consumption of leed for use as lead alkyl additives

The EDTA-extractable copper levels found in domestic soot 'ne.E tht te petrol was estimated at 350,000 tonnes i n 1970, about 70 per cent of this

range, 20-50 ppm. A typical EOTA-extractable copper content i n uncontaminated
amount being consumed i n the USA [292). Stoker and Seager [ 293) estimated in
1972 that about 180,000 tonnes of lead alkyls ended up in the atmosphere of therural sol ] is 4 ppm, so fallout of soot i s probably also a significant source of
US, as emmission from motor vehicle exhausts , although steps have been teten to

the background level of copper contamination . The mean copper content of
reduce the use of leaded gasoline progressively i n the USA. An estimated figure

rainwater i n the Edinburgh ares, was found to be 0.022 ppm in 1965, compared
ff�Ir-r

with a rural level in south - east Scotland of 0.012 (Mackenzie , 1965 1 283 1 ) and of 700 tonnes of lead has been quoted by Ward et al., [ 2941 for the emission in
f� I New Zealand in 1970. Although consumption of leed alkyls in each country varíes
F1 .ra the mean addition to the soil from raro i n the Edinburgh ares was reported by

the same author to average 0.659 copper per acre per day. ThIs corresponds to
substantially from year to year, such figures convey an impression of the

77 an addition of 0.24 ppm of copper to the topsoil per annum , a level of increase
magnitude of this problem.

�+ y which could theoretically account for the background level of soi ] contamination
Although efforts are now being made i n several i ndustrialized countries to
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reduce this form of pollution, the total amount of lead which is continually since 1970, although the initial ímpetus for the use of lead-free gasoline carne

being discharged from motor vehicle exhausts is still very great. Lead from not from any objection in principie to the dispersal of lead in the environment

this source probably makes the greatest single contribution to lead in the but from the peed to cope with the problem of smog in the Los Angeles area. The

-r--. atmosphere and in some urban areas, this source may account for oven 90 per cent catalytic converters required to control emissions by automobiles of the

of airborne lead 1 241 . It was estimated by the US National Academy of Science atmospheric pollutants responsible for the formation of smog are ' polsoned' by
•. in 1972 that lead from automobile exhausts accounted for 98 per cent of the US lead and require the use of lead-free gasoline. The use of these converters Is

atmospheric lead emission [ 2951. compulsory I n Japan and the USA.

Combustion of leaded petrol i n the automobile engine evidently produces Since the mid-seventies , lead-free gasoline has been generally available In

complex halides which are discharged in association with the particulate the USA , and new automobiles have been designed to use only this kind of fuel.

fraction In the exhaust gases. These compounds are subsequently converted in There has been a similar development i n Canada, so that the dispersal of lead

the atmosphere to oxides and carbonates of lead [296 ). About a quarter of the from motor vehicle exhausts has beceme a less serlous problem i n North America.

amount of leed in the gasoline consumed is retained In the engine and exhaust Nowever , at the time of writing ( 1983), it is estimated that 48 per cent of the

system. gasoline used I n the US still contains added lead.

After emission, a substantial proportion of the amount discharged In Hoggan et al., 1978 [ 302) reported a 50 per cent reduction in contamination

exhausts is quickly deposited i n the larger lead-containing particles within of the urban atmosphere by lead particulates over the period 1971-76, as a

100 m of roadways . Lee and Goranson , 1972 1297 ] determined the particle-size result of increasing use of unleaded gasoline i n the United States, although in

--•- distribution i n the atmosphere i n six urban areas in the USA and found that some areas near interstate highways, the decrease in the proportion of traffic

particles of diameter less than 1 un! ''r tituted over 50 per cent of the weight using lead fuel was evidently offset by the increase in traffic over the lame

of suspended matter i n every ares . Lee et al. , 1972 12981 also studied the period (Milberg et al , 1980 [303] ). In the subsequent period, 1976-80,

•elationship between the concentrations of copper , ¡ron, leed, manganese, Pierrara et al, 1983 [3041 have repdrted that a 37 per cent reduction i n blood

nickel , vanadium and zinc, and the size of the particles with which these metals lead levels observed i n the OS Second Natlonal Ilealth and Nutritional

are associated i n the atmosphere i n the same areas, and it was found that leed Examination Survey reflected the decrease in national usage of lead i n gasoline

was concentrated in the smaller particles . With the exception of leed, vanadium production.

u . and zinc, the concentrations of the metals present tended to decrease sharply In the Soviet Union , leaded petrol has been prohibited since 1958, and

with decrease i n particle size , and for particles less than 0.5 um I n diameter, elsewhere there i s now pressure on Governments to reduce the leed content of

leed was actually the element present i n highest concentration ( 2-4 per cent ). petrol or to elimínate it altogether . Filters have therefore been designed for

Since particles less than 0 . 5 mm can be deposited i n the lungs , lead associated i ncorporation i n exhaust systems which are capable of removing the bulk of the

with particulate matter appears to present a real inhalation hazard in urban lead present . The Conmission of the European Communities mounted a program in

areas where leaded gasoline is still being used. 1971 aimed at regular monitoring of lead levels in the air In mejor cittes

Although there seems to be general agreement that most of the lead within the EEC, with a view to reducing the level of pollution, and en

discharged from exhausts i s in particulate form, en appreciable proportion i nternational symposium was jointly organized by the Commission and the US

remains as leed alkyl vapor . In the early seventies , Lawther et al., [ 2991 Environmental Protection Agency, on health aspects of leed in the environment.

�^- reported that In the air of Los Angeles, between 2 and 10 per cent of the leed This was held in Amsterdam In 1972. The EEC Commission also reported in 1972

present was i n the form of leed alkyl vapor , and somewhat higher figures were 1305] that the average moñthly airborne lead concentrations in the residential

•� reported for the air i n Stockholm [ 300].. More recently , De Jonghe et al. 1981 zone of metropolitan areas, frequently exceeded 1 ug/m3, while at rural cites,

13011 reported that around Antwerp the average alkyl leed concentration amounted • all the monthly average levels were well below 0.5 ug/m3. Dally averages of

to 5 to 13 per cent of the i norganic leed present i n the air. This leed over 8 1191m3 were recorded i n continental urban areas and similar levels

originated both from unchanged organic lead in exhaust fumes and from gasoline (4.9-8.7 ug/m3) were found in the air in central London in 1971 ( 299 ) . The EEC

evaporation. In this form, lead can be absorbed directly luto the bloodstream Commission subsequently directed that from 1981, the maximum concentration of

I n the lungs and thereafter migrate finto lipids present In nerve tissue . leed permitted In gasoline would be 0.4 g/litre (Turner, 1979 [ 3061).
4

�- In the United States the use of leaded gasoline has been largely phased out It now seems clear that Inhaled lead originating in tetra - ethyl leed in
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high octane fuels can be absorbed fi nto the body , because people living i n cities lead workers ( 0.4-0.8 ppm ) ( 3151, and i s close to the threshold quoted by
have been found to have higher levels of leed In the blood than those In rural Patterson for acute lead poisoning ( 0.5-0.8 ppm). Waldron 1 3161 suggested that
areas, and there is en association between high blood leed levels and adult blood lead levels should not be permitted to rise aboye 0.5 ppm and that
occupatlons where there i s constant exposure to exhaust fumes 1 3071. People for children , the upper limit should be 0.3 ppm. The possible implication of
employed i n tunnels carrying motor vehicles, garage mechanics and the former limit, that we should regard an adult blood level of say , 0.45 ppm,
traffic-control policemen in the USA have been reported as carrying blood levels which i s characteristic of Industrial leed workers, as satisfactory in the
of leed around 0.3 ppm, about twíce the leve] found in the rural population . population in general, Is disturbing . There is a semantic difficulty here, for
Caprio et al, 1 3081 reported results of a study of a population of avcr 5,000 the aords ',�ormai ' and 'heaithy ' may not be adequate to describe a new
children between the ages of 1 and 5 years in New Jersey , which confirm the ecological situation created by the general Increase in blood and tissue levels
occurrence of excessive leed absorption In households in the vicinity of major over the natural level suggested by Patterson [351.
urban highways. 6lood leed levels are now commonly regarded as a useful í ndex In contrast with other findings, Goldwater and Iloover [3131 failed to
of several diagnostic biochemical effects and blood leed has now been correlated relate blood leed levels to urbanization and industrialization . Leed is
with air leed levels or with proximity to highways i n a number of studies normally present as a contaminant i n most analytical laboratories and, in view
(Hammond, 1979 ( 309)). of the practical difficulties surrounding i ts determination at leveis in

As a result of the widespread concern felt about the elevation of blood biological material at levels less than 1 ppm, discrepancles between the
leed levels in the urban environment , in February 1976 , the European Parliament findings of different investigators i n this field are perhaps understandable.
welcomed proposals by the EEC Commission to establísh statutory biological Furthermore , the level of leed i n blood loes not appear to be a reliable
standards and air quality standards for leed and to screen the population by measure of absorption of tetra-ethyl lead, which tends to dissolve and
monitoring blood levels i n a sample of the population 1 3101. The European concentrate in lipids so that the brain and nervous system can be affected to an
Parliament expressed the view that a maximun permissible blood level of 0.35 ppm extent which is not reflected by the increase in blood level. Any attempt to
could prove to be over -cautious , a statement which is difficult to reconcile monitor the effects on health of the discharge of lead from motor vehicle
with a pronouncement by Patterson 1 351. that the currently accepted ' safe' level exhausts which i s based solely on blood leed determinations is therefore likely
in the USA ( 0.25 ppm ) was at least ten times as high as would be necessary to to be inadequate.
provide a safe margin . The literature relating to the problem of lead pollution of the atmosphere

The various factors affecting blood leed concentrations in the UK have been i n urban areas , arising from tetra-ethyl leed in gasoline is now extensiva 1 36 ,
discussed by Quinn, 1983 1 3111. Patterson has suggested that the levels of leed 37, 317-326 1 and the environmental impact of leed from this source i n the urban
now present i n the blood and tissues of modern man are very much higher than and industrial environment has now become a whole field of study i n itself.
those prevalling in pre-industrial times and that thé natural level i n blood Fortunately , this problem is now rapidiy diminishíng as more and more western
corresponding te the conditions under which man evolved , is around 0 . 0025 ppm. countries Introduce regulations to reduce the extent of lead dispersal. in
On the basis of this view , what are now usually regarded as normal lead levels 1983 , the UK Government announced a decision te ban leed i n 8ritish petrol from
in Western Soclety could be indicative of leed toxicity at a sub-clinical level. 1990 and the West German Government announced that catalytie converters would be
If this i s the case , we can expect children to be particularly affected, since fitted to al] new cars in West Germany from 1986.
they are known to be susceptible and there is a well -known association between

res- lead toxicity and mental retardation or neurological illness in children 1 3121. 3.3 MERCURY

There are evidently serlous differences of opinion among scientific workers Mercury i s a volatile metal and a significant proportion of the mercury

over what constitutes a normal blood leve] of leed, for Goldwater and Hoover dispersed in the environment takes the form of atmospheric pollution. It has

1313), on the basis of analysis of blood from individuals in 16 countries , have been estimated by van Borne , 1975 1 3271 that over 50 per cent of combined

suggested a 'normal' range for 'heaithy' humans of 0.15 to 0.40 ppm. The lower natural and industrial emissions of mercury enter the etmosphere . In addition

limit of this 'normal ' range is greater than the maximum level reported by to being present in smoke from'some industrial sources , mercury vapor can be

Grimes et al , 1975 (3141 for children i n rural Ireland ( 0.13 ppm ), whole the liberated from solls contaminated with mercury compounds as a result of

upper limit is the same as the lower limit of the ranga found by McCallum in reduction i n the soil to elemental mercury . Waldron and Terry (328) have
Iw
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reported that both inorganic and organic mercurial fungtcidet are rcjucci Thomnson oa at . 1070 !331! in the vicinity of a phosphorus plant in

so¡¡, particularly i n solls high in organic matter , and that i n greenhouse Newfoundland and fluoride volatilization during the production of wet process

conditions , the vapor produced can be damaging to plant leaves after brief phosphoric acid has been reported to be in the range, 46-99 kg F/tonne of P205

exposures at a concentratíon of 2.15 mg/m3. Eariier reports of toxic effects of in the phosphoric acid produced ( 334). However , scrubbers are now i nstalled at
points where fluorides are liberated, and they are absorbed i n water to preventmercury vapor extend over a century (3291.

A major source of mercury contamination of the environment is now the atmospheric pollution.

chlor-alkali industry which uses a continuous flow mercury cathode cell to To a limited extent , fluoride is recovered as fluosilicic acid (H251F6)

produce chlorine and caustic soda . O'Itri, 1972 1104 1 estimated that the loss during fertilizer manufacture , for use i n fluoridation of water supplies or for

of mercury into the environment i n the USA from this single industrial process use in the aluminium industry 1334). Although the volatilization of fluoride

was in excess of 450 tonnes . Although the most serious effects of mercury during the manafacture of fertilizers i s now being minimized , the disposal of

pollution from this source affect the hydrosphere , some of this mercury Is scrubber effluents and calcium fluoride (CaF2 ) produced during the manufacture

discharged l uto the atmosphere and there may be appreciable effects of fallout of superphosphates , provides a possible route for the dispersion of fluoride in
on the soil environment . Wallin, 1976 1330 ] has employed moss analysis to the soil. Fluoride may also be volatilized during the manufacture of steel,

measure the deposition of airborne mercury from six Swedish chlor-alkali plants glass, bricks and ceramics 12191 and during the production of hydrofluoric acid

and has reported relatively high mercury levees in moss I n close proximity to (HF).

the plants , the mercury level decreasing exponentially with distance from the Such industries can produce high local concentrations of fluoride, but
coal-burning may make a more general contributíon to fluoride dispersal. Coalr.--- source.

Mercury pollution of soils caused by air transport has also been reported and shale have been reported as containing up to 120 and 500 ppm fluorine

by Lindberg et al., 1979 13311 in the vicinity of the Almaden mercury mine in respectively 13351, and Davison et al. , 13361 have reported modal concentrations

Spain, the most important deposit of cinnabar In the world . These authors have in northern England of 0.05 and about 0.3 u 9 F/m3 at rural sites and i n mining

reported accumulation of mercury by alfalfa in this area due both to root uptake areas , respectively , the concentrations being particularly high near burnl^g

and absorption of mercury vapor from the atmosphere . coal bings . The toxicity of gaseous fluorides, such as hydrogen fluoride (HF)
and silicon tetrafluoride (SIF4), to ell biological systems i s well-known 13371,
and fluoride i s known to enter biological food chatos . Wright and Davison, 19783.4 FLUORINE
13381 haya reported fluoride accumulation in the bodies of long-tailed fieldFis another potentially-toxic trace element which is dispersed byFluorineluor

atmospheric pollution and i t has long been recognized that damage to plants mace and field volee living i n polluted environments. Damage te plants

occurs and that there i s a hazard to man and farro. stock , i n the vicinity of associated wlth characteristic hypochlorotic and necrotic lesions, commonly

Industrial plants processing fluoride-containing minerals. Such plants include occurs i n the vicinity of industrial sources of contamination. Scurfield, 1960

factories for the production of aluminium , superphosphates and compound 13391 has reported that as much as 150 km2 of Pinua ponderosa forest has been

al+ fertilizers based on the liberation of phosphoric acid from rock phosphate. affected by fluoride pollution of the atmosphere.

In October 1976, ten cocas fiad te be destroyed ora two farros i n the vicinity Gaseous fluorides are readily absorbed by leaves through the stoma. ta and

of the British Aluminium Company ' s aluminium smelter at Invergordon i n the north the metabolic effects of atmospheric fluorides on plants have been discussed by

tf-� of Scotland , and problems of fluoride toxicity have been conenonly associated McCune et al. 1340-342). It has been stated by Pearson et al. 1 343) that

elsewhere with the production of aluminium . Perkins el al., 1979 12431 reported fluoride absorbed by leaves í s conducted towards the margine of broad leaves and

en accumulation of airborne fluoride by lichens in the vicinity of an aluminium to the tips of monocotyledonous leaves, so that little injury occurs at the

reduction plant 1n North Wales, and Polamski et al. , 1982 1332) found a cites of absorption , whereas the margins or tips of the leaves build up en

p• decreasing accumulation of airborne fluorides In selle over a distante of 9 km injurious concentration. These authors state that apricot, plum , grape,

f 7 from en aluminium smeiter i n Switzerland . The consequences of contamination of gladiolus , tulip, iris and sweet corn are sensitive to fluoride injury, whfle

soils with fluoride , however, appear to be much lees serious than those of resistant plants include celery, cucumber , cabbage, cauliflower , soybean and

direct exposure to fluoride contaminated air. tobacco.

Fluoride accumulation in both soil and vegetation has been reported by Fluorosis In farfi anlmals resulting from high intake of fluoride is
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characterized by dental and skeletal defects. This disorder, although naturally relatively high levels of fluorine ( 100-200 ppm dry matter ), and Walters et aZ.

Y5 endemic i n some arcas where the drinking water contains high levels of fluoride, have stated that above- average consumption of tea could result in fluoride

Is often associated with the presente of local concentrations of fluoride i n intakes as high as 8.9 mg/day. Much of the fluoride ingested by humans

fumes or wind- blown dusts from industrial sources , so that toxic levels are dependent on water from wells must originally have been obtained from the water

directly i nhaled, or i ngested as a result of the contamination of pasture supply. It has been established that the optima) leve) of fluoride in drinking

herbage or fodder. Allcroft , 1959 13441 reported serious effects on animals in water, for the prevention of dental caries , i s about 1 ppm.

pastores adjoining brickworks, and air quality standards , based on the fluoride llowever , lince the population no longer obtains most of its drinking water

content of vegetation , proposed by Suttie i n 1969 1 3451, have been adopted i n from wells, and most supplies are now obtained from reservoirs containing

some of the states In the USA. Maclean ano Schnelder 1 3461 have stated that rain-water which has run off quickly from limited catchment arcas, the levels of

sine the pattern of exposure of leaves to hydrogen fluoride affects the yate mineral nutrients present, such as calcium , magneslum and fluoride , may often be
and amount of fluoride accumulated by timothy grass and red - cover , pollution lower than those present i n well water . The level of fluoride normally present

abatement action to protect livestock from ingested fluoride should be based on in public water supplies Is therefore often well below the desirable nutritional

the fluoride content of forage , rather than on the concentration of airborne leve) of 1 ppm and sometimes i t can be as low as 0.1 ppm . On the other hand, in
fluorides. This view has been supported by Davison et al., 1979 [347 ). In view some areasParticular)y where water is obtained from deep wells, fluoride

of the possibility of surface contamination , or direct inhalation of fluoride , concentrations i n drinking water are naturally as high es 4 to 8 ppm. In such

perhaps i t is necessary to take both the concentration i n air and herbage fi nto areas , mottled enamel i n teeth is common , though teeth have high resistance to
dental caries.�"- account.

Fluorosis i s also sometimes associated with the use of mineral phosphates Hundreds of communities i n various parts of the world have now had the

as dietary supplements for livestock , lince these products may contain fluoride leve) of the water supplies adjusted to a leve ) of 0.8 to 1 . 2 ppm and

undesirably high levels of fluoride . The leve) present in mineral phosphate i s the value of this measure as a means of securing better dental health for a

a consequence of the geochemical conditions which obtained during deposition , whose comnunity has been clearly demonstrated [ 1671 (pp . 356-8 ), although its

and North African and North American mineral phosphate usually has about twice effectiveness may be reduced for communities where tea drinking is habitual.

�.._ the content of fluoride ( 3-4 per cent ) which i s present I n deposits in islands Opponents of fluoridation usually describe i t as 'mass medication', although
this measure i s not concerned with medical treatment , but is a preventiva1n the Pacific and Indian Oceans [167].

Most plant species appear to have a limited capaclty to absorb fluorine, nutritional measure designed to minimiza dental caries. Fluoridation can

even from contaminated sois [348 ], and the fluorine content of uncontaminated properly be described as a necessary adjustment of the supply of an essential
nutrient which is deficient in the local water supply . In principie, It isplant material grown on such soils is normally, low enough to moka the

development of fluorosis in livestock unlikely . A number of Australian grasses difficult to distinguish fluoridation as a public health measure from the other

analyzed by Harvey 1 349, 350] , some of which had been grown in areas Irrigated measures which are now established as necessary to ensure that water i s potable

by water substantially contaminated with fluoride , were found to contain and possesses a desirable composition , for example , chlorination and adjustment

fluorine leveis restricted to the range 1 to 2 ppm. It appears , therefore , that of hardness.

serious long- term consequences of the dispersion of fluorine i n the terrestial In view of the numerous real environmental hazards to which the human

part of the blosphere are unlikely , once the source of contamination has been population is now exposed, it i s regrettable that so many of these should be
ignored, while vigorous and largely unfounded attacks should be made on what isremoved.
one of the most spectacularly successful public health measures ever devised.Although fluoride 15 very toxic at high concentrations , fluorine i s a trace

element naturally present i n the diet which i s essential for the formation of

healthy bones and teeth , and resistance to dental caries is substantially

r I reduced in children whose intake Is inadequate at the stage of enamel formation.

�- -
The average dietary intake of fluoride in the United Kingdom has been estimated

�h by Walters et al ., 1983 13511 to be 1.8 mg/day , although the leve ) ingested

� varias widely according to the amount of tea consumad . Tea leaves contain
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TRACE METALS IN PRECIPITATION IN SWEDEN
á

HOWARD B. ROSS .!A
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(Reccived April 17. 1987; revised August 1, 1987)

Ibsttact. Trace metals (Cd, Cu, Fe. Mn, Pb, and Zn) conccntrations in atmospheric precipitation have been
routinely monitored in Swcden since the autumn of 1983. Concentrations are highest in southern Sweden
and decrease northward. lije postulated that che long range transpon of anthropogenic pollutants from che
rest of Europe la che major source of Cd. Pb, and Zn in precipitation. Evidente for chis hypothcsis is that /.
enrichment factors indicate anthropogenic ori gin, and Swcdish atmospherie emissions of Zn and Cd are
2103 times amallcr (han deposition fluxes . Also, Cd. Pb. and Zn concentrations are correlated in both space
and time and are also well correlated with exSO,7, a substance known to be of anthropogenic origin 4
transponed long distantes. s

1. Introduction

14 The advent of industrial processes, such as metal refining and fossil fuel combustion,
has led to a substantial mercase of trace metals in thc atmosphere. The atmosphere, via
wet and dry deposition, is now a significant source of many trace metals to ecosystcros
in and around industrial arcas. Trace metals such as Cd, Flg. As, and Pb, which are
highly toxic oven at low leveis (Gough e/ aL, 1979), are known to be accuntulating in
che biosphcre (Hutton, 1984; Lindberg and Harriss, 1981; Salomons and Fiórstncr, ;•
1984; Tyler, 1984) and are to a great extent cycled through the environmcnt by atmos-
pheric transport (Lantzy and Mackcnzie, 1979).
To assess any temporal or spatial changes in atmospheric trace metal deposition in 1•

Sweden, a survcy of metal conccntrations in mosses is performed cvery 5 yr (Refiling
and Tyler,1984). While moss studies are useful in assessing temporal and relative spatial
differences in trace metal input, thcy do not provide information on the absolute
magnitude of atmospheric deposition, or temporal variability on seasonal or shortcr
time-scalcs. Thercforc. the routine nionitoring of trace metals in atmospheric precipi-
tation was begun in 1983 (SNV, 1985).
The dctermination of trace metals in precipitation is diflicult because samples can be

casi ¡y contaminatcd. Ross (1986) demonstrated that rainwater samples could be greatly
contaminatcd by the storage bottles if the bottles were not washed in acid. This was due
lo the desorption of metals from the walls. Of the metals studied, contamination was
grcatcst for Cd, Cu, and Zn. In some instantes, Cu conccntrations could be 50 times
highcr in samples collected and stored in water-washed bottles iban in samples from
acid-washed bottles.

•fhe first resulta from ibis monitoring program indicated that trace metal wet depo-
sition in Sweden is lower than severa) prcviously reponed values for Seandinavia.

C.mtrihutiun N 572.
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Subsequcntly. Chis has led to decreased estiinates of Cd, Cu, Pb, and Zn wet dcposition collectors. Colicctors are placed in forest clcarings , 1 m aboye che ground and at leas[
fluxes to the Baltic Sea (Ross, 1986). A second consequence of reducing sample 10 m from che nearest tree. The maximum distance bctwccn collectors does not exceed
contamination is (ha¡ corrclations bctwccn metal concentrations could be obscrved. In 40 m. Stations are at leas ( 500 ni from the nearest road and building. Trace metal
this article, wc study these correlations in greater detall and propose that they are a concentrations are detemiined using graphite furnace atomic absorption spectroscopy
consequence of long range transport of ánthropogenic pollutants from the rcst of (GFAAS). A dcscription of che analytical methods and the procedurcs to avoid sample
Europe. contamination are givcn in Ross (1984).

2. Experimental 3. Rcsults

Precipitation is collected for trace metal analysis, on a monthly basis at 9 sises in Swcdcn Trace metal concentrations are givcn in Table 1. Highcst concentrations are found in
(Figure J. starting dates are givcn in che caption). At cach sito there are three bulk southern Stveden (stations AP and AS), and che lowest are at station BR. Concentra-

tions at this station are a,factor of 3 to 5 lower [han at stations AP and AS. The
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TABLE I coefcicnt of variation (CV) is a measure of the variability of a data set and is defincd
Trace metal concentrations in precipitation and precipitation amouni at 6 sises in Swcden. See Figure 1 as ¡he standard deviation of the population divided by the arithmetic mean. For Cd, Cu, i'
for station locations asid when measuremenis were starued. Yearly precipitation amount& are given Mn, Pb, and Zn. CVs are typically 50 lo 80°%. Cocflicicnts of variation for Fe are higher,in pareniheses.

rartging between 70 lo 120% (Table l). Maximum and minimum concentrations at cach
Cd Cu Fe Mn Pe zn 11,0 station indicate that thcre can be large month lo rlnonth variations. For all metais exce t( osita : I'8 L 1) (mm )

Fe, typical ratios between maximum and minimum values are about a factor of 10 oSlation AP z 23) 20. For Fe the differences are much greater, a factor of 30 lo > 150.
Arilhmetie mean 0.17 1.6 67 9.1 10 20 66
CV 67% 54, 11 0,1 84% 60% 62'.-. 5611 For stations AP and AS, 1984 and 1985 volume weighted mean (VWM) concentra-
Minimum 0.036 0.33 12 2.6 4.2 4.4 s tions could be calculated. At station AP, Cd, Cu, Mn, Pb, and Zn concentrations areMasimum 0.77 5 .5 350 36 45 66 133
Median 0.13 1.5 43 6.2 e.1 18 60 ncarly the same for both years. [ron concentrations are about 30% higher in 1984. AlLower guinde 0.094 0 .82 21 3 .9 6.0 lo 36 stations AS in 1985, Cu concentrations are about 2 times hi her. Cadmium, Pb, andUpper quanile 0.24 1.9 72 12 13 27 92 $

1985 vol . -1. mean 0.13 1.3 40 8.8 73 17 (655)- Zn valucs are about 20% higher in 1985, while Fe and Mn concentrations are
1984 vol . wt. mean 0 13 1.3 6K 7. 7 9.0 16 (614)' approximatety the same:
Slation AS ( a a 23)

AVERAGE TEMPORAL VARIATIONSArilhmetie mean 0.17 1.7 74 7. 1 9.9 19 4 3
CV 69,. 14% 120% 79 'r, 62;.; 62% 64% a Co Pb Zn
Minimum 0.022 0.47 7.7 1.5 2.6 3.2 S -t
aximum 0. 49 6.3 410 24 27 30 104 "e1i°'M

Median 0. 15 1.1 46 5 . 5 83 I5 39 = a.s / , 1elb, en
Lower quanile 0.073 0.72 23 3.9 5.3 9 .4 22 ó r ' ,ta. ee u
Upper quanile 0.22 2.4 74 6.9 12 24 66 �, •

1985 vol . wt. mean 0. 17 1.9 33 6.0 l0 19 ( 485) i 3 p
1984 vol . wt. mean 0. 13 1.0 53 5 .6 7.8 14 (527)

station BR (m :w 19) 3 1'a
a•

/ }

Aritbmetic mean 0.037 0.50 12 2.4 2.0 4.8 56 Ñ i ;� •�l/CV 59 66;1 80% 64% 551. 67% 545.
<

t �•
Minimum <0 .010 0.13 <0.2 0.08 0.03 0.9 lO
Maximum 0 .083 1.2 31 6 .1 4.3 14 112 '•' / _

y

Median 0 .034 0.40 8.4 2 .7 1.9 3.7 53 °
Loare quartile (1 .022 0.24 2.6 1.3 1.3 2.8 34

qq

Uppcr quartilc 0.042 0.72 19 3. 5 3.0 7 .0 76 la ¡
1985 vol. -i. mean 01133 0.51 10 2.6 1.8 4.4

0
,(6901 � r 4 . u j � s o w 0

Slation LI lo a 17)
MON2H

Arithmclic mean 0.083 1 .6 18 3.7 3.9 13 44 Cu re un'
805. 7%', 705. 611': 64% 83:1 75'.1 3 -4�- ,roaen ,PCV

Minimum 0.016 0.39 2.7 (.2 1.0 2,5 5 +- ,1a •,, •s
Maximum 0.29 5.3 50 8.2 II 40 121 a la
Median 0.066 1.2 11 2. 7 3.3 8 . 1 43
Lower quanile 11.1139 0. 59 8.6 1 .9 2.0 6.1 13
Upper quartilc 0.11 2.2 21 5.0 4.7 17 66 •i•

4 2
1985 vol . .,t. mean 0. 085 1.5 18 4.9 4.1 13 1386), u

StationCS (na5 ) 3 .s v

Arithmctic Incas OOIU I 1 a. 2.9 3.9 94 74
CV 51 w', 66 44'. 2')•. 421. SS',

Vi _\_

Minimum U 14411 1 50 4.8 1.5 3.7 6.3 6
Maximum 0.13 231 46 5.11 7.9 16 121

z
station SV (n a 6)

Arilhmetie me:ul II 117A 9.,1 y1 211 SO 411 ha)
c v 411^. <'I•, '.6'. 4v.. 21,'.. 111'. 1%'. T __ _ T-T '--•-- r---�-r-�
Stininwln 111.14 413 1'.3 1,9$ 11 1 5 3t& - ' u . u , s o w

s 0N2H
\laainwm n.1U L6 42 I A 7.7 12 152

-_ 1 -' ig. Temporal variationn in trace metal wcl dcposition al stations AP, AS, BR, asid 1.1. Fluxcs h:ne
hecn nortnalizcd b3' Iivitlieig by thc average monthly w'ei dcposition at each station.

" I I mon11.. olas .
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lu Figure 2 (lic teiipor.il vurialion of trace metal conccntratjons are shown. Conccii. 3.!. CoNcIN rKAi IONS (OMI'AkIfl TO 1.11 ERATllPl VAl (i5
traLiOnS have bccn normalizcd by diiding by thc average. Cadmium. Pb. and Zn In Table II (VWM)conccntrations are couipared lo values rcpoued u thc literature forconcentratios have similar variations. conccntrations are highest iii Fcbruary. March othcr rural siles. Conccntrations are flrst compared lo median values for rural Ioczuiinsand April. In conirasi. conccntrations ofCu. Fe. and Mn pcak in ihe spring. fu ddjlj cstimatcd by Galloway eta!. (l92) and thcn lo othcr dala Seis herc spcçial care hasvariations in iheir conCcnLratiOflS are much larger than thosc of Cd. Pb. and Zn. bcen takcn lo avoid sample contamination.
inlerprci thc difTcrenccs in temporal varialions as an indication thai ihe atmospherjç Cadmium. Cu. and Zn conccntrations in Swcdcn are significanily hcr ihan iheprcesses which goveru ihe tkpsiiion Cd. Ph. and Zn are dilrerent thaii ihose Cu. F. estimates made hy Galloway et al. (l92). Ross (1986) and flarric e, a! (1987) h.Rc¡115(1 Mu.

attribuled Ihis lo sample contamination nf a portion of Ihe older s:imples. Cadmiuun.Fiurc 3 prcsents ihe average temporal variation of trace metal wet deposituon zui Cu. and Pb conccntrations at rural sites in ihe Federal Rcpuhlic of Germanv (Nürnhcrgslatiofls AP. AS. BR. and LI. At siation AP and AS. highest trace metal wet deposition .: eta! 1983; Thomas. 1982) are about Iwo times higher than values ¡u southcrn Swcden.¡5 ifl thó spring. lii COfltraSt. stations BR ¡md LI have maimuni wct deposition in the In contraste Fc and Zn concentrations are approximately lhc same. Vith ihe Ccepiionsummcr haif of the ear. Thc dilrercnccs ¡u wet dcposition for the southcrn slalions and of Zn. conccntrations iii southdu Swcden are similar to values found in southernlhosc in ihe norih are lliosi likcly due to scast'nal val iaiions in precipitalion. Ontario (Chan e: s.l.. 1986). 1 locvcr. therc are dilrerciices in spati.il Ircnds; Cd. Cu.
Pb. and Zn conccncra1ins ¡o Swcden dccreasc nortlIs% .ird )iv a factor of 3to5 (compIre1ADLE IT
cOnccntraiions ¡it stations AP ¡md AS lo station DR). Only Pb has a similar gridieiitA cornpMIsor. uf ir: ln:iaI conccnirjiiuns in prccpuiaiion íj!!in ,n S'cdu lo vjluc rporid Ui IIIC in Ontario. over approxinately the same distance. Trace metal COflCenTratioiis reponed

-
lLfiJioi

- --- ---_ . __.. by Lindberg ¡md Turner (1983) ior precipitation in thc southc.isicrn Appil.iLliian- -

- Cd Cu le Mi. Pb 7.n Mountains (U.S.A.) are similar in those al stalions LI ¡md BR. Tlic cmecnTraIions .0
-

-- -- - - -. (urni; is 1 -- -. - - -
a mid-Atlantic site (Le' c. DE. U.S.A.) reponed by Church ¿.t al. ( 18.1). are aIo_____________- - - ____________

- similar lo ihe values found in Sweden.Ssdcn
Thornton and Eisenreicli (1 92) reponed trace metal concentrations u precipilalionSiaiiun A

collected in wct-only collcctors ¡md in snowpack ¡long ah eusi-wesi truiscct in nurih
DR ((033 O4 12 24 2.0 4.2 central U.S.,. Ranges of Cd. Ph. and Cu concentrations are similar to vdues lundSiaiion LI U07 15 16 42 34 lO in Swcden. However. Zn concentrations are subslaniially h:ghcr. kading us lo helieve

- 4 . i' ¡ that thcir saniples ilia have hecis eOntuflinatcd. Zinc COfllaitiiiiation hy .nlHuril Sites II.
- collectors has been sh..ui is he a severe problcm hv Sianina it a! (1979) aiiil

1 RG II.' 5114 U 12-II lh-2 1 Iaraldson md Magnussin ( l93).
ln M .trcli 1 9X4. dic sn pack o! iii ntlicnii Swedcn s as samplcd fs,r Tr:içe tael ¡iI- ¡ud()ni.iri. C .iii

major iOhiS (Ross and (;r.tnit. 1 9). Ts u oí tlic siles were UI s(;lii)fls BR and 1.1 fu'iii iii U t. 52 4.7 71 19- II
Cir II 1)11 1 .5

iii' Ii .111 II 31 151111 iii

1 (CC uiia.iI Iir.uun. .1.! ¡.I,.._11ii_iii..uI .i.I..u,iii .11 si.uII.,ii. III'. jI:l 1 i .1 u.,. .uIitr ..:5 F .Spp.iLJiu i 1 • 11114-ii 24 1 3 5 2 12-Si. 49- u.u
(I)CçrulhCr lM4-Ihru,urs l'Sl .d Ilu lis1 'r'1

-- -
flcIj'jrc 1115 (11.5 l II iii ¿5

-.. Ph , II,,
- - 1.1111. .uuI liiiN DAn., Juil 'IIIIilC-.oi.i

. - - . .. -
1i15_uIlu 2 i- .15.1.1 '2 Slsij uii_iu 5ii.,u 11K

(sil.p.k, uuuu_ui 7 Ii 5 >11-511 u :- i,- 1' 27-u
(1(01 ((75 5 lo Iii 1

- Suu.u*p.I II luX 21 4 u 9s 1 1• 1 lis IuuJ' - s..liuu 'scuIui..uI uç,.us
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- .urnhu. rl it - liii. Iliounjs. Ii_ inri sus.. duil. s.,uIiri. -s.l ui' .'Ii,.i.r
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Table III the snowpack concentrations are compared lo 1985 winter VWM concentra- TABLE v
tions at (hese stations. At station BR, Cd, Cu, and Zn concentrations are about 2 lo Atmosphcric anthro(wgcntc Cd. Cu, 1'b. and Zn emissions in Swcdcn (iir 1978 and 1984 -19%5'(Tom
4 times higher in 1985 (han in 1984. Mn values are approximately the same, while Fe Ilcdlund, Swcdish hnvirunmcntal t'rotcction Board , personal cotnmunication ) and trace metal wvt

deposition la Swcdcn
and Pb concentrations are somewhat lower. With the exception of Fe, 1985 concentra-
tions at station LI are 2 so 7 tintes highcr (han in 1984. We think (hese diffcrcnccs are Emission sourcc Cd Cu Fe' btn• I'b Zn
partially due to lhe precipitation antount. ( units: turne yr ') --_--

Mines 0 .2 25 20 31

4. Discussion Ferrous metal produ (ion 0.6 7 52 2x4)
Non•fcrrous metal production 7 70 180 190
(Rbnnsk5rsverket ) (2.1) (26) (88) (83)

4.1. ORIGIN OF TRACE METALS IN WET DEPOSITION Gasoline comhustion 700 1
Other 0.4 9 12

Enrichment of trace metals in wet deposition with respect lo crustal material can be ; - -
asscssed by calculating an enrichment factor (EF). Assuming that al¡ of the Fe in wet 1984•-1985 Total 8 , Ux) 964) 511

1978 Total 12 280 IMx1 I_`(x )deposition is from crustal sources, then an EF for clemcnt X is defined as:
Wet deposition Ouxrs ( units: turne yr

EF - (X/Fe)wet dep.
! Southcrn Swcdcn"

Mcan concentration (vg L 0.14 1.3 52 6.6 8.6 16
where the mean composition of crustal material reponed by Mason (1966) is used in Fl ux µonne 3T ') 13 121) 4700 0500 770 1411
lhe denominator. An EF approaching unity indicates that an elcment has few sources

Nurthcrn .Swcdcn`Iother (han wind blown crustal material.
EFS are given in Table W. AII of the metais studied are en riched reiative to crustal ! Mean cuncentration ptg 1. 1.1153 0.97 14 3.4 2.7 7.1 .j.

Flux (tonnc yr9.5 170 251)0 61(1 490 130 1material. The ordcr of cnrichment is Cd > Pb > Zn > Cu > Mn. In the absence ofothcr
large natural sources, it is concluded that thcir major source is anthropogenic emissions. Wct drposition ata Swcden 22 290 7200 12(0) 13011 2700
EFs at stations B R and Ll are about two times larger (han at stations AP and AS. Also, - '-" ° -

' No available infurmatiun on Fe
EFs for Cd, Cu, Pb, and Zn, are al Icast two times higher in winter and autumn (han and Mn anthropogenic cmissions.
in spring and summer. This is partly attributcd lo snow cover, which reduces winter " .rea: I501xx) km'; %%et delw,-
atmosphcric Fe cmissions. sillar : 6lxlmmy-r '.

Arca : 3000(8)knt '; wet depo-

sition: 610 mm vr • '.
TABLE IV

Enrichment factor (EF) retative to crustal material
Swedish Cd. <'u. Pin. 1'h, arad Zn anlhropugenie cmissions lo the atmosphere are

Enrichmcnt factor about 2";, of the total for Europe (I'acyna. 1984). In Table V estinta(es of entissious from

Cd Cu hfn Ph Zn Swcdish sources for 197% :md 19X4,1985 are given. These dina indícate that in recen(
Sears a largo scale decrease of trace metal cmissions has uccurred ¡ti Swcden. Metal

Siation AP 1000 33 lo 960 330 production accotints for about 90";, of tlie Cal and Zn anlhropugcnic cmissions from
Station AS 970 30 7 880 300 Swcdish sources. Load cmissions are mainh• from gasuline cumhusliun (7U*'.j andStation BR 25(8) 140 17 1300 50)
S1a(iun 1.1 2.100 140 16 1618) 1400 metal production (25%j- A signiticat)t portiun of Cd, Cu, Ph, and 7.11 cmissions occurs

from a single point sourcc. ROnnsktlrsvcrket, a ¡urge smoUer on the 13ahic coas( of
AII stations'. northcrn Swcdcn. .
Spring 50 _x 5 45 41 218) In Tabla: V ycarly -e( deposition of trace metal,. to Swcden are ;¡¡si> given. In
Auwmn IxINI si 14 (60) 601) calculating Ilusos, the country was dividcd irlo two parís; Southcrn Swcden (the hoüumSummer 5111 41 11 52(1 2110
14'in(cr _600 110 11 16180 920 lhird of the country) asid nortliern Swedcn. Average trace metal concrntrations in wel

-_..... deposition in Southcrn Sw•eden aro the average of V1V 1 concentruíuns :al sLtiions AP
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and AS. Concentrations for northcrn Sweden are thc average of VWM concentrations TABLE VI
at stations BK and LI. The year ly amount of wct deposition was taken lo be Corrcl atio,l malri* ( r) for trace metals in precipitalion . In the linear regression analyscs data
600 mm yr- t, the climatological mean value for Swcdcn. greater than the mean plus 20 werc not used.

Yearly emissions of Pb in Sweden are only 26% lowcr than thc wet deposition flux. Zn Pb Mn Fe Cu
In contrast, Cd, Cu, and Zn anthropogenic emissions are 3 to 5 times smaller than wet
deposition fluxes. While estimates of anthropogenic cmissions and wet deposition are Cd 0.90 0.92 0.51 0.46 0.61 ►'
uncertain, [hese calculations indicate that cmissions in Swcdcn can not totally account Cu 0.68 0.54 0.63 0.48

(:e 0.52 0.56 0.74
for Cd. Cu, and Zn wct deposition. hIII 0.5 8 0.54

Pb 0.85
4.2. LINEAR REGRE:SSION ANALYSIS

Linear rcgression analysis was used lo study relationships in trace metal concentrations. lo p = 0.001 leve(. Cd, Pb, ttnd Zn concentrations have thc highcst correlativn, with
Table VI presenta the correlativo coefficicnt (r) matriz. All correlativos are significan [ r ^' 0.9 (Figure 4). Thcsc results in 1icate that the processes governing Cd, Ph, and Zn

30 deposition are on thc average similar.

• • ) TABLE VII
n • Regression (c - slopc and b - intercept ) and correlation ( r) coefficients for the ratios Pb/Cd.

PbíZn . and Cd/Zn. AII correlations are significant tu a 95i, confidente levcl.

• I'biCd Pb/Zn Cd!Zn

á1s ° r.0. 93 Correlatiorl cocllicicnt: r
Rcgression cuclricients : e (95°; confidcncc inten•al)

sp h (95—. confidcncc intcrv:l)
10 _o °o

0 0
Sl:nion AP (n : 191

((.93 11.77 0.85
rd� 43 (34-51) 0.34 p1.2o-u.Jx) 0.00140 (0055-11.011)

(11.511-3.51 2.9 (9.43-5.3) Q014 (••20711-11.11514)

Cd (pg /l) Station AS (n 21)
se • •

1 0.90 0.91 1193
38 (30-47) 0.37(0.2x-11.45) ((.1141x9 (0.((173-11.011)
2.,7 (1.4-4.1) 2.3 (0.91-3.7) -0.01(161 -1102x-().02x)

r.0.90
o ' • 1tation BR (01:k 181

• (1,71 I) .'( 11,75--, ao °

á o e 35 ( 15-i3) 1111)(n.n51-0.3J) 11INIUIn.INIt2-liuu'r,)

e o r (1.67 (- ILIW3_LJ) LO 10'1-1.51 0.1111 1' 0.002-0.0241
c o o '

70 0 0 ó o°
o

( StaOon 1.1 In x 14)
A •

eo o � ° n!l t 0 .11( u ra
10 °

00
J4 (?6-5.1) 0.22 12079-11,77) O.OWS InpI112-11. 011-')

° 0.36 (° 0.31-I o) L? (- ILZx-29) 0.1127 (- O.rH14-q fIh?)
c� o

All 01* 8S)
0 •1 ,J .J .4

C4 (149 /1) 0.95 11x5 rl9n
4714?-52) 11.411 IQ li-))44p 11.1)1154 (IIIRII)_(1 UO42)

1•ig. J. Sc:nter plnr. of('d u, Ph ami 7.11 Regresalnn lunes :u,(1 c.•rrclannn c.lelli, IeI)) are indicated . I'uints I II (0, .4-1.5) I I, (11.27-1.7) 11!011 I - Il Ol0_r1 ¿I 134
greater tl,an dtc mc.ui plus 2r :tre darkcncd and ocre ,,.0 used in Ihc anaIs cs.
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It was also obscrved that Pb/Cd, Mn/Fe, Cd/Zn, and Pb/Zn ratios are fairly constant The very high EFs ofC(I. Ph, and Zn indicate that their major sourcc is anthropogenic
during the year . In contras(, Fe and Mn conccntrations rclativc lo Cd . Pb. and Zn are etrlissiuns . l lowever. Swedish c missions of Cd and Zn are smaller than wel dcposition
al (casi 2 times higher in sununer than in wintcr . This indicatcs that atmosphcric Fe and (luxes . Also Cd and Zn are not cmitted in the atmosphere from gasoline contbustion.
Mn during summer and wintcr clements have difTerent sourccs, sourcc strengths or Therefore, to explain and spatial corrclation in Cd. Pb , and Zn concentration, it is
atmosphcric chemistry than Cd, Pb, and Zn . concluded that their wet deposition is primarily governed by long- range transpon of

In Table Vil the regression (siope and Y -intercept ) and corrclation coetficients for anthropogenic emissions from Europe.
Cd/Pb, Cd/Zn. and Pb/Zn ratios at stations AP, AS, BR, and LI are given. Cadmiuni, At each station precipitation is also collectcd for major ion an a lysis (SNV, 1985).
Ph, and Zn conccntrations are wcll corrclated at each station . The highcst correlation Trace metal and major ion collectors remain in (he tield for the s a nee time, thus
is at station AS (r :z 0.90) and the lowest is at station BR (r m 0 . 58-0.78 ). At all of the concentrations are directly comparable . To test (he hypothcsis that the major source of
stations, Pb/Cd ratio has the highcst corrclation , and lo a 95'/,, confidencc leve¡, therc Cd . Pb, and Zn is long-range transpon of anthropogenic pollutants, their conccntrations
is no significant difTcrcnce in ¡he slopes of the regression equations . Pb/Zn and Cd/Zn were plottcd against exSO; ( i.c.. that sulfate remaining after the sea salt component
ratios at stations B R and LI are similar lo one another, and are about 30 lo 40 io lower is subtracted ) because il is t(•idcly accepted that exSO; wet deposition in Swcden is
than the siopes al stations AP and AS . mainly governed by the tr;insp<lrt of anthropogenic S from thc rest of Europe (OECD.

Regression analyis of the 1984 snowpack survcy also indicated that Cd, Pb , and Zn 1977). In Figure 5 cxSO; conccntrations are plottcd againsi Cd for wintcr and summer
concentrations are highly correlated ( Ross and Grana( , 1986). A comparison of months. Correiation cocflicicnts are 0 .81 and 0.72, respectivcly. \Vhilc no[ presented.
regression equations from ¡he snowpack data and wintcr prccipitation samples ( Dccem- spring and fall correlation cocflicients are 0.88 and 0 . 74. Similar correlations are found
hcr-February ) indicate that for 14 of a possible 15 ratios there is no significant difference when Pb and Zn conccntrations are plotted against exSO; . \Ve vicw ¡hese high
(95':', confidence leve¡) in the regression cquations. Only the Zn . Cd coeffi cients were corrclations as support for our hypothesis that the major source of Cd, Pb , and Zn is
significantly diffcrent . and they varied by < 40 jo. The good agreement between the long range transpon.
regression cocliicicnts indicates that the processes determining trace metal dcposition Further evidenee is givcn by the poor corrclation of Cd , Pb. and Zn conccntrations
throughout Swcden during wintcr nionths are gcnerally (he sarne . with Na ( Figure 6). The regression coellicients to a 95;,, confidente leve) are not
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signiticant. Since lh primary sourcc of atmospheric Na is sea salt. a poor correlation Reíercnccs
is cxpcctcd if these mctals arise from anthropogenic processes.

lbrrie, 1.. A.. Lin,JI,r. . 1., Chan, W., II. II., Arirn,no. K., and Clpiirçh. 1 1 . 1 ')17, .4 mu.'. "'"-
AL aH stations Ihe Cd: Zn ralio has an intcrccp which is essential!y zcro. This 21, 1133.

indicates that in thc absence oíanthropoenic sources Cd and Zn background conccn- chan, \V. II.. Tauig, 3. S.. Chung. II. S., sud Lusis, N.A.: 1986, I3'ufrr. ,Iir. u,,d Sol! P,,iIut. 29, 373,

trations are small. AL stations AP and AS, thc ratios PbICd and Pb/Zn havc Pb-intcr- ., Cburch,T. M,, T:ir:iniontano,J. PsI.. Scudlark. 3. P.,Jickells,T.D.,Tokos.J.J.. Koap, A. II.. and Galkusay.
3. N.: 1984, Ai:',os. Estiran. 18, 2657.

cepts which are, to a 95 condence leve!, significantly different ihan zero. Pb-mier- Galkiway, 3. P4.. Thnrnton, 5.1', Norton. S. A.. Volchok. II. L., sud McI.esn. It. A.: 1982, .4:nu's. F,p,'ira,,.
cepis arc about 2.5 pg L '. In contrast, thc Pb-intcrccpts aL stations DR and 1.1 are 16, I6fl. .
sinaller or not dilrcrcnt than zero. Sincc the cxistcncc of a large natural background of Gou8h, 1.. 1'., ScIi:iklcttc, II. T, 'md Caae. A. A.: ¡979, Elenu',,: 'oncen:rau.': 7sc ¡o ?'!u,lts. An:m,sft isa,!

Man, liS. Ges'l. Survcr IluIlepin 1466, liS. C,uvcrnment Prinhing Otlisx. Washingt.tii D.C.. so pp.
atrnospheric Pb can be exciuded (SeLtie and Patterson, 1982), Lhe Pb-intcrcepts may 1 laraldsson, C. and Magnusson. II.: 1983, in Proc. ¡nl. ('auf liravy .tiewls in :he' E,,s'iro,u.pp'nt. ll,'iJdhprp.
reflect local anthropogenic sources. Pb is addcd Lo gasoline in the form of ictraatkyl kad Sge,vpber 1983, cci' Consultanta, Ldinhurgh, pp. 82-86.
(R4Pb) asan anti-knock agent. Since southern Sweden is more denscly populatcd (han Ilutini,. II.: 1984. in P. 3. Shcenan. D. R. Miller. O. C. Rutlr. and Ph. Bourdcau (cd:.). EtTv.ls of Pofhstuti

northern Sweden (about 9O, ofthc population lives in the southern third of ihe eountry) al upe Ect.sy.ssvni.i Lp',s'l, Scpc Rcpri 22, John Wiley and Sons Ltd.. I.ondon, pp. 365-375.
I.antz.y. R. 3. sud Msckenzie, F. r.: 1979, Cos,rsochcni. ,4cta 43, SIl.

and has more automobile traílle, one could cxpcct sorne local IflOtJenCes On tite Lindberg, 5. L. ¡md llarriss, R. ('.: ¡"III, Wsu,r, .41v. wpJ .Çuil ¡'ollo:. It.. 17.
atinospheric lead budget. lí this cxplanation is corrcct one should sce future decre:ises Lindberg, 5. 1. :ind Turner, It..: ¡983, in Proc. lo:. ÇonJ. lira', $1tla!i u, Mr ?ns'ir,uu,ss,n. lirpJdhrre.

in tite Pb.intcrccptS hecause Swcden is converting lo Icad-free gasoline. Srpts'?n&t ¡VS). CLI' Cansulta,:ts. Ldinhurgh, pp. 107-11.1.
Mamun, 13.: 1966. l'riacipks of Go'the,mstrr, 3rd cd., Viley ansi Sons III., ew York.

4 Nürnherg. II.. Vaknta. P.. and ?'guyen. V.: 1983, in Proc. ¡nl. 'onj lleavt' M,'t,,lç ja ¡he Ensiro,u,wnt.

5. Conclusions Heidelberg. Septetber 1953. CFI" Conspilianis, Edinburgh, pp. 115-123.
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dccrcases northward. ,ftcr comparing our results to values reponed in ihe Iiteraturc, Ro:s, II. 8.: 1954, .tieshdtilogi f,sr ihe C'olls','riun wpd ,4nali'sis p,f 7uçe ,t(cgali ¡a ,)trmnphrrk Prcs'ij.auri.rn.
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SECTION 3
r

ENVIRONMIIdTAL TRANSPORT

by

G. BIGNOLI , L. GOETZ and E. SABBIONI

4. DISPERSION OF HM EMITTED FROM THE STACC

4.1. General remarks r

The production of electrical energy in coal-fired pover r
plants alvays results in the release into the environment
of measurable quantities of metal effluents vhich are poten-
tially noxious for mankind. It is very important to be able
to establish a sufficiently precise relationship betveen the
pollutant quantities released into the environment (for
instance , per unit of electrical pover installed) and the
dose to vhich a population is subjected , or could acci-
dentally be subjected.

To reach this goal ve must Nave available adequate models,
permitting us to assess , a priori , the impact on the environ- •
ment and population of a given release mode and extent of a
.given set of pollutants.

Finaily, the ability to predict in quantitative terms the
danger to a population associated with the exploitation of
various types of pover plants or other sources of pollution, .
should permit us to compare them on the basis of their impact
on population health and safety, and to identify pollutant
critical pathways and their governing parameters, so that
adequate measures may be taken.

-d
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An important task in biological risk evaluation associated

wi th a source of pollution and its consequences for a popu-
lation, is to assess , the quantitative toxicological doses
to man when the contaminant under study is released to the
environment. With this thought in mind, biologists and eco-
logists have intensively examined heavy metal metabolism,
phenomena mi grati ons over a vide range of species under both
láboratory, £ield conditions and global movements by par-
ticular modelling formulátions.

A model is a forntulation simulating a real phenomenon by
means of which predictions can be made. The analysis of
contaminant transfer from source to successive trophic leveis
of the £ood-chain has typically consisted of a series of
mathematical equations identifying the fractional input and
outflow rates from level*to level.

The fundamental step in. the method is to constract a'com-
partmental model of the physical-biological system of inte-
rest . The compartments need not be spatial regions , but they
must be distinguishable on some basis : such as different
plan_ts and their parts , chemical species, atmosphere as a
cornDartment, hurtan organs, etc.

Aiiother fundamental aspect of the models is the forra of the

transfer functions between compartments . The linear assump-

tion in the transfer functions is often a £airly good ap-

proximation of real systems , is easy to handle mathematical-

ly, and provides valuable insight into general techniques

which should be useful when working wíth more complex non-

linear ' systems.

As a rule , in environmental models it - is assumed that each

compartment is,homogeneous , and no concentration gradients

exist inside. Although in general natural transfer processes
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C
show a time-dependent behaviour, it is often convenient to C
describe them by linear transfer functions with const ant
coefficients, of the type

L

CA = R CB (1)

CA and CB being concentrations in compartment A and B re-

spectively, and R the concentration ratio, which is assumed t
to be'independent of time.
0therwise, linear differential equations are required, thus
taking into account the overali dynamics of the systems, of
the type : [
dQi
3t = -Ki • Qi (t) (2)

where Qi is the quantity af contaminant in the conside:ced [
compartment; Ki is the rate constant betveen compartmeit
and near environment and Ii is the input rate.

Upon integrati on, eq . (2) becomes

Q. = -exp (3)
T

At equilibrium, ve have
[.

(4Q1 xi )

A system equation formed by a set of eq. (2) is able to 1

represent a particular movement of a contaminant in environ-
ment and in living organisms.

When the modeis and their mathematical formulations are
complex, the computer operation of the models makes it pos-
sible to predict probable outcomes, as the parameters in
the model are changed, new parameters are added, or oid ones
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removed. In other words, a r..iathematical formulation can
often be evolved by computer operations to improve the fit
of the real phenomenon, as reflected by in-situ data.

• Contrary to the feeling of many skeptics concenrning complex
modelling, information on a relatively small number of
variables often forms a sufficient basis for effective
modeis because key factors or integrative factors often
dominate or control a large percentage of the phenomenon.
Por this reason, it is not necessary to understand precisely
how a component of a system is structured from simpler sub-
components in order to predict hoy it vrill behave.

In spite of this, many questions remain unsolved. In effect
a simple sourcepathway-receptor model, analogous to the
ecological £ood chain, requires study and pathvay identi-
fication, data on assimilation by each link in the pathway,

. and determination of the biological and physico-chemical
turnover of elements. Frequently, information known for me
biological system will not be applicable to other ecosystems.
It is.therefore difficrolt to drav specific conclusions
concerning the environmental and biological concéntrations
of heavy metals in different trophic levels of ecosystems,
especially for those metals which have complex chemical
oxidation states [88], vhich are not necessary to organisms,

and are not substitutes of the other chemical and biological
elements.

There are also many advantages associated with the use of
dynamic compartmental models. They are adaptable. The usen
can construct a model on the basis of the diversity of the
region under consideration. Changes in regional characteristic
can be represented by suitable compartmentalisation. When a

model is mathematically represented, ñumerical methods exist

to solve the associated differential equations and the

asymptotic behaviour of such equations is known (eq. 3).
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L
There are also disadvantages associated with the use of C
compartmental modeis. They treat the trace elements in

each compartment as being distributed in a homogeneous man-
ner.

It is thus difficult to represent continuously varying e-
lement distributions. There may be numerical problems vith
the system of differential equations used to represent L

transport; in particular, the system may be stiff. Finaily,
it is necessary to determine the compartments and define
the rates of floy between them. The peed to determine the
compartments and the associated rate constants for a single
element flowing betveen them is still a major problem.
So far, it has been proposed that comDartment modeis be used
to represent the environmental transport of contaminants,
but no general method Por this determination has been pre-
sented.

Whéther the coefficients are assumed to be constants or
functions of time , the•real problem is determining appro-
priate values Por the particular situation being modelled.
Hovever, in any given situation , it is the modeller ' s respon-
sibility to decide if these coefficients should be treated 1 '
as constants or as a function of time [89 ]. Unfortunately,
although it is easy to argue that the coefficients should
be functions of time, it is much more difficult to obtain
the environmental information needed to define them in this
vay.

Thus, in deciding hoy to define the coefficients, it is ne- L
cessary to consider both the computational results desired
and the environmental information available Ego].

l
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4.2 Terrestrial Models

The proposed establishment of coal-fired electric generating
facilities has raised serious question of potential environ-
mental damage. Concern has centered upon not only land and
water quality aspects, but also upon the emissions result-
ing from plant operation. Pollutants which are normally as-
sociated with these emissions are residual ash and the
oxides oF sulphur and nitrogen. Potentially more dangerous
pollutants are also released, including such toxic metals
as mercury (Hg), lead (Pb), cadmium (Cd), chromium (Cr),
zinc (Zn), vanadium (V) etc. The Late of these metais, once
released to the environment via stack emissicn, is open to
question. Hovever, their documented toxicity coupled vith
their tendency to accumulate in biological systems neans
that an assessment of their interaction with the environment
is of major importance.

In view of these considerations, a study vas undertaken to
predict the ultimate Late of heavy metal pollutants entering

the environment from the stack emissions of a coalfired
electri ci ty generating facili ty situated in the European
Community.

This objective vas accomplished by the development of a

general model designed as TOXICO vhich estimates the mass

flov transport of heavy metals in an environment continuum

of soil, water (surface water, groundvater), atmosphere,

biological transporto and their impact upon man and popu-

lations (Figure 15).

The environmental.transport modelo Figure 15, consists of

three submodels that represent the most important receptors

of the contaminations : the atrnosphere, the soil, and ground

and surface water. The purpose of this model is to represent
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the physico-chemical processes that resultin the transDort C
of metals throughout the earth ' s environment and their e-
ventual accumulation . Metal release to , distribution through,
and removal from the environment vill generally be very slov.
Cadmium for instance , does not appear to be very mobile in
the environment , especially in soil , because . it can rapi dly
form insoluble compounds . The second transfer process, re-

in Figure 15 by a biological model takes place in Lpresented
a different time-scale and through different trophic leveis
to man . Here the time-scale is much shorter , and the movement [.
mus.t be represented by dynamical models vhich emphasize the
contaminant features in the food chain leading to man and
man's organs . Risk analysis and dose-commitment calculations
are the final goal of the global model developed.

The dynamic pathvays of the global model are represented in
Figure 16, and may be able to represent the different r t'
features which influence the movement of heavy metais in the
biosphere. Such Leatures include water-flov patterns, climatic
conditions , chemical properties of soil , chemical properties
of the heavy metal under consideration , agricultural practices,
erosion rate , and the existence of sinks that tend to renove
metals from the biosphere . In order to represent the dynamical-
movement , the system analysis based on system equations of the
type eq . ( 2) vas adopted. JI,

4.3. Atmospheric Dispersion Model

The material released to the atmosphere is transported ,
downwind and dispersed according to the normal atmospheric
mixing processes . The estimation of dispersion in the atmos-
phere is commonly approached by solving the diffusion-tran-
sport equation . Several models have been developped for this
purpose using a variety of boundary conditions and simplifying
assumption [ 94] . Most estimates of dispersion of material
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released to the atmosphere are based on the Gaussian plome
diffusion model initially proposed by Sutton [95]. Pasquili
[96] and Elliot [9?] Nave shown that results predicted using
Gaussian plome model vary little from predictions of other
modeis and experimental measurements. Recently Gifford [98]
took into account turbulent diffusion problems, the type
of meteorological conditions defined by Pasquill, aud
expressed the basic equation for the Gaussian plome model
in a more generalized forro :

Q 2 (z -h2)2
X(x,y,z) 2n a a- ú exp � (5)

y z 26
y 2 uz

r where X(x,y,z) is the integrated airborn effluent concen-
tration (g/m3) at the point (x,y, z)

i
J11 6y and e, are the horizontal and vertical deviations (m)

Q is the release rate from source ( g/sec)

is the mean windspeed (m/sec)

h2 is the effective height of release (m)

x is the doanwind distance (m)

z is the height aboye the ground of the sampling
position (m).

This equation is derived for a gas , and the release aerosol
is assumed to behave in a similar manner . The parameters
that play an important role in depletion of air concentration,
such as gravi tational deposition, are not considered.

On the basis of a study by Chamberlain [99 ] for fall velo-
cities of different sizes and densities of the particles,
Van der Hoven [100] proposed a Formulation for gravitational
fallout to be used vhen sedimentation is important
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Q 2 (he - x Vg/)2 C

x (X , Y • o ) = 2z . 0 W.
exp

2� exp 2 v 2 (6 )y y z

This equation is practically derived from the integration
Lof eq . ( 5) at groundlevel (z= O) but takes into consideration

the gravitational velocity Vg.

In spite of this , the air concentrations derived from
equations [6]applied to the dispersion , it considers only
the wind effect and gravitational movement , but there exist
a number of processes that may act to further reduce the
concentrations of discharged quantity , in particular dry
and wet deposition.

4

In our approach , ve have taken finto consi derati on the wet
deposition , i.e. removal from the plume by the action of
rain of the heavy metals released.

Removal of material from the plume is determined by the
use of a washout coefficient , A , vhich is a function of pre-
cipitation cate , particle size spectrum , solubility in
water , etc. By taking washout finto account , the air concen-
tration of the metal considered can'be derived by substitut-
ing a modified source strength , QW, Por Q in equation 6
vhere : - -

W = exp - [
A x (7)

with .1 expressed in sec1. L.
Por this purpose , Engleman [101] presents a survey of experi-

results for washout coefficients and the values ofmental
k vary betveen 0.3 10-4 sec-1 at a rainfall rate of 104

m/hr to 10-3 sec1 at 10-2 m/hac of precipitation.
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At this moment, in order to complete our mathematical formu-
lation of the model, the meteorological conditions and their
influence on plixne depletion remain to be defined.

Pasquili [102] recommended a procedure for the calculation
of the horizontal and vertical dispersion of a plume and
he defined six weather categories, A - F,, of atmosphere stabi-
lity.

More recently Smith [103] and Pasquill [104] Nave enlarged
on Pasquill's original scheme by obtaining numerical so-
lutions to the diffusion equation for downwind distances
up to 100 km.

The toro authors introduced also into their calculation of
the standard.deviations the ground roughness length, whose
values vary from less than 1 cm for water to excess of 1 m
for urban areas.

In order to facilitate numerical analysis, Hosker [105]
graphically transferred Smith's results hito numerical equa-
tí ons. Por a roughness length of 10 cm, the equation has been
formed

b
Oz ° (8)

1 +c

where values of the coefficients,a, b, e and d are given in
Table 26, and the

i
value obtained is applied in this study

over all distances considered when eq. (6) is perpendicularly
integrated.

F
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4.3.1. Site Specific Calculation C
A site specific is defined by many variables , such as polar

coordinates , associated meteorological conditions etc. A

range of meteorological conditions , stack-heights, windrose,

can be used to evaluate the annual mean metal movements such
as air concentrations, deposition rates on soil and vege-
tation.

In effect this procedure , based on average values , becomes L
interesting when evaluations are required for a large country
and the release practice continues for a long period of C
time.

Por this purpose , the annual average air concentration
( g/m3) of a metal , i, and in polar coordinates , at a distance,
x, in a particular sector in the direction 6 vas evaluated
as :

QX (i. x, e) =N Q(i) E Xo ( i. k, x) £ ((. K) (9)

vhere Q (i) is the release tate of heavy metal i (g/sec)

Xo(i,K , x) is the air concentration per unit release rate 1
of metal i in a dispersion condition, K, assum-
ing a uniform vindrose and derived from a vind
perpendicular integration of equátion 6 that
gives

Q (he -x V 2
Xo exp 2 (9')

21Va u 2 (T z

expressed in g m3.

II
f(6,K) is the fraction of time taken by a particular

dispersion condition K, existing with the air I:
Il. .
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movement in the sector of the direction Á, and of
width 3600/N, where N is the number of vindrose
sectors.

In order to test the principal equation 9, we have compared

a unit atmospheric emission ( 1 g sec1) from a generic source
with the other computed calculations [106] taking into account
the following parameters

- wind partitioning in all directions of the windrose

- stability category B (Table 1)

- stack height 100 m

average particle sizes of 5

_ gravitational velocity of 0.05 m/sec.

The results are compared with other European regions in

Figure 17.

Símilarly, the average deposi ti on rate , W, can be derived
from (x, Á) for the global release oF metal i. It can-be
expressed as

o)(¡# x, 6) = N Q(i) D(i, X. x) f (6, K) (10)

-- K

in g/m2 sec; 1.

Where D (i, r, x) is the deposition rate in g/m2 sec-1 released.

The average annual quantity reaching soil and vegetation,

(Iv, Is) respectively, is easily calculated ''• ~

r

Ís = W Sta-F F5 n - � (11)

V
•

rn
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vhere 0) is the deposition rate in g/m2 per year calculated C

by eq. (10)

S is the soil surface considered in m2. C
Fs, Fv are the fractions of deposition intercepted by soil

.and vegetation respectively considering both wet and
dry deposition from atmosphere. r•

4.4. Soil-Groundwater Transport Model

The aim of this step is to gain an understanding of the r
behaviour of heavy metals in soil which is the basis for L
deriving the time required to translocate into groundwater.

In particular , the description of the events to which heavy
metals may be subjected after release into soil is a fundamental
parameter for predicting mathematically the migration rate in
the soil column . The nature and the strength of the interactions
betveen metals and soil components are responsible at any
given moment for the fraction of heavy metal available to
move through the soil components, and thus determine the
magnitude of the distribution coefficients of each element
in the different soil components.

After their introduction into the soil , heavy metals can
interact directly with soil components via a. complex series
of chemical , physical and biological processes [1071.

Although a detailed description of the interaction of heavy

metais with soil components is beyond of the scope of this l�
work ve report here some considerations on soil properties
as well as in the mechanisms governing the movement of heavy

metals in soils , which at least determine the extent of the

fraction of trace elements suitable to the groundwater. l
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The surface soil constitutes an efficient barrier for heavy
metal mi grati on unless the component is dissolved into the
soil solution. In particular the inorganic and organic com-
ponents of the surface soil as vell as soil pH play a funda-
mental role in the movement of heavy metals [108].
Inorgani c colloids selectively absorb ions from multi-element
solutions, the selectivity depending on the oxidation state
as well as on the hydrate size of the ion.
It increases generally with decreasing hydrate ion size and
2ollows the order Me+< Me2+ < Me3+ for ions of increasing
oxidation state [109].

The organic matter is represented by different kinds of
organic macromolecules forming the soil humus. Although its
content rapidly decreases with soil depth it is important
in the interaction with heavy metals. Two types of polymers
constitute up to 90% of the total humus : humic acid (phe-
nolic and other aromátic uñits which link amino acids,
peptides and other possible substances) and polysaccharides.
These components from a poly-dispersed system containing

s
molecules with a molecular veight ranging from a few thousand
to about 200,000 daltons [110].

a

Chemical, enzymatic and metabolic reactions forro and degrade

• the organic matter dynamically so that the interactions with
heavy metais are. subjected to continuous chages to a greater

■ extent than those accuring in the inorganic soil fraction
[111].

1
After release.to soil only a fraction of the heavy metal

is available to migrate to the deeper layers and to enter

the groundwater depending on many factors such as

- the oxidation state of the element and the change of its

complex. The. negatively charged zincate, Zn02-, have a

greater n1obility vith respect to the corresponding positi-

vely charged cation Zn2+. Similar behaviour has been sug-

gested for hexavalent with respect to the trivalent Cr [112 ].
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C
- The physico-chemmical properties of the soil such as Dar- C

ticle size, geological nature, pH, phosphate, clay and

organic matter content. C r

- The soil modification by plant species and the absorption

through cela valls of the roots. C
- The biological characteristics of the soil (chemical

nature of the ligands and microfloral composition).

- The extent of modification by environmental factors such
as temperature and rainfall.

At any given moment, the fraction of heavy metals which may

percolate through the soil components and translocate to the

groundwater is governed by many sequences. The length of L
time for vhich metal ions remain at the soil surface is

regulated mainly by the interactions with the organic macro-
molecules forming the soil humus. ` -

In order to percolate into groundvater heavy metals must be
available in the soil solution. According to a very impon-

tant and recent vork [113] in a mature soil the mobility of

a metal ion to the soil solution is governed by successive

competitive interactions in the organic matter betveen simple 1.
complexes (type 1, lichen acids and phenols), highly insoluble
complexes (type III) acting both as a rezervoir and as a t
source of metal ions in plant nutrition as well as complexes
acting as a barrier against metal ion percolation through
the soil column (type II). This dynamic equilibrium should ` _.
ensure the availability of essential elements to plants,
roots and microorganisms depending on the concentration of
the complexants in the soil solution because oligoelements,
except Mo, cannot form hydroxocomplexes at the pH values
normally found in the soil [114]. The considerations are ap-
parently very important when related to the possible intrusion
of heavy metals as pollutants, since they could nave negative
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effects on this dynarric equilibrium influencing the compe-
titive interactions with the possibility of altering the
normal behaviour of many trace elements by making them
available in solution Por Dercolation to subsoil comDart-
ments .

4.4.1. Modelling objective and formation of the block diagram

The objective of the modelling is to predict the time-depend-
ent novement of heavy metals from sources to groundwater.
As described under point 4.4. the migration to groundwater
may be thought of as occurring through a number of separate
compartments which are assembled into a rather complex net-
work . To model this migration mathematically the soil column
has been conceptually compartmentalized Por simplicity into
three subsystems such as-surface soil , underlaying soil and
groundwater strata to take into account the different pedo-
logical and physico-chemical characteristics ( Figs. 18 and
19). _

The soil surface is the first and most effective biological
barrier Por heavy metals in soil as demostrated by the high
values of the distribution coefficients (rd)' It is charac-
terized by high dynamic biological activity and is of par-
ticular importance for the uptake of heavy metals from plant
roots.

The soil colu.'nn can be sequentially considered as the second

physico-chemical barrier for heavy metals . It is characterized

by a low organic matter content and interactions vith colloidal

clay are predominant . The percolation rate is higher while

the values of Kd are normally lower than those at the soil

surface.
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C
The groundwater stratum is difficult to define clearly C
because of the many possible situations in nature. The

vertical flow of the contaminant is assumed to be distri-

buted in water taking into account the specific ionic migra-

tion velocity. The turnover of the groundwater has been

considered in a similar manner and the results of the

movements were calculated.
r
L

The lósses out of the system are due to

- run-off 2rom surface soil

- periodic harvesting of the vegetation produced r

- groundwater pumping for irrigation purpose 1.

- groundwater consumption by animais and man

- spontaneous migration of groundwater.

The model of the soil column takes into account only the
downvard vertical flov, and do as not consicier any lateral
losses or inputs. The column is one of the discrete elements
of volume composing'the large soil matrix considered. In
other cases when the source of contamination is isolated
in a point of soil matrix, such as oraste deposit etc., the

lateral dispersion of the flux becomes important, but the

-mathematical solution is complex [115, 116].
r

The applied method of dose prediction is based on the
systems analysis which considers the dynamic behaviour of
heavy metals through the soil as a £unction of time which
can be expressed by a set of differential equations (see L
§ 4.1. eq. 2).

If ve apply the foregoing mathematical treatment to the

model in Figure 19, ve need, in order to describe it, as

many equations as there are compartments into which the

I
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soil model is subdivided.

The solution of the system equations wili describe the
variation in time of the quantity q(mg) of the element con-
sidered at each level. Por the compartments considered, ve
therefore have

1
dq

at = IS(t) + qv(t) kLS +q3(t) (k3S + k32�S ) + q1(t) k1s -

qS (kw+ KS1)

1

d�t = qS ( t) kS1 - q1(t) (k1S+k12) (13)

dqV
dt - IV(t) +q1(t) k1V-qV(t) (kVC+k,)

dt q1 (t) k12-q2 ( t) k23

,, - = 13(t) +q2(t ) k23-q3 ( t) (k3+k3S+k31„j+k3C+k3)

The dynamic concentration of the heavy metal considered in
the various compartments of the soil vial be given by

q (t)
Ci (t) _ v--- (14)

where V is the volume of the single compartment and when in
it neither internal gradient nor physical disconti-
ruities exist.

Furtherrnore, it * is assumed that the amount of element i is

distributed instantaneously throughout volume V of the com-
partment considered.

- 61 -



On the other hand , where the volume of a compartment is too

large to assume an instant aneous distribution of the conta-

minant, ve have consi dered the variation of the volume

within which it will move :

q• (t)
Ci (t) t 1 (15)

S f Vi (t') dt' •
o

vhere S is the soil column section , Vi is the velocity

migration of element i in soil compartment and -

Vi(t')dt' is the length of vertical migration in
the-time interval ( t, t+dt). L

The definition of the different compartments vas decided on

the basis of several considerations derived from pedological

and physicochemical studies . The environmental characteristics

are of importance to a definition of the different compartments

of a model , but are not enough in themselves because the

calculation of the associated rate constants is a major pro-
- -blem in modelling approach. rr

As indicated in the publications [89, 90 ] the dynamic com-
partmental models are very flexible . By a proper definition
of the compartments and the flow rates betveen them, dif-
ferent environmental situations can be represented through L -
appropriate definition of the corresponding intercompartmental
rate constants . The vay to calculate these rate constants is L

at present a point of controversy among modellers.

In this study, the most important .rate constants have been

calculated from the principal equation used to evaluate the

vertical flow transport and contaminant distribution into

the different soil leveis considered

L

1
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Vi = 1 + 1-P P eId• (16)

From this equation it is possible , with approximations, to
evaluate the ionic migration velocity of element i into the
soil of the specific compartment . In equation 15, Vi is the
ionic element velocity considered in meters per years, W.
is the average pore water velocity (meters per year), e is the
soil bulk density ( gr/cm3 ), p is the soil porosity and Kdi
is the soil distribution coefficient of element i between
solid and aqueous phase ( cm3/gr) :

conc . of metal, i , adsorbed in solid phaseKdi = (17)
conc , of metal , i, dissolved in water

As can be seen from equation 16, the distribution coef-
fici ents are of great importance in governing the downward
ion migration velocity of different elements through the
soil column.
Unfortunately ,,the Kd values are rather difficult to measure
with good precision , since they depend on a series of para-_
meters and conditions , which can vary widely [117] .

The other important parameter to be taken into consideration

in formula 16, is the water percolation velocity, W. Recently

Beese and Wierenge [118] demonstrated the important role
played by vegetation in water percolation and in the solute

y distribution patterns resulting in a more rapid decrease on the

peak solute concentration in the upper part of the soil vrofile.

■
Many factors influence this parameter : soil componenets,

porosity , hydraulic status etc .; in effect water velocity

values between 2 and 50 cm per day For different surface soils

and for different hydraulic conductivity conditions [119, 1201
are normally indicated.

r

1
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If D1 is the t'rickness (meters) oF soil reDresented by C
co: iDartment 1 (Figure 19) and by knowing the vertical ionic
velocity of the elemment considered in the soil matriz

r
(equation 16), it is possible to calculate the time T ~1,2
necessary to reach the underlying level : T1,2 = D1 /vi,, in
years. Therefore, the rate constant K12 between coapartmerts
1 and 2 of the soil column can easily be calculated :
K12 =1/T1,2 in years-1. The sane approach has been used to
calculate the other intercomDartmental rate constants and
losses From groundwater due to water movement.

It is worth noting that the times calculated at each level
of the soil column modelled Frota equation 16, also represent
the contaminant del ay times through ¡t.

As Par as the heavy metal concentration-s in groundwater are
concerned, the capillary movements of water and associated
metal become i:nDerative.

in view of the difficulty in quantizing the 'capillary
movement, ve have assurned in a first apDroximation a rapid
liquid-solid phase distribution of heavy metal in aquifer.
The assumption that the material dissolved in the water is
in equilibriw:: with the material absorbed by the soil ;natrix
is expressed by the linear equation 17 with

Kd= (18)

where FS is the concentration of metal i that is absorbed
by solid phase

fL is the concentration of the dissolved metal i in
the water

* is the mass of solid phase in gramrs

V is the volume of liquid phase in litres. `
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By means of the linear equation 18, and when the Kd value
is known , it is possible to determine the fraction of metal,

that is absorbed on solid phase or the groundwater systex:
under consi derati on

fS = Vd fL V (19)

or fS =l -2L where FL is the ionic fraction that remains
in liv_ui'd phase. If R = 2./V by transformations equation 19
becomes

f -
Vd S (20)

S Vd S + 1

The effective quantity and concentration (mg/1) of the
metal rémaining in the liquid phase of groundwater alter
the absorption processes vas calculated by eq . ( 14) and

eq. (20) :

q• (t) (1 -fS
C (t) 1,3V

3 p3 1000 (211/i
3

where git3 ( t) is the quantity (mg) of metal i présént in
the groundwater corapartment as a functi on of
time and taking into consideration the ionic
movements and losses (systê.t equation 13);

v3 is the total volume of groundwater compartment

(m3);

' p3 is the porosity of the material composing
groundwater system;

1000 is a constant to transform m3 into litres.

When the groundwater is utilized to irrigate an agricultural

soil surface or pumped for drinking water or domestic use

(Figure 19 ), when the annual water conswmmption is known, it
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is possible to calculate losses and input rate of contaminant C
2rom this compartment and the surface soil respectively. The
assigned parameter values together with their references,

are given in Appendix A.

Ultimately, two yate constant calculations remain : the

run-off and vegetal migration rate constants.

In our approach, when the rate of soil erosion, Ro is known,

by means of formula 16 it becomes possible to calculate the

depth of metal penetration into soil surface DS (as a function

of time, chemico-physical and pedological properties of soil)

in order to calculate the soil surface volume, VS, annually

submitted to run-off leaching
t _.

DS (t) = % Vi dt (22)

V (t) =S D t (23) r

where S is the area of soil considered in the model. If the E
volume VS of the upper soil compartment calculated by
equation 23 is known, its soil density eS and the yate of soil F
erosion Ro (tons/ha/year), the runoff cate constant Kw
(year1) is easily calculated

Kw = Ro/VS eS (24)

It is interesting to note that the volume of this upper
compartment S (Figure 19) is not a constant in the model,

but it is automatically defined by the particular mobility

of the metal considered. If the metal is characterized by a
slovr mobility into the soil matrix, the loss from the com-

partment caused by runoff becomes considerable. If the l
contrary is true, the vertical migration quantity asan input

to near subsoil compartment will be very small. L
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Another loss mechanism for metals considered in the model
is the physiological uptake of heavy metals by plants such
as grass or vegetables, and their periodical harvesting.

Metal deposition quantities from the atmosphere are able
to enter into vegetation by tvo mechanisms : foliar
absorption through mesofillum and from soil through roots.
Por these purposes, the corresponding rate constant K1V
from so¡¡ to vegetation vas calculated from the absorbed
quantity of metal qV (mg/y) during one year of agricultural
practice

CRV BIV

■
qv

V P 10
(25)

1 1

vhere q1 is the quantity (mg) of element,i,in the soil
surface compartment

CRV is the soil-vegetable concentration-ratio

BIV is the biomass of vegetable in g/m2 produced
per-year

• V1 is the volume of the soil surface compartment (m3)

1 is the soil -density in g/cm3

106 is the conversion constant (m3 to cm3).

The time (years) required for transport to tae vhole metal
contaminant into vegetables vould be :

V el
106

T1V = q1 = 1 1 (26)

V CRV BIV

the cate constant K1V can easily be calculated : K1v =1/T1v

(years-1).

Similarly, is possible to adopt a concentration ratio, CRL,

between the internal and external leal zone [121] in order
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C
to calculate areal absorption and relative rate constant C
KLV.

When metals are deposited on areal parts of vegetation

they can be removed by weathering as in the mechanical

action of aind and rain. This phenomenon has been rreasured r..

under a variety of conditions [123] and the most commonly r`
determined half-time value vas TW = 30 days. F•

The weathering rate constant (years-1) between foliar
surface and near soil ve have taken into considIration in
this study by the formulation :

KLS = 1n 2 365 (27) [
W

4.5• Computer Implementation of the Models

The linear system of differential equation 16 vhich defines
our model of heavy metal migrations from atmosphere to soil
and groundvater vas implemented in the IBM Continuous
Systems Modelling Program III (CS24P III) simulation language _
(IBM 1975). J.

It allows the dynamic equations to be specified by Fortran-

like Fstatementsand the use of FORTRAN subprágrams for
auxiliary calculations, such as the evaluation of input
£unctions.

The relative case in making structural changes in the mo-
del and the output tabulation and graphical capabilities
oF CSMP III are significant advantages for the use of the L
simulation language in preference to direct FORTRAN program-
ming interfaced with a software package for numerical 1
integration of the differential equations.

L
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... By our mathematical formulation of the dynamic phenomena and
using the CSMP III system program, ve have obtained in a
similar manner to that with which ecologists treat energy
flux throughoút the different trophic levels of the biosphere,
a continuous and uninterrupted heavy metal migrations in the
model and consequently the dynamic comoartmental metal con-
centrations.

4.6. Results

4.6'.1. Impact on air quality

�- On the basis of the atmospheric dispersion model described
ira paragraph 4.3. and using the data usted in Appendix A
and the average emi ssion (ton/y) of heavy metais from the
stack of a coal-fired power plant zenit of 500 MWe at 50%
full load, the average amount to atrnospheré 'a.round the
power plant situated at a distance of 10000 m and the in-
crease..over - the -total endogenous concentration [91,, 92] vere
calculated. The results are presented in Table 27 and the
calculations were performed taking into consideration
B. Pasquill's Atmospheric Stability Category (Table 26) which
defines a moderately unstable atmospheric condition.

Table 28 lists -only the results Por cadmium,. taking into

consideration the Tour Stability Categories and two distances

from source.

4.6.2. Impact on soil

The assessment of heavy metal concentration increases on soil•

surface as a résult of long tern (40 years) deposition from

the stack of a power plant unit of 500 MWe, may be very use-
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ful for evaluating possible vegetation and groundwater

contamination.

Table 29 shows the long-term effects that the a.^tounts of

metals can have on their background levels [93]. A small

increase in the HM concentration is aDparent from the Table.

It is important to note that these results have been sirt:Dly

calculated from the average emission into the at.,.osDhere [
under "static conditions " ( no losses from sois compar ,ment

are considered ). When the long-terco Late of cadmiu-n in soil [
is calculated by a dynar.Lic model ( Figures 18, 19 ), the in-
crease is substantially reduced by about one order of magni- [

tude.
r r

4.6.3. Impact of Cd on atmosphere , soil and groundwater [
quality

By mearas of the parameter values listed in Appendix A and a [
specially-developed dynamic model , the flow of cadmium and
its concentration in groundwater vere calculated for a [
reference case of a power plant zenit 'of 500 MWe . The results -
are presented in Figure 20 where : CS, C1 1 C2, C3 are the [
concentrations in the upper sois layer , soil troDhic level,
soil column and groundwater (ir.g/Kg ) respectively. The cal-

were performed for continuous stack emission over (.�culations
100 years using computer implementation of the model.

[
The long-term effect ( as a reference case ) on groundwater
quality in comparison with the present level in groundwater [
(0.0007 ppm ) and with the maximum permissible level adopted

in the EC i s presented in Figure 21.*

Both figures indicate that ( using our rmodelling approach)
the migration time of Cd through soil cornpartments to ground- L.
water is 36 years.

1
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The results reported here are clearly not site-specific.
They are intended only to indicate the type of result one
may reasonably expect to obtain from application of the model.

In spite of this, ve have approached, as a first evaluation
E and only Por cadmiun, a global assessment Por the Member

States of the EC, taking into consideration the data inputs
f to the environmental model listed in Table 19, the surface

territory and circular distribution of the individual areas

í comprising the EC, calculated in Table 30.

In order to estimate a more reasonable average cadmium impact
on EC atmosphere, ve have adopted an average distance from
all sources of pollution that ve have assumed to be centered
vithin the ares of the particular Member State considered
(Table 30).

U
In effect this procedure, based on an average distance from

r total source of pollution, and which also represents the
result includes in all stacks of the Member State; becomes
interesting,vhen the evaluation is required to calculate the
environmental impact on a large country and when the release
activity could continue Por a long time.

The long-terco dynamic effect of Cd on atmosphere, soil, ground-
vater and the relative increase over the background levels

_ in the EC, are presented in Table 31 Por all Member States

of the European Communities, vith the exception of Greece.

To conclude, the results obtained by modelling, demonstrate

that possibilities exist Por cadmium to migrate from stack

to soil and groundvater and that it can influence water quality.

Por other heavy metals released from source, parameter values

and environmental data are resuired in order to evaluate their

potential impact on the biosphere.
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4.6.4 VariabilitY of parame ter values and applied sensitivity

analy si s

L -_

The numerical data and environmental parameters that ve have •

assumed to define the reference case, may be useful in a C

preliminary assessment.

• L .
In the present study, ve have seen that, amongst the most

relevant parameters governing the environmental concentration

of heavy metals, the groundwater velocity and the distribution

coefficient of the metal ion between aqueous aná soil phase,

are of very great importance.

The distribution coefficient directly determines the yate L
constant K23 betveen the soil column and the groundwater

compartment (Figure 19); the water velocity, on the contrary,

is responsible for influencing the cadmium loss from ground•-

water to environment, while the distribution coefficient Kd3
IT

is responsible for the quantity of HM that remains available

in the groundwater liquid phase (eq. 18 and 21).

Both soil parameters are characterised by large variability

values and are dependent on physico-chemical environmental
conditions of the soil matrix and hydraulic status respecti--

vely. Por these reasons, ve have calculated the concentration

in groundvater (ppm) versus time for three Kd2, Kd3 and W3
values; they are shown in Figures 22, 23 and 24, in which run 2
of the computer plot corresponds to the reference case for the
parameter considered.

It is possible to see, in Figure 22, tha° the Kd2 values { C

applied to the soil column comp artment also govern the soil

column delay time for the cadmium to reach groundvater and

its concentration in the water compartment. On the other hand,

in Figure 24, when considering the groundwater velocity and

I
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distri.bution coefficient Kd3 (Figure 23), the delay time

in the soil column remai.ns constant (typical of the reference

r case), while the cadmium concentration in groundwater is
strongly influenced by these parameters.

One of the more interesting vays to analyse the dynar ics

of a system is to determine hoy sensitive its' various com-
ponents are to each other. This can be done by a systems
analysis technique known as "sensitivity analysis".
Sensitivity analysis involves determining the amount and
kind of change produced in a given system parameter by a
change in another parameter. Because the compartments in a
system are related to each other and sine it is possible
to alter any single parameter.or group of parameters and
determine the effect of any other system parameter, it is
readily seen.that a great number of sensitivity analyses
can be calculated for a systemo

in the present study only the relative dynamic-sensitivities
of groundwater compartment cadmium contents are considerad
in relation to the two parameters already mentioned. We have
calculated a sensitivity factor by utilizing the simple
differentiation of values of plots represented in Figures
22, 23 and 24 and using the following equations

�� 100 . Kd2
SKd2 _

Kd2 CRC) *

ACI 100 . W3

3 W2 RC

where :

SKd and Sw (/) are the sensitivity factors in percentage
2 3 for the two parameters considered;
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[tC] = (Concentration value minus Reference

case concentration value) (Figures 22,

23 and 24);

Kd2, tW3 = (parameter value minus parameter value

applied to reference case);
L

[RC] = Reference case concentration value; !.

Kd2, W3 = Parameter values considered.

The sensitivity calculation values are presented in Table

32. It can be seen that the groundwater vélocity and Kd3
values influence the water concentration more than the Kd2 [
parameter applied to the soil column. Nevertheless', the
Kd2 parameter substantially influences the retardation

time of cadmium when it moves from the soil column com-

to groundwater (Figure 22). It is still possiblepartment
to note that the zero value of the groundvater concentration
and the high value of the sensitivity factor S, Lor Kd2 = 30,
calculated over 50 years , are due to the 64 years contaminant
delay time in the soil column matrix. It is vortYY, noting
that the sensitivity factors are alvays negative. This is
due to the fact that the cadmium concentration in the ground-
water is a decreasing function of the parameters considered. 1

4.7. In-Field Studies (Selection from Literature) r ,.

Table 33 lists the environmental studies available today in
the literature. Por completeness not only atmospheric trans-
port

�.

and deposition of HM emitted by the stack have been

considered, but also the dispersion of HM in effluents from

ash ponds and ash disposal areas, the availability of HM

from power plant ash and uptake by plants and animals, as

vell as human health aspects related to the emission of HM 1
by coal-burning.

L►
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Although Table 33 does not claim to be complete , the majority
of the revelan t papers are presented. Of 41 titles specified,
38 papers report results obtained on power plant areas in USA,
and 3 were performed in Europe.

There is one paper [151] from Brown et al ., the only one from
an area situated within the EC , which provides data on HM
release from ash ponds situated near water supply catchment
areas in.Great Britain.

Details on the reported in-field studies may be obtained
from the original papers cited in the references.

1

F
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tl.e background conccntration itsclf would contribute ncarly 12000pg d-'. inclusion (11(PACT OF Ti!ERi14AL P01VF.R PLe\NT Eh11SS10NS ON
of ccrtain othcr food ¡tenis such as vcgetables , pulses such as dal, peas, etc. and meas . V E C ETAT I O N A N D S 01 L
Cur which data are not available, would result ¡n more than average intake for Cd also.
It is interesting lo note that Ihe consumption figures are far short on Ihe average for some

SACIICIIINDA NAND PANDF•Yof sise essential mctals likc Fc and Cu,
School tf E,nimm�unrnl Scirnces. Jawahnda! Nehru Uniressitlt ,Vew Delhi.! 10007, Indio

4. Conclusions
(Revised Octobcr 27. 1981 . Rcvised February 1, 1982)

Trace mctals such as Cu, Mn, Zn and Cd were present in difTerent spccics in rivcr water.
\1'hilc Cu. Zn and Cd were present mainly as cationic entities, Mn was mainly in the
unionie form. Most of (hose metals could be ídentificd , in low abundance, in an ' Abstraet . Studíes were madc lo asscss lile impaet uf a oscrnlal powcr plan¡ loc.ned .u Ohra os, ,cFaatans

11141 soil in surrounding arcas . Pollulanl conccntration in lile arca gradual ¡? dcCrC.::cJ aleng a hell :n tltcunionized and non-dislyzablo forro. suggesting association with high molecularweighl prerailingwinddirectitmaodagradieato(ssruetur dandlt,, t�an a�e!tpocos inplantc.usJeoilscasobscteed.
orga:lle 11_:Inds. NatUral l•Cgctat!41 in 11w 3fC3 variCJ �igtliriCanlly al dilltrrla ate . and mi sise hau% of plant rC'punc¢c can

be cl as<itied as inscnsitivc , iotcrmediate and scnsítive.CQp=--:r in Ihe sedimenta was found mainly associated with lile humic master. Tilo olect orthc poseer plan ¡ cmissions un .na and ccu'plpsioh,;,ícal chaneleri)tics such as ;,!l. +•: i..n�c:�t eulmliatlntl in lile organit: fraction ¡ti sedimcals . which is a time relalcd process, can mattcr and N. P. K anJ S c.nCCrlrasions in sois; leal ssj i '• yuq+:auu, monis , r ard di.cibul:on '. ;'l na
Lc used tac delgrniine ihe nsttltra uf lile sl ream bed pollution atad identiflcation uf fresh apodes ; ehlaruphyll emite n¡ in ¡caves . pclccnlagcs uf {.ho•.+>+mtcti: ali> aelice le al aren : atcumui .,;.on ,.t
ir.puis which are technotogically originated . Thc nlcthod could aehieve good sensitivity N. P. K. und S in ¡caves etc. saenscd lo be a runction ot ¡tic Ix+tlutant graJient c.i.aing in li le arca 1 tete

was a relationslsip bctwcc ii plan ¡ tcstx,nses ans changea la sise chc: nical táctors vi, suil anJ I utts &.. t ofPr c,clect:n Slrealn pollution dueto hiih concentration factura in the organie fraclion - p,dlutioo , Tisis asusto indio:des i . si.k Ciasinatu n of plvu ,¡yaks, liras sise trae Ih n il+e .tuul,..s i l l s Ivr'trace metal accumulation in sise biological apropies fallowed sise lrcnd observable in tete Ilcrhs and grassis fwns sise cnviruns ot Use th.nnal powcr plan+t.'fhc inctcaxc in sud a;idity in thr ,.rra
t::;; 'eral en izaicenle:n of leve1S allfiliutable lo industria ! applicalion. Apari from some nsa> Cause cation-anion insh.lanec and miembe pupuladun reduction :u aRect .oil ic,:dn1.
ir tr;:usi nt hid.er cunentrztianS observed in isoiatcd instanccs tilo merad trend
t :,I :I:t; ithül':Il+ ano prt I<r lstksl aCCUililliaaOn cu lraci inctai itt sise spe ics invsStigated. ]. Inlrad OCtion

Ihe projected intake cstimatcs of Ihe local population , consuming thc food ¡tenis
preduced locally, indicase tllat tilo consumption ofZn and Cd, the industrial pollutatns. Thermal powcr plants are poi¡)¡ Sources of pollution w•ith a more or Icss dcfinite p.nt,rn
e.;ual or exceed Ihe rcfercnce osan intake, while tilo consumption of Cu and Fe, Ihe of pollution emission. Thc main pollutanis l-resent in thernsal powcr plant cn)issions :ter
e:.,entia! nui:ds, is far•short of Ihe average. SO_. NO2, CO, hydrocarhon, F and flyash. 'Chcse poliutants msy eaasc >;r;ztu;d

dcgradation of ¡tic abiotic and bioti;, cotnpotlents of Ihe ecosystent (tl'oodt:vll, 147(];
Itliller asid Md3ride. 1975; Koabe, 1976). Suela degud: tions are lurgely governed byRefelrnees covironmental and other factors which determine thc fali out panero asid the

s krson, R. Y. asid Rrnwn . 1. r : 1978 . Ballet n n%£,aironroensal C'row,ai,u stun anta Tovknluxr 20. 429 . conccntration of pollution.
^.%ling. G. 11.: 1974. Il:un Rerrusrh 8, 729. An attempt was made to asscss tate c(fccts ofa lherm;d powcr plant on its surroundin1larvey• F. 1.. Sr. ;usJ l.uthcr A. Knitrht -Jr.: 1978 , N.tren, Al,. anJ Sm! Prdlut. 9.255. b
bncroalional (•onunission Oil Radiolugie:l Prutcetiun: 1975. Rcpurl orthe Task Group un Refercncc Plan. arcas, with special rcfercnce lo vegetatinn. For Chis purpose Ihe are., aruunj lile Obra

lCRI1-23. thernial powcr plant was sclected.
K..lu. A K.. $.., Jhu, S. S., Canty, W. T.. Fclix. K. L, I leed, R. 3., and Whitmorc . R.: 1978. Bulksbs of :

Enrinutnans,,! Civ:tan ,ironinn ond T.,.ría,lixr 211, 328. 1.1. Si ltDV ARCA
Nlasironi, R.. Koirt )vhann , S. R., and I'eirce . J. 0.: 1977, Seirncr ofIhe Total £nriws,menr 7, 27.
Patrick. F. Al. asid l.autit , M. W.: 1978 , !Toser Research 12.359 , Obra. whcrc Itle lhcrnu ¡l powcr plant is located, is situatcd al 34'22• N latitude and
P;:ul, A. C.: 1950• •Distribution of Radioactivity and Trace Metala in Aquatie Environmcnt', Ph.D.Thesis , u 83° E longitutlc in ¡tic Mirzapur Distriet of Uttar Pradesh. The gencr:)I topozraplly ofl tsicershy ti( Boutbay. tilo rcgion is urlduluting , wilh hílis, valleys and fíats intcrspcr>ed. Thc mininuun andPaul, A. C. and Pilla,, K.: 1.¡, ¡Vare, e ir, asid Pollos. 10. l .

maximum elevatiosls froni sea leve) in lile arca are 255 and 445 ni. respectively. TllcPaul, A. C. and Piltai, K. C..: 198080, Papcr
p
reecntcd a

t
¡he

Seyc
Sevenihlh IARP Cnnrcfcnce , Feb. 25 -21. Buuda,

India. rocks in Ihc rcgion bclong lo Ihc basa¡ sub-group of Ihe Seuncri group nf Vindhyans
Paul, A. C and Pilla¡, K. C.: 1983, Water. Al,. and Sal Po/lus . 19, 63 ( this issuc).
Pilla,, K. C. Mathcw . E., and Ganguly , A. K.: 1977 . BARCA4

(Pro-cambrian), comprising quarizitcs . conglon ►crales, dolomitcs, limestoncs, shalcs,
Sl,olkovita , E. R.: 1978 , £orth a,td Plonetory Scknce . Lectora 4l,177, and Porcclanites . At sorne places . ¡hete are exposed erysl. Iline marblcs. Thc rocks

northeast of Ihc thcrnlal power plan¡ are of thc l3ijawar group consisling of chlorile

¡Yute. Air, unJ Sol! Pollutlon 19 (1983 ) 87-100. 00.79 - 6979/83¡0191 - 0087502.10.
C#OWSht 0 1983 by D. ReiJd Poblishin Co.. Doedreehi. lfall tnd. und Boston. U.S.A.
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schists , phyllites, slates , lintestones , shales , quartzitcs , hacmatites schists, silicious Lcaves of thc above- nicntioned plant spccics were collcctcd sepaaratcly from diftcrcnt
limestones. jaspar bands and instrusive dolomites (Audcn, 1933). sitos. Forcach spccics, one batch of leaves, lo be used for (he quantitative determin:uion
The are4 has a typical monsoon climate, characterized by seasonal rhythnt as oí particulate matter, was storcd carefully in paper bags and the othcr, lo be uscd for

prev:tiling in the rest oí India (Basu . 1965). Thc whole ycar can be divided finto threc pH Incasuremen ts, chlorophyll, mineral and cncrgy content analyses, was stored in an
distinct seasons oí summcr (blarch through tuno), rainy (Juay through October) and ice box.

• % wintcr (November through February). Soil samplcs at cach sito were collcctcd front 0,10. and 20 cm deplhs. These were
The climax vegctation oí the arca is basically a ntixed tropical deciduous forest, compositcd, air-dricd. powdcrcd and stored in polylhcnc hags for later detennination

characlcrized by deciduous trecs, shrubs and grasses . The shrubs are an undergrowth oí pH, organie matter, S. N. available P and exchangcahlc K.
whilc grasses and herbaccous plants cover tate opcn arcas . Thc main crops cultivated Thc leve¡ and pattcrn oí spatial dispcrsion of pollution were estimatcd by comparing
in the arca are sorghum, mustard, barley and pigeon-pea . In (¡le urbanizad arca near

i the changes•produccd in plants and soils of ¡tic control and pollwed cites.
the thcrmal powcr plana vuricty of scasonal and percnnial ornamental plants are

2.1. PAR11CULAT1i ot:rosrnrmgrown.
Thc particulate matter depositad un leaves on D. ,'lelanu.Cr/ru1. L. parriffara and Z.

1.2. Ttu:nr.t.tt. rowtn rt., Nrr': ►uiurnndaria %%-.Os collcctcd in water by rcpeatedly washing with dblilled walcr. 1•hc pl1
•l he daily coa l consumption in the powcr plant is about 9120 tonnc which hclps lo uf thc Icaf wash was dctcrmincd with a pI l-ntctcr. Thc water was then evaporatcd to
genurate 550 MW of clectricity . Basad un the data providcd by (he powcr plan( dryncss. the wcight oí (he residuo was (dctcrmincd and thc alimunt nf deposition si-as
authorities, the coa( contains 12.3% ntoisture , 35.83% ash. 24 . 13% volatile matter, calculalcd fiara ,u ¡caí arca.
22.6:k".. lixed C, 11.5 to 2% S : nd• 3)002 cal g' I cncrgy. late gaseous asid particulate 2.2. Srm, nNiat.vsts
poilutants are cmitted from two stacks of ! (11,5 and 120 lit hcight. Thc average percentage
densi(y of Ihe combustion plumea IlinvinF from (he stacks, ahen calculalcd wioh shades 2.2.1. p!I

ofgray ofthc Kinglemann chart.ovcra period oí 2 h is about 90%.1-lowever, morcoftcn A 20 g soil samplc was mixcd with 100 nil deionized water in a 500 ml conical flusk.
than not, the smoke density is foottd lo be 100%. The mixture was shaken ter 30 min on a horizontal shaker. The suspension was filtered
The thcrmal powcr plant :1t Ohra provistos a single sutircc oí SO, pollution moliere through a 1Vhalmann No. 44 (¡¡ter papar and thc pH was deternlined siith a pH-ntctcr,

pnllutant eoncentration grado :Ily decreases alung a bc1► in Ihe directian of lhe prcvaiting using a glass cicctrode,
wind asid Ihcrcforc it may he possibic to find a gradient oí structural asid funelional
chames in plants and soil alomo Chis bclt.Thechanres in plant and soil may bequantiticd 2.2.2. Organir :(forra
lo asscss the signitieaitee of air pollution in (tic arca. ]'tic perccntage of organic matter in the snil saniple was determinad by using [he rapid

l
titration mcthod of Walklcy 4nd Black described by Piper (1966).

2. Malcri als asid Nlefitody

Eight sanipling sitos, northcitst oí the thcrmal powcr plan( un a 9.5 km lino-transect. The arnounls oí total N. available P and cxchallgeable K in thc soil san)ples Itere
wcre sclcclcd for census of plants and cnllectinn of plan( asid soil samplcs. Sitos 1. 2. dctcrmincd by following Ihe mcthods given by Jackson (1958). For S detertnination. the
and 3 were located :si O.S. I.5 , and 3.0 km from Ihe powcr plant respectivcly and wcrc method oí Patterson (1958) vas used.
situaled on thc sou(h ascending slope ofa hila: cites 4 asid S. al 4.5 and 6 km resllectively. ff
wcrc sin a platcau; cite 6 al 7.0 km was un a mild slope asid cites 7 and 8.:.( 8.0 asid

2 .3. LCAF nNnl.t srs

9.5 km respcctit•cly froin the powcr plan(, were un an asccnding slopc. lhe control sito 2 .3.1. LerJ=crrrrur pH

was seleeted .,t Chandraprahha sancluary. at a distance of 20 km north oí Obra. Alicr carefully washing tate ¡caves with diatillcd water, a 5 g lcaf saniple ea e 1 of D.
At cach sito; ¡he pianos. especially trae spccics, wcrc carefully examinad for foliar nsek,noxiluu. L. parl•Ulora and Z. ma)uuularia was crushed scparatcly in 50 ml dri(lnizcd,

damage; un inventory of traes, shrubs and grasses was preparad and ¡caves of Dioxp)•ros water and the pH of the Icaf cxtracts was dctcrmincd with a pi-1 meter.
ulclu:w.v ton, Lagerxrroeatla parriflora and Zizlpla s uum,nularia were collcctcd for
subsequent analyscs. Oro the basis oí their growth pattern, scverity oí foliar injury and 2.3.2. Chb)ropht•ll Deterulinariou

leve) oí tolerancc, the plants were ciassificd into sensitive , intermédiate and insensitive For this purpose 0.5 g oí the fresh Icaf samplc was fincly ground in 80 accione
groups. (acetone : water, 4: 1 v/v). Thc hontugenate was filtercd through a piece of muslin clutl,
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and the áh-s:r. Ittrifuged at 3000 x g for 15 min. Thc supernalant was dccantcd photomctcr was used for K (Jackson, 1953). and thc turbidimctric mcthod was uscd for
and its mude upto 25 ml by adding 80,e acetonc. Thc optical density of S (Pattcrson, 1958).

this chl•;r. :.� t was mcasured at 645 and 663 nni wavclcngths with thc hclp of
ritoelectric-colorimeter. The chlorophyll contcnt , expresscd as 2.3 .4• E,+er&►' Conle7u

a Spet:t.:r�: �:
mg g ' dr, 4i. d ts calculated by using the formula of Maclachlan and Zalik (1963). The caloric value of the plant material was determinad using an (I(,gen 8,)mb

Calorimeter (Parr Instrument Co., U.S.A.) and cxpressed in Cal g- I (Iry sscight.
2.3.3..N,rri.,:: '�. P. K. and S)

t t
For the d.�•�- c •irx.,n of minerals in lcavcs. thc inicrokjcldahl mcthod was used for N

3. Rcxulls
(Piper, : V.é. digestion mcthod was uscd for P (Jackson, 1958). the llame

Thc components of the natural vegetation in Ihe Obra arca were founJ to vary at
i

TADLE 1 dilfcrent sites . Thc number of genera and spccics of traes, shrubs, hcrbs and grasses,

Ius'cntrrp nf tanr • Y. ^• •.« vid shrubs ) co
.
llectcd at di lrcrcnt ¡,les northeasi of %he thermal power plant al Obra generally inereased at inereasing distanees from the powcr•plant (Tables 1, 11. and 111).

Trecs ofAcaria cateclw. Diospyros Afelanrrx►•Ior: and Lai ertrroe,nia pon �nru lucre presea t
t 2 3 4 5 6 7 a Control

19 5 1.5 3 .0 4.5 6.0 7.0 8 ,0 9.5 20
' •• TADLL II

I'laot �pr• �•'. ' '
- Irnentory of plant specics ( hcrbs ) collccted at difcrcnl sitcs northeast of 11w Ihcrnwl rowcr plánt .11 Obra

we,
I + ► + + ♦ ► ♦ + Sito No. 1 2 1 4 5 6 7 x

+ + + + + ♦ Oistancc 0.5 1.5 3 .0 45 60 70 8.0 4.5
1'1411 l Species (km)

♦ - -- - -- -- -
♦ Verba

Ilnr,,l rr... - + ♦ - + + ♦ AFrrounn $ p. + + ♦ ♦ - - + , +

(:n.or f.•'•, •. - - - + + + + + ♦ .41ndr uahat .tpinosus + + + ♦ ♦ ♦ 1

l)i..•n•r•• • ......
• ,

+ + + + + + + ♦ d.nvhaarin Jipan - - + + + + ♦ a
+ + + + + (iH)iU 4Nn + + + ♦ + ♦ , +

I'7u• .,or. r 1 _ - _ - _ - ♦ (,,.i,dirrio sp. + ♦ - - - ♦ ♦l;,udr.l • ...•_ • . _ - - _ _ _ - + ('Ilgnrr rauordrlt + ► + ♦ ♦ + ♦ ►
♦ + + - - ♦ peurr.vlnun ulJlrrnlm - - _ _ + ♦ , ♦ ►

♦
• l ,r;.•nlr.,,..r::•, ..•,r + ♦ ♦ ♦ ♦ ♦ - ♦ lirlyv, r ullvr - + + + -

♦ l:u¡duulri,l bino } + + + ♦ ♦ ♦ , ,
Lamr.•, c.,.., t. _ _ _ _ _ _ - + F.rnla,4u oLvruddr+ - ♦ ♦ + ♦ ♦ + ..tluJhu..1 n•ar.. _ _ _ _ - - - ♦ IlC/¡N.tlit nmmrirra - + + - + + + , +
.1 f,h,,,.r t....'. .,•• - _ - _ - + ♦ + ♦ Ju•ri•i.l sirnplrr ♦ + + ♦ + - +l'!n ll.nn'un ,.--• . ♦ ♦ ,11ah,aNnrln Irirap,rdgrum +

1 4 4 8 9 $ 8 9 19 1'htllunr/na siurplex - - _ ♦ + - , ♦ +
Phnavdu.; sp. - - - - + + + ♦
PAPhnar,nr xlohrrlm + + ♦ + + + + ♦ ♦

Shnlbc
Rungin ►e/a'ru + + + _ -

♦ ♦ ♦ + ♦
♦ + ♦

+
+

ll.•hrrd�rn. r .up../:.•,...� - - + &.yunirl dulrir - + + + +
+ + + + + - + + -

♦ ►

.lhnu.•„ bw..,d, wwn -. Sido a+urn + ♦ + + +
♦ ♦ • + + + + + + Tridur pnK•umhrns _ _ ♦

+ +
.val,lnlhrt r,,A, rn:nr - , + ♦ + +

+ + + + + + + 7'ep/rnula parpureo + + ♦ + +♦ +
%iaphm glahemm� ♦ ♦ + +

+ ♦ ♦ 1'i.'r/aalla finereg - - + + ♦ 1Zi:grhut
+ + + + + + + + +,g .,ulwI

Zi:sp6•, t num.nulvrl • + + + + ♦ + ♦ + Aunlhimn apinube,ig + + - + _

fual 3 5 6 6 6 6 5 6 6 Total II 16 17 18 1$ 20 2.1 24 24

•1
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TADLE III Thc soil samplcs rullected.from diltérant sito, shahaced a JCl'tl:lsnlL traed for In c,nirv Invcntory of ptant apccics (rrasscs ) colketcd at di(rerent silos northeast of o li o Ihernial power plano al Obra nlallef, S and exChangeable K arld ato 'tnercasing Ircnd for pl 1. N an<1 aval¡ tole P, as
Sito No. 1 2 3 4 S 6 7 8 Control onc moved away from o lio powcr plano (Figure 1).

30Distante 0. 3 1.3 3.0 4.3 6.0 7.0 8.0 9.5 20
I'lam Spctics (km)

PAL M.

y dpludu urutiru - - - - - - - - ♦ - - .0 ! I.Iriuida u.Itrrnrtanb - - - - - - - _ + ✓ . mee.. - -e_
lo

Anrhril lhóm prrtura - - - - - ♦ + + ♦ 4 �e c

nrl.'II'!.-M ' rt'Nrlllll Ilt�-1(I,ia( 1 /n + + + + + + Q \
!>r,ruNn e /<ra l.ipinnunnn - - + 4 + + + ♦ + �! ¡.5

i Qi, l uurl loas an ouluturn + ♦ + + + + + + ♦ !`e ra
+ + + + + + + + + 1200 S f

f..hauN9d.N1 ralununr 4 + ♦ + `�•` 70
` /irlCpnrt/ic I,'V,•14, + ♦ ♦ + ♦ + + + ♦ \\ res' 0Nrr,•r„lm,,:•u rl'nmrrus + + + + + r 4 + + •� /!5u¡•ulidi:nl, ILnidnm - - - _ _ _ - _ ♦ • K �• 65 80 _

S.k h.sr,Nn nruajo 4 4 - - + ♦ + + +
-1800 ��•� ¡ 200

• �)Y 60
Total 6 7 7 8 9 11 II II 15 A •\ / ., °

1 tn PH -SS

6.

oz
á 400 .'��•� • ro l00 rn►--.-_._p �. ,.y,• so

at all (tic sitos. 'ncc nuniher of trec spccics, which wats 3 at sito 1, increased lo 8 at site N �'• Y
4 localed at a distante of 4.5 km from ¡he powcr-plant . Similarly, the ntiniinum and .- -'r

4 0 w
maxintum number of shruh speeies wcrc al site 1 and 4 , respectivcly, with Zii'pI,ut
l;4rbt rinur, Z. arnunrnlurtia asid Z. jijuba spccics coltlnton ta :dl sises. Al the control cite 0 - 00- 9

0
six apccics (ir shrubs %verc recorded. Thc sito: tion with respect lo hcrhs (Tahle II):md

30 ?t)

1rasses (Table I11). %vas slightly differcnt froto that of tras asid shrubs. becauac oli o Oistance (krn)

' maxiutunt spccics of olio fiu nier wcrc round at dislanccs of 7 lo 9.5 knt and nos al l4g. t. r/nao N. at:alahle I>. excbangcahlc K. 1,11. and rE.mic nranct in a,ril
Jist:uiccs of 4.5 to 9.5 knt as was the case for thc speeies of ¡tic latler. Thc hcrbaceous
planos Couunon to ;dl (tic sises wcrc 'Igeranon sp., .l arurrauhu.r .rpiua.\ ur, (ir crirr rara, lhe aniounts ol' particulate matier dcposited ion olio Ir;,, surlace nl• /) nlrluu• \,%„r•t (:iper.uerunrndu.c. ,'upJinrllialrirlo,PulrFarrnnr lahrrurrandTcplora.rirrprrr¡ nrrta.Sintilurly, L.pura,'/foraanJ 7..uruNrnu/arlaals'aryingdist:utrrsfromthepl,,lhnionsnur,,e ., e enthcconimongrasscswereC irodandaehIaa,1)irlroruhiuutrutartlulurrr, Digilariasrrrrgrriuuli t, in Table Y.'fltc ducl deposits ou Icavcs ert lualh deercasrJ al inrrca.inc Ji\t:u 1eIroutF'ruxro crir u•uella and l/elernpn�un suurarurr the po\ver-plant ¡)lit bey'ontl 4.0 kttt dislance Ibis chango a:ts Ira arr:trcot. lhaLcaf injury syniptonts in (he fofa of chlorosis and necrosis were comnwnly presea¡ maxinwnt deposilion of flv-ash ayas about 24.81= ni = nf Z. rnurnurrlutia and 18.4 g m 'in foso of the plant'spccics growing ncar the powcr plant. Mtostly the trccs showcd of L. pur.i ' ' . 'Joded al a distante of 0.5 kni fruta thc pomver plano. Sintilarh, thcnecrosis but sometimos both chlorotic and necrotie arcas were observed en thcir Icavcs • leal weights tltcrcased at inercasing dislanccs froni ¡he ruwcr pl:mt. The Icaf=a.:oh plln case uf grasses, irregular. bifacial necrotic streaks betwecn largor vcins were dearly of Icavcs from di0erent sitos did nos sho\v atty appreciable dill`crencc. For Ir xl:t x1 r1111
visible. On olio basis of thcir foliar injury syntpioms and occurrenee ncar. far asid farthest lhe pl l values of D. nrclono.rrlou, L. paniflonr and Z. rtununulorin Icavcs were S.S. 5.6.froto olio powcr plant . the spccics were groured roto int,"-*t$;%•^ t.a^.n.r�tt a+ ,nlt ' S.7. ,aa I e1irci . iur ¡amos"" p y p growing at sue I. In oliese spccics. Ihe leal-cxtract pHscnsitive, respectivcly (Table LV). increased lo 6.6, 6.6. and 6.4 for the leaf-samplcs collcctcd at sise 8 (Table V).
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¡Al¡(,¡: IV O l 1 1 ,
Rcl etive scnsilivity orpi:nq spccics lo tllcrmal powcr-plan) cmissions

! e
Sensilive Intrrnlediatc Inil•Il%ili%C ó a » '3 e� 3 a n _ ° ? „ .. ; +
-_- ---- ( Ni V 1 1 fl .o á I I ° d y° 1 I_ ó d d �r O
4,j.l.• .n.,rm.4n., Arx ,•i...xr luiJrlin .•Irxrix rdrraJru
Arbola mmi,,, H,a•rbu , n'iu,fil/iun ICrrrnnnr sp. n

l Ai•.r,,l,r ,.Jn .•n,...nir Hnlh,i,sld, s, ¡a•rlutu Arnura da os rpinntuJ á » .ñ : - » +
ll.n.n: nia bwlenlnru Hulrx xl.vür ,rrn,d, (•,lt.iu l,vx

r H.,....•m., a,•nula Ca .n,s frv.Ju (ñu,Jraiu sp. $ - .

! Raals,r,.n.,r l rrr:nn ('1V1'„png,ns [alas., (J¡Mrxa n4nnJ,d +

J:rhin.vhhn, rnhvrun , burn•h..- ,gixn, nrt;)plinrunl (j n„Jns, Jxtnh,n ,� 11 v, » » o -
♦� fya . mni.r in.hanr /,,'..14Y/i1.111 Iri/I/NMIII Pirhunlhiurn uxnulalum

ccs .. 1 I ó ° O I =a ? ° .�. „ r I = ° _
7 (ianl.,,,r nsqulr, ¡ lvu,4Ml,,rl(IV, llipirlnuln /1,gaan.. s.ss. ulna/q + -
j ri.ru /u liliu . 9.,li., , f:fira, ,Jhr /1ur.pl'nrf rrlehn,axs*s,

Il• l rnh.v,., rtr gdru f'Irdudu ) ahn,.,iJrt lal5 SSnlir Irn,•Hu .� .+
/.u xlid g4nnht /•Tx,wrliar i .A. a /b¡rh.sM„ bula i O ? ? ae ^ A Z n » ó ao ,

) .1/u,Nxxu in,li.•u q,n,GwLxr Mnud, Ih•Lr.y+h..x..vn,rlus
t

°, '� .e 1 I � w -r I •r r t o _
(filian , l.vn,vnow 1 11IJ. Nr . rrr.xnu •ru Ja . li,xr .uu¡¡i s w

1 .VrrR,xdrer n,Mx •dn,lit .Il.,lgn,renr nqu.pi,hnurn I.a ,ran.vMrrl„ plrn/l,NU _ _
Puyndidiunr ¡hrdlxm f,-lih7nr sp. /'••he. vrunr ,J.J•nxn ? » + r°r ó v'. 2 .2

t /'hatavdxa s il. thuu .. a b:ie,rJnarnr Hunxm rrprnr y c h - r , r = ° ¡ ° 1 1
l'h:fluil,,n rurb/i. u 1'h.J%xghx ..,n,pfrr S.n.han. n, xunyx g v
.Crnrriu x/aran, !'lan�er¡wa nr.rrurra.rn lirhinw , ¡nn¡Wrrn u

s _
...yr.or.s .lakn .Yun/hnn.r /•xnlx •.4, ., ñ R •o ,w ñ 51 » :i ñ = = + , -
G,/.r w n6 , %r: r¡Jrna pqulvr Q, .e -r ° ° ° é d :¡ ° s _ .d r e = i _ 6 • , =

%i ydi,. t nxnnndxrin „ - + - ¡
.. ( =............

AS is apparent írom Tahle VI, t h cre acre inerca ses in tito avr:ragc and phat ( synthclic
ateas pcr leal* a l ud decrea ses in l il e percentage 411'injurcd Icaf arca in th e thrce specics
af trecx, as noe IIN)vtxl a11ay fronl the paiwcr plant . The ntaxitttullt leal arcas injured in
D. uu luu,'.t;t ¡,u. L. purl'illara asid Z. urnnlnuluriu al cite • 1, wcrc 43. 56, 39.45, and . =i
351.56,,_ respeetit•ely. hin pone nl' Ihe plants al sito 8 (9 .5 km dislanee). shotvcd any s
foliar injurv . In the case Uf 1.. ¡hira -ifl,rra asid 7. luennndurla no injurv teas noticcablc n '' g , V

r
'ara eq-r ó., . dT Y aso -, r,2a 3hes-nnd sito S. Al :t distanrc nl• 11 t t. n1 li 'om thc pollution source• Ihe average arca por -, » ó'0 e ? _ = ó ó

lou'csl.
- .. _

cIcaf tra$
ite chb)roph)il contcnts in leayes also inercased at increasing distanccs front Ihe 1

p.)tver plant in(¡ Chis applicd lo chloroplivlls a. b atad total (Tablc VI ). The minimum y w _
.y

.19
: nlounts of total ehlvropiiyll wcrc rccorded al sitc 1 ; ihc valucs bcing 2 .22 ing g dw „ a á ° á -a

'�r > °
E

for !1. nrrlunul;r/.u,, 3. 55 mg g ' da for L. purl'fllnra and 2 . 20 mg g » 1 dw for Z.
,ur» uuularia . Tilo respective valucs for the control sito Wcre 4.93. 6.25. and 4.84 mg g ' g �}{ - °° 3 i ^� sv c s v >o
d'•1•. i d É .vl E3 `�(!` i -11.°..�_"J(3 i ÉJ EJ.°ivY °`,
The P and N contcnts in Icaf samples of the three tree species consistently inercased . g

froln cite 1 through 8 (Figure 2 ). 1-lowevcr , fi r S and K a reverse trend was noted.
Incidentally, at any given site the S accumulation in Z. uwswsulario Icaves was round =
to bc the highest followed by L. parrsura and O. lnclulmrplat ; at site 1 . for example, O.

• thcsc valucs wcrc about 0 .33, 0.29, and 0 . 28%, respcctively.
The caloric valucs of Icaves, expressed as kcal g 1 leal. are givcn in Tablc V. On d s ti

al
i •
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11.6
bS jol

Y _ _.: __ _�.:_�o ao'j-• 1 2 3 4 5 6 7 o Ct.:
'' •� SITE

1 = i I F¡12. N, P, S anJ K nnucntx uf Din<Prronnul rnn)rLur. Lrr�nurrrnria pnnrA.•.u und %r: yhu..rrnnnru6r.ru
`i a _ . + Icavcs jt J.Ircrcm <i)cs.

ov. •s •r . r a °�„w oti = =
_ 6 = E E _ moving away frum thc powcr plan¡, thc cncrgy crnllcnts in plant Icaves gradually

T E c 3 s. J •E t ó ,�°° > e-i Im incrcascd. At any giren sito lhe maximum cncrgy was gcnerally found in U. inela ,r.l.rlu»
g a < o t`i v I- E < ó t`i e € (�j F, E ¡caves followcd by (hose in L. panTora and Z. »rr»rrrrrJaria. The caloric values of Icavcs
á from polluted sitos were always lower than those of the control sito.

F
á 4. D iscussion

d u &
fj 2 i é Coa¡ combustion produces SO2 as the major pollutant which alTects the vegetation and

<' C ni :7 soil in thc environs of thc power-plant. Thc fall-out of pollutant in (he arca is govcrned
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by south \vest prevailing winds which disperse the stack plome mainly in the norlheast cations and anions by time plants growing ihere (Reuss, 1976). The owerall ef1'eet of
direction where (he pollutant coneentration is higher iban in any other directiuu. lo spite acidity is nos only o1) thc mercase of 1'1 • ions in the systen+ bus aleo un other iuns presonl
of time undulating topography of the arca, the pollutant. (tII-out follows a linear gratlicnt , there. This assuniption ntay account fur (1w higher amo 1)l s nf K in plants atad soils-
perhaps because of (he stack height. The acidic naturc of SO2 causes a reduction in p11 collected from the highty pulluled sites. It is possiblc that K heing monovalent is relea.ed
ofrocksurfaces , soilsamplesandleaftissues .Thefall-outgradientisalnplydemonstrated froni ¡he soil particles undcr acidic conditions , Ieading to a higher proportion of
in tcrms ufincrcasing pl1 and dccrcasiog soil suipliate at distances away frota the pt)wcr cxc li nngcahlc K in soils of polluted sitos. Such a situalion may be a clangcrous une,
plan(, cspccially lo time northcast . Froni thcsc, it is evident that the pollutant hccause ¡tic relcased K ' u•ill tic casily Icached undcr condition (vf hcavv prccipitation,
coneentration near the source rciuains higher timan at distan( locatiuns . iltus causing a greal loss of suil fcrtility.

Near the power plan(, where there is a decrease in pl1 and un mercase in S and K The Icavcs of 1). aulu,urc)lun, L. pnrti/L)ru and Z. s ununularicr in time vicinity of the
content of suil asid leaf tissuc, there is severo damage tu vegetation but aw•ay from the power plan) cuntained reducetl amounts of chiorophyll. Under acidie conditions. lhe
power plan(, wwith incrcasing pl1 and dccrcasing S and K contcnts in suil and plan ( degradation ufcl iluruphyll is possihlc. Itaca and L.clllanc (1766) shoucd Ihat eshusure
inatcrials, lucre is a gradual itnprovenient in vegetaliolt with less :md les- Icaf injury. of the Liciten .líuuhuriafrr/la.Y to SO_ caused conversion of chloroph} II lo ph:u•I'ph)tin.
Thwrc is u significant relationship bchwccn plant response and chances in tito chemica l Syralt asid Wanstall (1969) noted thc dostructiun of chloroph}II hy SO,, actiog as
factors, such as pl 1 and SO4 ' : of soil :md plants due to ptdlutitm. This is in eonforntity sulphtlrous acid. In lhc preseut study time ;nounts of ehlorophy11 secan lo he carrelated
with time findings of Rao and 1 eltlanc (1967). w•ho correlated lime fall •out puliera of SO_ wwilh tlte levels ¡I' SO, cunccnlruliun in tlle :maca.
willt llte chentical indices of pl1 and 5111 ' of water ;ntd ¡oil in lucir studies with Ihe •I•he nutrient anal}set of Icavcs of O. nrrlunrlxrlnn, L. porwill `roo aud Z. nrnnuminriu
epipitytic vegetatiun around :ut iraca -siulorinc planl. give sume evidence that absorhed SO, Izas hcen nielaholized h). the plants tu sume
The varialions in thc nund+er uf (lee-.. shrubs and hcrbs :ti dilfcrent %¡¡%:S 111.1Y he cstent. r\ecunmlation of sulph: le in plants:tfter SO, cxposure has hcen noteJ by scseral

cxplained o1) l iso hasis of a cotobinatiun ,f factor% of pollutinn cunrrntraliun , nora+- workers (De Corntis, 1969: Gilberi, 1963: Guderian, 1977; Thnmas• 1951). As undcr
mcteorolugy and topography. 'fue :unbicnt and grotutd leve¡ crutcettlrtlions td' a favorable growing conditions air'p,ilhdants (cnd lo he laken cap nwsi readil) by ti`lia_c.
pollutant at :ut y cite play var} horiiout;lly a% well as verlicaliy duc lo changos in tite Ihe nptakc of ntetaholizablc pollulants such as SO, ans Nos i. relatcd 1 • plan(
adiabatic lapso rafe and si s d wchxil} dwinc da} asid nicht tinte. Ilt cause uf tIte n►uglt nteltholisut ralos ( Bcnnelt and Ilill. 1973). Sulphur dio.xide heing highl> soluhle i::
lerrain and beber di.pcrsal forros ¡ti time Obra area lime nmbient coneentration of tue etTcclively absorbed by tito plant foliage. Il lis known that SO: produces ntecthalizahlc
pollutant usually renlains higher lh.tn time ground-leve) coneentration . Sueh a situation suhstratcs within inesophyll ceils when cxposure levels are Iuww (1)aines, 1968; 1 lill ans
will cause grcater d:nuage lo I:oger plants and vicc-versa. ti is not surprising. lhorefore . Benneil . 1970;'I•hontas er al., 1950). Thc ewcess of S in Icavcs acctnuuhdes as sulphatc•
that time primary targets of pollutian in time Obra arca are time trees followed by shrubs which ntight he cxpccted to prosidc a ntcasurc of thc dcgree of Icáf contaminatiun and
asid herhs. ti is, thercf\`rc. ctem titat tito responses of pl:utis lo SO: can be niarkedly an indcx of thc degree of SO2 pollution.
influenced by tlw mi:rucmirunntontal recinus undcr which lhey grnww ( llrennan and Thc deercase of N in Icavcs from polluted arcas signities disttuhence in thc N
Leone. 11)(3: l)ugger and 'fing. 1'171); lleck cr cal., 1%5; 1ltrck, 1968). ntetaholisnt of plants. It is ktlown that SO; fumigation Iowcrs proteín cnnlcnt in pl;utts
Thc ch:ntges in time pb)sicu-chomical prupertics of %a¡¡ asid plants are mainly dise lo (Pahlich• 1973). Also. liso reduction uf P in leaves from pullu;cd arras indicates

time acidity producid b) SO;. Suli'ur diosidc fall-out and asid precipitation decrease inhibition of n►clabolic activilies.
vegetatiun growili directly alls.aing time lilant systcm. utainly via (¡le Icaf asid indirt ctly 11 may he inferred that higher accunnlation of S asid K reduction in phuloxynlhelic
by causing acidity and mineral imnhal:utees in tito sai1. LJudcr acidie conditions, time suil Ieafarea w•ith interveina l necrosis , asid rcductions in cliloroph}11. N and P cuntcnis are
nticroorganisnis asid decumpositiun process are atfectcd ('1•:uno, 1976). In ¡he prescnt some of the chances in ¡caves produced by SOr pollution. Fullowing thcse chanco:, tilo
study time inercased orcanic mauleo cimienl in time suite af pulluled sises may he altrihuted SO2 sensilivity leve¡ of plants can be aseertained. for exantple, il may he said now thal
tu soil acidity . Ccrtain orcanic-malteo deeompu.ing mier\x+rgaoisms , such as Plwmur Z. nuuunuluria is relativcly Iess scnsi tivc to SO= timan are L. puniflura and 13.
sp., Cludoxlurrilun clurlusparinid�s , 1•i4%cuiuul ocyq'ururn . Cjlindrocary +rra sp. and rl .ytcr• »relana .w}lun.

= gu lus,rijldens are rcportcd tu be cxtremely scnsitivc to acidic pl 1(Sltukla 1976 ). Further, Thc resulis of (bis study indicatc possible climination of plan( spccics, first tic (roes
time decreases in available P and total N at ihe pulluled sitos ntay causo inhibition of timen the shrubs and lastly the herbs, from the SO2 polluted arcas . Thc inerease in soil
microbial activity. Since these nutricnts aro nos hcine rclcascd from the organic ntattcr acidity in such arcaswillcausecation -anionimbalance ,andmicrobepopulationreduction
due to reduced dccotnposition rato Ibis may load to cation -anion intbalance in time long which will eventually make time soil infertile and unfit for plant grovth. Further, the
run. chances produccd in soil and vegetation due to thermal power plant emissions seco to

Besides, the acidity of time plan ( growth medium will aflect thc relative uptake of be a function of time pollutant gradient existing in time arca.

oy '

j %y,,-q"oqe W1107 11111.
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This article provides a concise review of published literature pertaining to sampling and
analytical methodologies, aerometric atudies, source identification techniques and modeling
activities for the elements arsenic, cadmium, nickel, lead, vanadium, zinc, cobalt, chromium,
copper, ¡ron, mercury, manganese, selenium and antimony, and their compounds , associated
with airborne particulate matter. Sampling techniques discussed include filtration and
inertial separation . Analytical methodologies such as atomic absorption and atomic emission
spectrometry, neutron activation analysis, and X-ray fluorescence spectrometry are summa-
rized . Data on atmospheric levels of 14 trace elements are presented in summary form from
numerous atudies in remote, rural and urban areas, and generajly indicate that concentra-
tiens measured at rural locatione are several orders of magnitude lower than those measured
for urban aneas. Source identification methodologies are discussed in terma of advantages
and disadvantages, and various applications are citad for the following categories: size
differentiation , enrichment factors , chemical masa balance, and multivariate modela. Pro-
vided that reliable trace element data are available for both the source and the receptor,
chemical masa balance and multivariate methods can account for up to•80 percent of al¡
sources contributing to the observed ambient air concentration. Wet and dry deposition
processes are reviewed and environmental measurement data are provided for each element
for remete , rural and urban locations . Both wet and dry deposition fluxes need to be
considered for trace elements when estimating the total annual amounts of various trace
elements depositad at a particular locale . Global cycles and trace element budgets are
introduced in the context of the types of modela currently in use. Limitations include
inadequate global scale surveys of heavy metal concentrations and the lack of knowledge of
sources and/or sinks.

Airborne part iculate matter is unique among air contami - masa type , atmospheric transport and transformation , verti-
nants because of its potential complexity both in tercos of cal exchange phenomena , in-cloud scavenging, washout dur-
chemical composition and physical properties. An adequete ing precipitation , and d ry deposition is desirable.
description of particles in-the atmosphere requires apecifica - In recent years, investigations of atmospheric aerosols
tion of their density, concentration , size distribution , chemi - have progressed from relatively simple determination of to-
cal composition , phase and morphology . In addition , a tal mass loading to partirle size classification and determi-
knowledge of how thesc parameters are influenced in the
atmosphere by processes such as diffusion , dispersion , air Copyright 1987-APCA
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nation of chemical composition . It has been found that sev- trainment from storage piles or exposed surfecea may algo
-eral toxic metals, m including arsenic (As), cadmium (Cd), arise. The resultant ambient air concentration ¡a a function
nickel (Ni), leed (Pb). vanadium (V), zinc (Zn), cobalt.(Co), of the meteorology prevalent in an airehed , which is often
chromium (Cr), mercury (Hg), manganese (Mn), selenium characterized in terma of the ventilation factor (en indicator
(Se), antimony (Sb), and their compounds, are associated of the mixing ¡ayer depth and wind apeeds in the lower
with the fine particulate matter size ranges in the ambient atmosphere), as well as a function of the quality of the
eir. This ¡a important not only from a health viewpoint lince incoming air meases.
fine partirles (aerodynamic diameter <2.5 µm) are respire - Description of dispersion and transportation processes
ble, but siso because fine partirles tend to peraist in the must Cake al¡ of theee factora into account. Dispersion mod-
atmosphere where they can undergo chemical reaction and eling attempts to explain mathematically the effects of the
be transported from their sources over long distantes to atmosphere on emitted pollutants, including advection,
pristine aneas of the environment. This paper considera only plume rise and wind ehear. Receptor modela develop a rela-
the metela usted aboye, with special attention being given lo tionship between measured pollutant concentrations in the
the firat aix. Duá the vast amount of literature available on ambient air and the physical and chemical characteristics of
all the aspecto o .trace metals dealt with here. the most different source emission types. In addition, several at-
salient pointa -have been extracted, and this information templa have been made to account for the chemical transfor-
generalized to provide en overview of each topic. This litera- mations and physical processes that can occur in ambient
ture review is derived from a comprehensive search and air, and to describe how the pollutants are removed from the
evaluation of worldwide scientific and technical information atmosphere. An understanding of the role and behaviour of
which had been •published up to and including 1983. Por toxic trace elements and their compounds associated with
those readers who may wish more recent information per- airborne particulate matter is important in formulating ef-
taining to 'this subject, selected additional referentes are fective control atrategies and avoiding or minimizing the risk
provided in the bibliography section. of adverse human health effects.
Natural aources of airborne partirles include terrestrial

dust, sea spray, biogenic emanations , volcanic emissions and Sampling and Analyslaemiesiona from fines. Chemical composition and size distri-
bution of the partirles are dependent on the actual source.
Numerous anthropogenic activities can be significant Sampling
sources of trace elements and their compounds. Some exam-
pies are power planta, emelters, incineratora , open hearth The amount of airborne particulate matter to be collected
furnaces and transportation. in a sampling protocol ¡a determined by three primary re-
Mejor anthropogenic trace element emissions generally quirements , Le., the detection limite and configuration (Le.,

are considered to be from ducted exhausta associated with single or multielement determination) of the subsequent
industrial or mobile sources. However, fugitive emissions analytical technique, the peed to obtain en accurate sample
from buildings or industrial sites, or from trefile resuspen- weight, and the need to separate the sample into compo-
sion , construction , agricultura¡ practices, and by wind en- nente of different size, density or composition. One of the

Table I. Adventegesand disadvantages of some common tilter substrates.

Fllter substrate Advantages Disadvantages

Paper (cellulose) Good mechanical strength and low flow re- Hygroecopic and may absorb water, thus
sistance, thus can be used for high volume cannot conveniently be used gravimetri-
sampling. Low trace element impuritiea; rally. Broad di bution of pone lizo andptñ
cheap and simple to use. density, thus ci lection efficiency for <0.3

pm particlel is poor. Cannot determine
carbonaceous materials . Possible artifact
formation. particularly for sulphate sed
nitrato.

Glass-fibre Good mechanical strength and low flow re- Hygroscopic, thus requires equilibration to
sistance , thus can be used for high volume constant RH for gravimetric use. Broad
sampling. lnert to sil extracting acida (ex- distribution of pore sine and density, thus
cept HF) and organic solventa. Cheap and collection efficiency for <0.3 gin partirles
simple to use. may be poor. High trace element impuri-

ties, bspecially for Fe, Me, Pb, and Zn.
Cannot determine siliceous materials. Ar-
tifact formation , particularly for sulphate
and nítrate.

Organic membrane Soluble in most organic solvente for case of Low mechanical strength and generally high
removal of partirles. Good for in -situ anal- flow resistance , thus generally only suit-
ysis using NAA or XRF (especially Tef- able for low volume sempling. Cannot de-
Ion). Generally not hygroscopic. Low trace termine carbonaceous materials . Coarse
element impuritiea . Specific pore sizes particles may not stick to surtace and may
eveilable. be loat during subsequent operations.

High cost.
Graphite Very low leve) of trace element impurities. Low mechenical atrength end high flow re-

Efficient particle collection characteris - sistence, thus can only be used for low
tics. Can be used directly es electrodes in volume sempling. Cannot determine car-
certain types of emission apectrometry . bonaceous material,. High cost.
Can be diseolved in perchloric acid.

Metal membrane Non-hygrnscopic. Can he used directly as High trece element impuritiea . High llow re-
(most commonly electrodes in spark -loarte masa apectros - sistance . High cual.
silver ) copy. Useful in sume types of compound

speeiation ( e.g., Hg compounds).
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• Table II. Typea of aernplers commonly usad to collect eirborne particulate matter in ambient air.

Nominal (low rato Number of size
Sampler type m3/min. fractiona Commeots

Standard hivol 1 . 1 to 1 .7 1 Most frequently usad with glase fíbre or cellulose
(40-60 cfm) filtera; particle collected range in diameter from

0.3 to 100 pm.
Hivol with size 1 . 1 to 1.7 1 Employed for estimation of inhalable part iculate

selective inlet 10 matter concentration in ambient air.
pm (PM-10) or 15
pm

Hivol with cescade Variable: Variable: Large impaction platea compared with other mul-
• impactor, head -0.5 to 1.7 typically 2 to tiple-etage impactora.

7 eteges
Dichotomous Variable: 2 Divides sample finto two size fractiona fine parti-
sampler (virtual e.g., 1.67 X 10-2 cíes: <2.5 pm diameter, coarae particles i=2.5
impector) pm diameter (upper limit depends opon sam-

pler inlet usad ; cut-point dependa opon sampler
design/operation.

Multiple-stage Variable: Variable: Particulate matter is classified as the air atream ¡a
impactor --1 X 10-3 to 1 to 7 or more accelerated through progressively amaller ori-

2 X 10-1 atagea faces.
Cyclone Variable: 1 Inertial -type separation; actual flow rata dependa

-1 X 10-3 to opon cyclone dimensiona.
1X10-2

Dustfall jar Not applícable 1 Size fraction not well defined ; method lacks preci-
(pasaive device) sion and accuracy ; primarily of historical inter.

est̂

most important physical parametere in determining both size is not a prime consideration , or low impurity leveis are
the behaviour of trace elements and the sample collection required. Teflon hilera, generally used on virtual impactor
efficiency is particle size . The particle collection characteris- dichotornous samplers, and more recently with hivol sam-
tics of most common sampling devices are determined by plers as well, have the advantages of inertness, very low
equivalent aerodynamic diameter (defined as the diameter impurity levels and convenience for direct analysis. Howev-
of a apherical particle of unit density whose aerodynamic er, carbonaceous materials in the total particulate loading
behaviour in an airstream is the lame as that of the particle cannot be reliably determined on these filters, preventing
under consideration). t establishment of a complete masa balance of the aerosol
Commonly used sampling techniques for particles can be from one measurement.

classified finto two main categories: filtration and inert ial In comparison to other air filter materials, glass (ibre
separation . Particle collection ¡a achieved by a combination filtera appear to contain the highest impurity levels of the
of five distinct processes: direct interception , inertial deposi - following trace metals : Cr (80 ng/cm2), Fe (4000 ng/cmz), Mn
tion , diffusional deposition , electrical attraction and gravi - (400 ng/cm2), Ni (<80 ng/cm2). Pb (800 ng/cm2), Sb (30 ng/
tational attraction . The combined effect of these five collec- cm2), V (30 ng/cm2) and Zn (160,000 ng/cm2). Relatively
tion processes resulta in a complex dependence of collection high levels of Cr, Fe and Ni can be found on silver membrane
efficiency on particle size in most common filter materials. filters (60, 300 and 100 ng/em2, respectively), while cellulose
Particie collection efficiency by filtration has been shown to filtera and polystyrene filtera can contain similar amounts of
be a complicated function of the face velocity of the air- Cu, Fe, Ni and Zn.6
atream , the nature and composition of the filter, the size of The choice of filter material dependa on the sampling
the particles and their composition , with actual collection situation and the analytical techniques used to determine
efficiencies varying considerably for different filter and par- the collected trace elemento . The main considerations
ticle types.2 ahould be trace element impurity levels within the substrate

Since significant masa functions of some trace elements material, collection efficiency and the Base of manipulation
(e.g., lead ) are associated with particles whose sizes tal¡ with- of the filter. Some advantages and disadvantages of a few
in the range of common faltar "windows" ( Le., a filter size common filter substrate are presented in Table I. An excel-
range through which particles are inefficiently collected), lent discussion by M. Lippmann of the characteristics of
the best quantitation can be achieved by the use of high flow different types of filter media and filter holders can be found
rates and filters with small pote sizes.3 Factors which ad- in the ACGIH book on air sampling instrumentas
versely affect (alter collection efficiency are particle re-en - Various types of particulate matter samplers exist and are
trainment and vapourization. For example, apecies such as discussed briefly. Samplera commonly used to collect sus-
Hg, SeO2, and As4O6 have sufficient vapour pressures at pended particulate matter in ambient air and their majar
ambient temperatures that it is possible for substantial loas attributes are summarized in Table II. The hivol consists of a
of these species to occur during filtration.' filter holder and an air pump drawing approximately 1.1 to

Severa¡ types of filter materials have been used for collect- 1.7 m3/min of air thro-atgh a fibrous matte filter. Particles are
ing particulate matter. These include glass fibre, paper, or- collected by impaction on the (filter surface, which ¡a weighed
ganic membranes, metal membranes arad graphite. Because before and after exposure lo determine the mass. Collection
of their versatility and relatively low cost, paper (cellulose) efficiency of the hivol is affected by wind speed and wind
and glass libre filters are most commonly used for high direction, and the inlet does not provide efficient collection
volume (hivol) and general purpose sampling. Specific dis- of particles larger than about 50 pm.9 Size selective inlets for
advantages of cellulose filters are that they cannot he used hivol samplers have been designed to provide a single size
for gravimetric mass determinations of the particulate mut- frnction with an upper limit of 10 or 15 pm for measurement
ter due to significant accumulation of rnuisture and collec- of "inhalable" particulate master. This methud prucides a
tion efficiency for fine particles is reportad. by Liu et al. to cust effective method of mcasuring size selective particles.
be poor. Organic membrane filters are used when sample 'l•he dichutomous sampler collects two size fractions of
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particles : lesa than 2.5 pm, and 2.5 lo 10 or 15 pm (depending by the aerodynamic effects of the jar, the angle of approach-
on the sampler inlet used). The particles do not impinge ing wind flow, the mounting brackets for the jar and the
upon a collection surface immediately after being acceler - effects of adjacent atructures.
ated through the inletair jet, but pasa through a void (virtual Most metals are associated with particles in the atmo-
surface ) and are collected by filtration downstream . The ephere ; however, there are notable exceptions lo this rule.
separation principie , involves acceleration of the particies Metal apecies present in ambient sir in the vapour phase
and airatream through a nozzle, with 90 percent of the sir- include elemental mercury and organomercu ry compounds,
atream being drawn off at right anglos. The amall partidas tetraethyl and Jetramethyl lead, arsenic and sélenium ox-
follow the right anglo sir atream, while the larger particles , ides, elemental selenium , arsine and arsenic alkyls , and ape-
because of their inertia, continue towards the collection noz- cíes auch as nickel carbonyls. Collection of metals in the
zle. The separated fractions are individually collected on vapour phase from the atmosphere is normally by absorp.
fibrous matte or Teflon membrane filtera. 10 This has become tion into solution, adsorption opto a solid , or condensation lo
the preferred tYhnique for size selective collection. a liquid or solid in a cold trap.
The cascadé tmpactor provides a method of collecting an

ambient particleNiaatiple which is divided finto subfractions Analyst$
of specific particle size range. The method involves accelera-
tion of the ambient air atream by drawing it through one or A mejor consideration in choosing an analytical method is
.more converging nozzles or slots. The jet of air is directed its detection limit for the element(s) in question . The masa
towards a collection surface , which may be coated with an of most trace elements present in atmospheric samples are
adhesive or grease to enhance collection . Large , high inertia generally small (< 1 lo 500 pg), thus limiting the choice of
particies are unable lo follow the air atream and thus impact analytical methodology.
against the cóllection surface. Smaller particles follow the Since ita inception , atomic absorption spectrometry
air atream and can either be directed to another impaction (AAS) has had extensive use and is currently the most widely
stage or collected on a, filter. Several ahortcomings of this employed technique for elemental analysis of airborne parti-
method include bounce-off, re-entrainment, wall. loases , cíes. A variety of techniques can be used to atomize and
cross-sensitivity, lack of discreteness , and the fact that im - introduce an element finto the analyzing region of the apec-
pactor use is highiy labour-intensive. trometer. Typically, á (lame ora heated graphite tube atom-
A cyclone sampler is a type of inertial separator that trapa izer is used. Flame techniques generally have detection lim-

particles larger than a specitied diameter that cannot follow its ranging from 0.1 lo 10.0 ng/ma depending on the element
the streamlines on the abruptly changing circular direction being measured, whereas graphite tube techniques are two
of the air atream , and allows particles smaller -than that lo three orders of magnitude more sensitive. Matrix effects
diameter to pass through lo the collection medium. 11 can inherently decrease precision with either technique, but

Dustfall jara generally collect suspended particles larger particularly for graphite tube atomizers. The major disad-
than 50 pm aerodynamic diameter, and are subsequently vantage of AAS is that each element must be determined
analyzed using procedures such as those prescribed by sequentially , and thus for a large number of elemente sample
ASTM Method D-1739-70.12 The method is neither very size can become critical.
precise nor accurate, as the collection pattern la complicated Several forma of atomic emission spectrometry have been

Tabla III. Analytical detection limita of various techniques• for trace elements associated with airborne particulate
matter.O tatste

Detection limita (ng/m3)
Flameó Graphitec Graphitel"

Element AA Tube AA ICPd XRF• INAAr IPAA' Spark AES DP-ASV'

As 20 0.5 40 0.75 4 0.2 / 10 -
Cd 0.2 0.02 2 13 - - 2 0.005
Co 0.8 0. 15 3 2 0.025 - 0.5 -
Cr 2 0.3 1 3 0.25 4.5 0.1 -
Cu 1 0.25 1 2' 5 - 0.05 0.02
Fe 10 1 .0 5 3 0.02 - 0.3 -
Hg 0.1i - 200 7 0.1 - 1 -
Mn 1 0. 1 1 2 0.6 - 0.03 -
Ni 4 1 .5 6 1 20 0.05 0.1 -
Pb 2 0.2 8 5 - 12 - 0.025
Sb - - 200 17 1 0.3 1, -
Se - - 30 0.75 0.1 - - -
V 10 2.5 6 2.5 2 - 0.1 -
Zn 0.2 0.004 2 1 1 3 1 0.02

• AA - atomic absorption spectromet ry; ICP - inductively coupled plasma emission spectrometry ; XRF - X-ray
fluorescence spectrometry ; INAA = instrumental neutron activation enalyses ; IPAA a instrumental proton activation
analysis; AF.S - atomic emission spectromet ry; DP-ASV - differential polarographyanodic stripping voltammetry.
b 2000 m3 of sir sampled-low temperature ashed, followed by acidic extraction.
° Adapted from absolute ( ng) detection limita by asauming 2000 m' sample volume and sample uptake to 10 mL of solution.
with 20µL of solution applied lo the graphite tube.
d Adapted from solution detection limita by assuming 10 m3 sample volume and sample uptake lo 10 mL. Optimum values.
not neceesarily representative of sir particulate analyses.
• Adapted from absoluto (ng) detection limita by assuming 72 m' of sir sampled through 8.0 cmt arca of Tetion filler.
t 80 m3 of sir poseed through polystyrene filters ; neutron flux of 1012 lo 101 -1 n•sec'' .cm-z; 30 cm' Ce(Li) detector.
R 1000 m' of sir poseed through polystyrene filters ; bombardment with 50 pA nf 35 lo 40 AfeV electrons ; 50 cm' Ge(Li)
detector.
"Adapted frota :thaolnte ( ng) detection limita bS asauming a 111 m' <ample �•olutne . t)plitnnm v;Juc., not necewaril>
representative of air particulate analyses.
' Adapted from absoluto ( ng ) detection limits 1w,Isauming a 111 un''s:unple volmnr.
1 Cold vapour Ilatneless AA.
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j 1 -
used for the analysis of trace elementa in airborne particu- that tontaina information on chemical composition from
late matter. These include are-apark emission , plasma emis- various source tests also has been consolidated by the U.S.
sion , atomic fluorescente apectrometry and (lame photome - Environmental Protection Agency.26
try.

Activation analysis encompasses techniques such as in - Natural Sources
atrumental thermal neutron activation analysis (INAA)
which can provide simultaneous determination for up lo 35 The toxic trace metals of concern in this review are
elements in suspended particulates with high precision , sen- present in various proportions in airborne dust, with cherni-
sitivity and accuracy. Particles can be enalyzed directly on a cal composition and size distribution reflecting the different
filter; however, severa! weeks are often required for analysis. types of sources . Generally, the major trace elemento in
X-rayspectrometry includea a number of analytical tech - crustal dust (in their order of abundante ) are: iron, manga-

niques, some of which are inereasingly used to analyze parti- nese , zinc, lead , vanadium, chromium , nickel , copper, cobalt,
cíes. Of these, energy dispersive z-ray fl uorescente apec- mercury and cadmium, varying in amount from approxi-
trometry (XRF) ¡a most widely used . XRF la a multielement, mately 0.2 pg/g for cadmium, for example , to 550 pg/g for
nondestructive technique which can simultaneously deter- manganese.6 However, these abundantes vary greatly
mine up to 30 elemento on the filter medium. It is often uséd throughout the world , refl ecting different types of crustal
to analyze dichotomous sampler filters . The technique in- materials. Oceanic aerosol contains trace amounts only of
volves the excitation of tightly bound electrons in the atoros ¡ron, manganese , leed, vanadium and zinc [amounts ranging
by en x-ray generator and observations of the x-ray emis- from 0 .009 (vanadium) to 5,ug/g (iron)] 6 The other relevant
sions accompanying de-excitation . 13 Other analysis tech- constituents are all present in ultratrace amounts. For exam.
niques include apark source masa apectrometry,1 4.16 and pie , the mean cadmium concentration in otean water is re-
electrochemical methoda such as anodic stripping voltam - ported to be 6 pg/g.u Other natural sources inciude forest
metry.16 Pires , in which cadmium has been measued at leveis of ap-
A comparison of the analytical detection limita for select- proximately 0.32 pg/g.2S Sorne studies have been carried out

ed trace elemento by various instrumental techniques is pre- on biological emanations of toxic trace elements, including
sented in Table III. This table has been compiled from sever- the measurement of releases of zinc from leaves27 and mer-
a¡ sources6.1 0,13.1" and presenta, within the limitations of the cury from peas26 volatile exudates of vanadium , chromium,
available data, the detection limita expected during the anal- manganese, ¡ron, cobalt, nickel, copper, zinc, arsenic, leed,
ysis of real samples. Sample preparation is normally by wet cadmium, and antimony from coniferous trees 29 and the
ashing ora combination of low temperature dry ashing and detection of gaseous alkyl arsenic compounds in greenhouse
acidic digestion. Por glass fiber filter aamples and samples atmospheres andas emanations from soils treated with inor-
containing siliceous material , an hydrofl uoric acid digestion ganic arsenic.30 Some of the major elemento emitted in the
step may be required. Final sample volume has been es- ash for volcanoes include ¡ron, manganese , vanadium, zinc,
sumed to be 10 mL. The analysis techniques ofXRF, INAA, cobalt, arsenic and antimony, in decreasing order of concen-
IPAA and graphite apark AES can normally determine ele- tration.31 Cadmium has been estimated lo be 20 ug/g in
mental concentrations directly on the filter surface, provid- volcanic emissions.25
ed theta suitable filter material is chosen (normally Teflon,
polystyrene or cellulose; glass libre is not suitable for surface Anihropoyenlc sources
analysis techniques). From Table III, the two forma of AAS
provide good detection limita for most of the elemento usted. The principal trace elemento often found in most types of
However, only one element can be analyzed at a time. Mul- coal-fired power plant ash are , in decreasing order of concen-
tielement analysis techniques, such as XRF, ICP and INAA, tration , ¡ron, zinc, leed, vanadium, manganese, chromium,
require much larger investmenta in equipment and person - copper, nickel, arsenic, cobalt, cadmium, antimony and mer-
nel. cury.ls zt,s2 Many of these elemento are reported to be en-

riched in the finest particles for which particulate control
Atmospherlc Levets and Specles devices are least effective.19 Por example, analysis of both

retained and emitted fly ash from a coal-fired generating
Determinations of trace elemento in the atmosphere have, station equipped with a cyclonic precipitation system indi-

for the most part, been concerned with regions of high popu- cated pronounced enrichment of the species: zinc , arsenic,
ii lation density and with emissions from specific sources . lead, chromium , nickel , antimony and cadmium . Limited

However, a considerable amount of attention also has been enrichment was found for ¡ron, manganese and vanadium
recently focusedon determining trace elemento in rural and and essentially no enrlchment for ,copper, tin and cobalt. It
remote areas in order lo estimate the regional and global was hypothesized by these and other investigators that cer-
effects of man's activities. tain elemento ( i.e., with boiling pointa below the tempera-

ture of coa ! combustion ) are volatilized and may either
Sources adsorb or condense ente entrained particles with greatest

masa per unit weight for the smallest particles . 19.33 Oil-fired
In order to interpret the significante of atmospheric levels thermal generating atation fly ash has been found to contain

of toxic trace elemento, it is necessary to acquire some vanadium, ¡ron, zinc , leed, copper, arsenic, cobalt , chromi-
knowledge of their sources . Natural sources of aerosols con- um , manganese and antimony.32 Incineration of municipal
taining trace elements include terrestrial dust, sea spray, waste is another potential source of the trace elements zinc,
volcanic emissions , forest tires and biogenic emissions. An- ¡ron, mercury and leed with smaller smounts of tin, arsenic,
thropogenicsources of particles with relatively high loadings cadmium , cobalt, copper, manganese, nickel and antimony,
of toxic trace elemento and their compounds are power dependent on the feed type. 4 Open-hea rth furnaces in
planta (e.g., coa! and oil fired electricity generating stations ), otee! milla contribute principally ¡ron and some zinc, with
primary and secondary non-ferrous metal smelters , inciner - lesser amounts of chromium , copper, manganese , nickel and
atoro, other metallurgical operations (e.g., ¡ron and steel leed. Emission data. measured in the plume of a major nickel
milis, ferroalloy and foundry furnaces), cement planto and smelter , indicate the predominantly emitted elemento iron,
transportation sources ( e.g., vehicle exhaust , reintrained copper and nickel were mainly associated with darse parti-
road dust).'lhe chemical composition of emissions asaoiat - ele sizes while leed, zinc and cadmium , found in lesser
ed with most of these sources has been discussed in earlier amounts , were primarily assuciated with the fine particle
reporta and reviews .1 '-25 A fine particle emission data base mass.-4 Emissions of vehicles hurning regular gasoline con-
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rt' :; Tabla N:• :Propertiea of soma common oxides essociated with ambient aeroeols.4A7

Melting Boiling VaPour Preasure
point• point' Denaity (mm HK)

Oxidé
-••

•C •C g/cm' 500 K 1000

As=OO 313 457 3.74 1.9 X 10-9 n/a
As206 (d.315) - 4.32 6 .3 X 10-1 n/a
CdO.. , • - 1559 8. 15 3.3 X 10-,7 9.0 X 10-4
Co0 1805 >2000 6.45 n/a n/a
Cr2O3 2265 4000 5.21 n/a n/a
Cu20 1230 1800 6 .0 n/a n/a
CuO 1326 - 6.4 n/a 1.53 x 10'4
Hg0 (d .500) - 11 . 1 n/a n/a
Mp0 1780 2600 5.18 n/a n/a
NRA , _. 1984 >2000 7.45 1 .3 X 10-12 6.46 x 10-t6
PbO 886 1472 9.53 1.58 x 10-35 4.5 X 10-2
Pb02 • (d.290) - 9.38 n/a n/a
Sb2O3 655 1550 5.67 n/a n/a
seo - 180 - n/a n/a
SeO2' 340 (d .322) 3 .95 1.7 X 10-7 n/a
SeO3 118 (d.180 ) - 6.35 (400 K) n/a
V206 670 1750 3.56 n/a n/a
Zn0 - (d.1975) 5.6 n/a n/a

d. - decomposition.

tain lead with amaller amounts of zinc and iron.35 As noted (soil) sources and can subsequently become re-entrained in
previously , smaller partirles derivad from high temperature the atmosphere , have been qualitatively examined by vari-
combustion processes tend to be enriched with toxic trace ous extraction procedures.4 In these samples. leed and zinc
elements such as arsenic, cadmium , chromium, lead, vanadi - were found to be strongly associated with carbonate and
um and zinc.6 Accordingly, several investigators have notad ¡ron-manganese oxide phases , with small amounts being as-
implications with respect to health ( i.e., greater pulmonary sociated with an organic phase. Approximately one-hall of
system penetration). • the cadmium was associated with carbonate and iron-man-

ganase oxide phases, while copper was found to be mainly
Chemical Forma associated with the organic phase and, to a lesser extent, the

carbonate phase. These associations influence the relative
Little information is available, at present, about the mobility and bio-availability of trace metals in the environ-

chemical forma and physical/chemical transformations of ment. In the roed dust example citad , the degree of bio-
toxic trace elements in the atmosphere. The analytical tech- availability was thus suggested to be cadmium > lead zinc
niques normally usad only provide information on total met- > copper.
al content rather than specifie compounds or chemical spe- Oxidation of those species present as aerosol resulta from
cies . In the absence of this type ofinformation, it is generally interaction with various atmospherec oxidants, such es mo-
assumed that many of the elements of anthropogenic origin lecular oxygen, ozone or hydrogen peroxide. Some common
(especially from combustión sources ) are present in the at- oxides associated with ambient aerosols are listad in Table
mosphere as oxides. Particulate matter in incinerator emis- IV along with some relevant physical properties for the pure
aions may conceivably contain trace elementa in the forro of state.46•47 The presente of any one or several of these oxides
chlorides. Elements associated with windblown crustal dust has been measured in etíssions of cement plants,st blast
or mechanical crushing activitiea (i-e., mainly large partirles ) furnace and sintering operations38 secondary ¡ron found-
presumably occur as sulphides, silicates , carbonates and riel u non -ferrous smelting of arsenic -bearing ores ,1 9 zinc
other mineralized species. Neverthelesa, of further impor- and lead amelters50 and many other sources.22
tance, some metals have been found to be strongly correlated Sulphation , and possibly nitration , of metallic oxides can
with sulphate in samples of airborne particulate matter. be aurmised to be en important transformation as partirles

Heterogeneous oxidation of sulphur dioxide in sir can be age. A statistical assessment of multielemental measure-
catalyzed by apecies such as iron , mangenesesó and cad - menta in a atudy in the rural and urban atmospheres of
miura39 while vanadium is suspected to catalyze the forma - Arizona showed strong correlations of lead, copper, cadmi-
tion of sulphuric acid during oil combustion.40 Furthermore , um and zinc . with sulphates in the rural atmosphere, and
oxides of ¡ron, manganese and lead are reported to adsorb moderate correlation of lead and copper, with sulphates and
S02.11 Interactions of S02 and particulate matter Nave been nitrates in the urban atmosphere.6 1 This correlation may be
discussed by Urone and Schroeder. 12 dueto similarities in particle size distribution (Le., transport

It has been suggested that the elements arsenic, cadmium , and residente time phenomena ), identical sources or chemi-
manganese , nickel , leed, antimony, selenium, vanadium and cal associations between these metals and sulphate.
zinc volatilize at high temperatures during fossil fuel com-
bustion and condense uniformly on surfaces of entrained Atmóapherlc Concentratione
flyash partirles as the temperature falis beyond the combus-
tion zone.43 .Because of this , anthropogenic sources of trace Measurements of trace elements associated with particu-
element emissions can be more important, from a toxicity late matter in the atmosphere have been reported over the
viewpoint, than natural sources where trace elements are last 10 to 15 years for a large number of locations throughout
usually bound within the matrix of natural aerosols. Signifi- the world. Table V summarizes data for the elements As, Cd,
cant coagulation and interaction can often occur between Ni , Pb, V, Zn , Co, Cr, Cu, Fe, Hg, Mn , Se, and Sb in terms of
ambientparticles (ofboth natural andenthropogenicorigin ) ranges of concentrations measured at remote, rural and ur-
and emitted apecies , as evidenced hy arsenic , copper and ban locations.s"' ir,
z.nc being found coated on elay or mineral agglomerates 44 It is difticult to draw mneralized conclusi o ns fr<,m i be

Certain trace metal compounds aasociated with road dust, data. especially when resulte are presentad in the furia of
%hich can accumulate from anthropogenic as well as crustal ranges , and not as mean values . Nevertheless , the following
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1272 JAPCA



for large acate quantitative assessments . Hence, emphasis
L

RECEPTOR K30ELS generally has been directed Loward chemical methods with
the use of multielemental analytical techniques. Chemical
methods have been described in detail in several mejor re-
views24 •1 9•t 99 and have been summarized below . Table VI,
summarizes the data input and output formets, advantages
and disadvantages , and specific references lo field studies.

SIIE DIFFERENTIATION CHEMICAL METHOOS
Slze Oltterenuatlon

The mejor parameter governing the atmospheric behav-
¡our and ecological significance of natural and anthropogen-
ic emissions of environmentally important metals is particleENRICHMENT TIME SERIES SPATIAL SERIES size . It ¡s now generally accepted that elemento associated

FACTORS ANALYSIS ANALYSIS with particles leas than 1 pm tend to result from combustion
arad other high temperature sources, while large particles
(greater than 10 pm ) are likely to arise froto wind action on

CHfMIUI AOVANCED soils, deposited dusts and fugitive emissions from dust-pro-
MASS IULTIVARIATE ducing operations298 However, varying processes and emis-

BALANCE DATA ANALYSIS sions within each industrial sector and over time and space
METHOOS may confound che process of deriving a characteristic finger-

print of individual sources for each location. This method
Figure 1. Receptor nade) types . 24 has been . applied in many surveys, with variable suc-

cess.'00'109•I12.122,2q►r01.2ss-273 Generally, however, chemical
methods are used in place of size differentiation methods in

trends are apparent. Individual trace element concentra- most surveys.
tions vary widely with location , ranging from lesa than one
nanogram per cubic metre in remote arcas to tens of micro- Enrichment Faclors
grams per cubic metre in polluted urban arcas . The remote
arcas recorded measurable concentrations of some of the The enrichment factor concept compares the elemental
elemento associ'ated with crustal origin, as well as some ele- composition of che ambient aerosol of interest relative to en
menta indicative of anthropogenic sources. The latter com- element characteristic of a background (natural) aerosol;
ponent supports the hypothesis of long range atmospheric Ci/Cn (ambient)transport loto these remota arcas. Data obta ¡ned for rural EF = Ci/Cn (background)arcas, although having considerable variation, generally
show values that fall between [hose measured at urban and where Ci = element whose enrichment is to be determined,
remote sites. The urban data are subdivided to reflect con- and Cn = normalizing element assumed to be uniquely
centrations in different parts of che world. However, the characteristic of the background.
ranges for each element in most cases do not vary greatly Elemento with en enrichment factor greater than 1.0 are
among the four general locations discussed (i.e. Canada , assumed to be due to anthropogenic sources in the local or
U.S.A., Europe and other). regional airshed of interest. Crustal elements are generally
Elemento such as ¡ron , lead and copper are measured in used as reference compounds for land based studies, Le.

the greatest abundance on particulate matter, at all loca - silicon , ¡ron, aluminum, acandium and titanium . For studies
tions, whereas elemento such as cobalt , mercury and antimo - involving exchange across the ocean-air interface , sodium is
ny are found in the smallest quantities. Mercury, for exam- the referente element of choice.
pie, is present in ambient air predominantly in the vapour Most useful applications of this concept have been in
phase and only about 5 percent has generally been found interpreting small data seta by distinguishing mejor types of
associated with particulate matter when collected with a particles and potential sources . Enrichment factors derived
hivol sampler. The quantities found in association with par- in remota arcas are often used lo provide evidente concern-
ticles are a direct funetion of vapour pressure and source ing the nature and extent of long range transport of anthro-
strengths of [hese elemento, be they of anthropogenic or pogenic emissions}'•'•"
natural origin. Essentially , al¡ the trace metals are enriched .
in urban aerosols , when compared lo crustal dusts. Chemlcal Mass Balance
Atmospheric concentrations and related aspects of trace

metals have been summarized and discussed in considerable The chemical mass balance (CMB) method uses typical
detail in several recent publications (see Bibliography) and, emission characteristics of selected source categories, and
consequently, will not be discussed further here. elemental compositions of aerosols at a sampling site to

statistically back -calculate the fractions of the overall aero-
Identlflcatlon sol contributed by all mejor source categories .z4."2. 22 -5 Atino.Source

spheric modifications such as condensation , volatilization,
Sourceoriented dispersion models have been traditionally chemical reactions , deposition or meteorology are not ac-

used to estimate or predict the impact of a particular source counted for in che sampler forma of this approach ; it ¡s as-
at a receptor site . Alternatively , receptor oriented modeis sumed that the masa of each chemical component is con-
have evolved more recently as a means to identify relative served . Requirements of this method are a detailed knowl-
source contributions at a given site. Severa] approaches are edge of the elemental composition of both source and
summarized here. Partirle masa contributions are appor- receptor samples and chal source categories he reasonably
tioned to various source types using measured particle com - distinct . This technique ¡a not readily amenable tu predic-
position data, meteorological data and knowledge of source tive modeling capahility. Motor vehicle factors are included
eharacteristics . Figure 1 prm•ides a schematic illutrat.ion of as a source in must studie. ; other studies have included
che relalion of various types <)¡'receptor components such as marine , steel . antl remen [.'' "� ='
�nethods to distinguish source contributions , by examining ' I'bis method is currently the most wideb- used of rrll che
lmbient air samples , are out considered to be a practica) toul receptor modela.
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Table V. Concentration tanges of various elementa associated with particulate matter in the atmosphere (ngfxn3).
Location As Cd Ni Pb V Zn Co Cr Cu Fe Hg Mn Se Sb

Ren,ote 0.007-1.9 0.003-LI 0.01-60 0.007-64 0.001-14 0.03-460 0.001-0.9 0.005-11.2 0.029-12 0.62-4160 0.005-1.3 0.01-16,7 0.0056-0.19 0.0008-4.19Rura' 1.0-28 0.4-1000 0.6-78 2-1700 2.7-97 11-403 0.08-10.1 1.1-44 3-280 55-14530 0.05-160 3.7-99 0.01-3.0 0.6-7Iirbati
Canada 7.1-626 2-103 4-371 353-3416 10-130 55-1390 1-7.9 4-26 17-500 700-5400 <5 20-270 fha 13-125U.S.A. 2-2320 0.2-7000 1-328 30-96270 0.4-1460 15-8328 0.2-83 2.2-124 3.4140 130-13800 0.58-458 4-488 0.2-30 0.5-171Europe 5-330 0.4-260 0.3-1400 10-9000 11-73 160-8340 0.4-18.3 3.7-227 13-2760 294-13000 0.1-5 23-850 0.01-127 2-470Other 20-85 0.6-177 2.3-158 1.3-11020 1.7-180 110-2700 0.3-10 tr-277 2.0-6810 21-32820 1.2-1.8 1.7-590 n/a 7-36

References 52-54, 0,25-51 51-53, 10,51-57, 5145, 10,51-ss, 51,63-54, 10,51-57, 10-51, 10.5147, 52,54, lb,51-57, 10,52-54, 52-54,57-58 57,62,70, 56-57, 59-62,64, 57-59, 57,59- 57,59,62. 59,61- 6347, 59-68,70, 5748, 59-62, 62,64,10, 57,62-6043,76, 75-76,78 5941, 67-75,77, 60,62- 62,65- 64,67,70, 65,67, 59-62, 72,75-76, 67,76, 64-65, 76,82, 65,67,82,84-85, 80-81,83- 75,78, 78,80-88, 64,70, 68,70, 68,70. 75-76, 66.68, 78,81-85, 84-87, 70,75, 83-85, 70,76,82,89,94,96-. 85,88,90- 81-82, 90-95,97- 75-76, 75-76, 81-82, 79,81, 70,76, 89,92-93, 89,91, 76,78, 89,102, 84-85,97,99,100 93,97-98, 84,85, 101,103-106 78-79, 78,81- 84-85, 82-84, 78,81, 96,99, 96,99, 81-85, 107,119- 88,89,113-114, 101,106,109 88,92, 108-112, 82-85, 86,89,: 89-90, 85,89, 82,84, 101-102, 107,113, 89-90, 121,125, 96-97,116,123, 110,115, 93-98, 115-124, 92-93, 90,93, 96,99, 92-93, 85,90, 104,107- 117,128, 92-93, 127,133-. 99,102,133-136, 117,119- 99,101, 130-134, 98-99, 96-97, 102,107, 99,107, 93,96, 109,111- 129,144, 99,101- 136,144, 107,113,144,146-. 121,123. 106,108, 136-148, 101,102, 99,101, 113,116, 111,113, 98-99, 114-116, 146,161, 102,104. 149-150, 114,119,147,150, 128-131, 111,113, 150-152, 107,112, 102,104, 119-121, 115.117, 101,104, 117,119, 163,180, 106,109, 158,162, 121,125.153.157. 133-135, 115,117, 154-155, 113,115, 107-114, 123,125, 119-120, 106,108, 120,122. 381. 111-114, 174,180. 127-129,159,179- 137,139, 119-120, 157,159, 116, 116-117, 127-129, 125,127- 109,111, 125,131, 117,119, 133-135,181,197. 144-145, 122-123, 160,164, 118-120, 119-123, 133-135, 131,133- 113,115, 133-136, 120,122, 139,144,147-148, 130-131, 170-172, 122-123, 125.127, 144-147, 135,137- 117,121, 139,143- 123,125, 147.149,150,155, 133-135, 175-176, 125,130- 130-131, 149-150, 139,143- 123,126, 147,149, 127-129, 150-156,157,159- 137-139, 178-180, 134,137, 133-134, 156-15?, 147,150, 130-134, 150,152, 130-131, 157,161,161,163-, 145-147 183-194, 143-147, 136,138, 161,163, 152,165, 136,139, 154-157, 133-134, 163,174,169,171, 158,157, 196-197. 149-150, 139,142, 174,179- 157,161, 143-148, 159-161, 136-137, 179-181.171-176, 159.171, 154-157, 144-150, 181. 163,171, 150,152, 163-164, 139,143-177,178-. 173,179, .159,171, 152,155-. 173-174, 155-157, 171,174, 150,152,182,185, 180,183, 173-179, 157,159, 179-180, 159,162, 179-181, 155-157,189-190, 185,187, 181,183, 160,164, 187,189. 171,173, 183,185. 159,161,196-197. 189,191. 185,187, 171, 196. 179-181, 187,189-. 153,171,191. 174-175, 183.187, 191,196, 173,174,179-181, 189-190, 197. 179-181,183-184, 196-197. 183-185,- 187,189- 189,191,191,196, 197.197.
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Table VI. A comparative summary of receptor models using chemical methods.

Method Method description Input Output Advantages Disadvantages Referentes

Enricliment Ratio of en element in ambi- Concentrations of ambient and Ratio, which if > 1.0, indi- Useful for interpreting Not applicable te complex 51,54,55,66,90,99,
factor ent aerosol te the element background levels of an ele- catea anthropogenic ori- amell data sets, espe - multiple source mixtures . 127,136,150,163,

o in background aerosol ¡a ment. gin. cially in remoce re- 197,200-223
determined . gions (evidence of

long range trans-
port).

Chemical iness Source emission data is "be- Source emission chemistry and Contributing factors te Investigators claim It is necessary te have a 110,111,114,118,134,

c
balance lanced" with concentre - analysis of TSP measured ata trace elemento composi- CM13 "accounts" for knowledge of source emir- 202,214,224-232

tions ata sampling site . receptor for trace elements and tion at receptor are u80%of the ob- sions (elemental composi-
source categories. identified , i.e., marine, served concentra - tion). Meteorological condi-

•auto, fuel, street, soil, tiene . tions , source emissions and
incineration , etc. ambient concentrations

cannot be varied in time
and apace , although subsets
of data representing specit-
ic conditiona can be select-
ed.

Multivitriate Source contribution deter - Trace elements measured en a Contributing factors te Variability of ambient The modeis consider varia - 51,77,92-103,125,130.
meth, ds minad en the basis of the large number of filters and trace element composi- concentrationa, tion in the data set rather 171,215 ,233-252

variability of elements knowledge of source character- tion at receptora are source emissions and than absoluta concentra.
measured en a number of isties. identified. meteoroloy can be tions and are not effective
filters . incorporated . The en data seta where little

method usually ac- variation exista. Prior
counts for X80% of knowledge of the number of
the elemento. Unex- sources and chemical fea-
pected sources may tures required.
be identified.

Time series Method based en the assump- Chemical analysis of a continu- Statistical residuala , alter Qualitative. Usad lo Method cannot determine 90,105,194,253-255
correlation tion that a comparison of ous record of TSP, which is correlation matrices of conrrm source ¡den - specific source identities.

the relationships between then analyzed into discrete the elements . tices suggested by
sites and periods of time time period averages. other models, and
accounta for the environ - may assist in pin-
mental conditions affecting pointing new
them . Parametric time se - sources.
ries analysis assumed te re-
move the variability of me-
teorology , etc. Residuals
used tu describe element
source associations.

Spat ¡al ami Measured concentrations at Chemical analyses of TSP data Statistical correlations, Qualitative . Used te Method cannot determine 91,129,222,256-267
metenndugi• different receptor sites are collected at varinus sites. As isopleth mapa (visual). eonfrm source ¡den- specific source identities.
cal patt crns comparad and presented as well , can include meteorologi • tities as part of hy-

spatial isopleths, spatial cal data for the time of sam - brid models.
correlation , pollurion wind pling.
roses.
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Muttlvarlate Modets detall in a number of atudiea ranging from relatively simple
to complex theoretical approaches . Particle aize ¡a one im-In general , multivariate statistical rnodeis can be divided portant parameter in determining the deposition or rernovalinto two methods , Le. factor analysis and pattern recognition mechanism , i.e., gravitational aettling , atmospheric eddymethods . Both approaches attempt to extract information diffusion and molecular motion in the air near the surface. Instatistically from a larga number of samples about source the case of dry deposition, particles greater than 5 pm incontributions on the basis of the variability ofsuch factors as diameter will be depositad primarily by gravitational set-elementconcentrationa, source emissions and meteorology. tling. Inertial impaction -interception is the primary deposi-In one forra of pattem recognition , the data set is charac- tion process responsable for particles with diameters of 0.3 toterized based on previously established patterns . Cluster 5 µm. Partirles with diameters lesa than 0.3µm are primarilyanalysis, another forra of pattern recognition , requires no depositad as a result of Brownian diffusion. These threepreconceived patterns. Discreta elements are grouped based general "regimes" are each governed by a resistance term,

on the degree dg similarity between elements. The measure which defines the extent to which the combined effect of the
of sirnilarity between epecies is based on the correlation parameters within that regime limit the deposition rete.
coeffcient; clustIring la usually performed hierarchically
and displayed as a dendrogram or as a non-linear map.nl A
drawback is that this technique does not allow quantifica - Table VII. Wet deposition ve. dry deposition of tome common
tion of the impact of a apecific source of emissions. The trace elements.4
technique has no predictive abilities and cannot be used to

• document changes in emissions over time.= Percent dry de ilion
Factor analysis methods exprese each variable (concentra- Element Marme Rural r n

tion off the ith element on the kth filter) as a linear combina- As 20
tion of factors. Hypothetical variables are selected so as to Cd 40 40 60
reproduce the measured variable correlations as closely as Cu 5o a •
possible with the fewest possible (actora . The coefficienta of Mn 50 50 so
these factors are determinad , starting with the correlation Ni 60 50 50
matrix of observed chemical componente . Source identifica - Vb 60 30

20 }
40tion la possible by comparing the elements having a high

loading on a factor with the elements associated with known Zn 70 40 so
sources. Precise knowledge about the chemical characteris - • Not available.
tics of possible sources is required , and often provee to be a

- mejor ,drawback. As well , factor analysis cannot quantita-
tively determine the contribution of specific source types Some variables influencing dry deposition processes in the tf
and cannot provide source information for each fllter. atmospheric regime include atmospheric atability , aerody-
To overcome the limitations inherent in factor analysis, namic roughness, pollutant concentration , relative humid-

target transformation factor analyses (TTFA) was devel- ity, solar radiation, air temperature, terrain , wind velocity
oped, 102 combining basic CMB principies with factor analy- and seasonal variation. The surface air ¡ayer regime is influ-
sis. If cine has accurate knowledge of the composition pat- enced by such factors as canopygrowth, leal vegetation, non-
terns ol' some components , TTFA allows one to "rotate" the biotic surfaces, pH effects, pollutant penetration and distri-
raw solution matrices so that some of them line up with the bution, prior deposition loadings and the presence of water.
known componente. The errors of factor loadings and acores The receptor regime is influenced by factors such as agglom- }
obtained by TTFA are calculated with the aid of an "error eration , partirle diameter, density, hygroscopicity, impac-
matrix" (difference between observad and TTFA repro- tion, physical properties of pollutants , and resuspension.279
duced data) .275 One mejor advantage of TTFA is the possi - The simplest empirical expression for d ry deposition as-
bility of using other variables such as meteorological para- - sumes that the fl ux tod surface la directly proportional to
eters in the overall analysis. the air concentration at a defined height aboye the surface,

Multivariate modeis consider variations in the data set i;.e.,
rather than absolute concentrations and are not effective on F = VdX=
data seta in which little variation occurs. Componente with
very similar composition patterns cannot be resolved. On where F - deposition flux of particles
average, most elements can be accounted for within a factor Vd a dry deposition velocity
of 2. X.. = concentration of particles 'at height z

The relationship between deposition velocity and particle
Remova , l Proceses size is exponential. A minimum in the deposition velocity

occurs at the aize range of 0.3 to 0 .5 pm, with Brownian
Several literature reviews encompassing removal and de- diffusion increasing as particle size decreases below 0.3 pm,

position processes have recently been compiled !60s-2/9 and deposition velocities fncreasing for particles below this
Measured values of metal deposition appear to be character - size. Inertial interception - impaction increases as particle
ized by large temporal and spatial variability, and are best size increases aboye 0.5 pm, further increasing the deposi-
known in the vicinity of strong point sources, although a few tion velocities . Order-of-magnitude particle deposition ve-
remote measurement data are available. Metals con be de - locities to land and water surfaces are estimated to be 1 cm/s
posited either wet or dry from the atmosphere. Wet deposi- for particles between 1 pm and 10µm in diameter, and 0.2
tion ratea can be parameterized by a acavenging or washout and 1 .0 cm/a for particles between 0. 1 pm and 1.0 pm in
ratio, whereas dry deposition processes can be parameter- diameter, respectively. Generally Vd values are considered
ized in tercos of deposition velocity (see Bibliography, Item to be uncertain by a factor of 3.4S
5). An asseasment of the relative importance of dry vs. wet Wet removal of particles by precipitation involves an "at-
deposition for the metals of concern in this study , is present- tachment" process as well as actual " removal ." The degree
ed inTahle VII and indicates the ahsence of any well defined of attachment of the particles to the precipitation is itself a
tn ads arnong the elements considered. I)ispersion modele function of particle aize and aze..olubiiity and (he prevail-
_a.i acenunt for deposition by incorporating the dry de¡wsi- ing condensation and evapuration cunditii'ns..\tt:u•hmeent
Lico velcx•ityand/or washout ratio . can occur within a cloud ( rainout ) or beluw a cloucl (wash-

)eposition processes have been deaat with in considerable out)."' 21=�''Ihe removal process is generaflt c eenaidered to
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Table VIII. Deposition rates, velocities and washout ratios for selected meIa in remota, rural and urban areas.4&
z I)epusit ion rate

kgIha/yr) As Cd Co Cr Cu Hg Fe Mn Ni Pb Sb Se V Zn
-Iern,te __________

Hulk 0.00031 0.000002- 0.003 0.000012- 0.0002 0.0062 0.000012- 0.00016 0.000011-0.00005 0.0019 0.0093 0.025Drv 0.002Rural
Bulk 0.01-<10 0.0012-'zO.1 0.01-0.5 0018-05 0.00073- 0.85 0.021-0.5 0.01-0.5 . 0.01- <0.01 <0.01 0.01-12,4 0.04-110.01 <2.72Dry <0.0036 <0.047 <0.02 <0.02 <0.31 0.09 <0.72 <0.25 <2.02Wet <0.8 <0.094 <0.57 0.033 <0.0002 0.54 <0.25 <0.87 <2.1 <4.8 0.095-Urban <7.92E3uIk 0.0025- 0.007-0.26 <1 10.6 0.002-3.01 0.015 0.4-10.0 <1.0 0.1-5,95 0.05-12.36 0.043-8,3 0.07-15.8<LI
Dry 0.002- <0.094 0.00009 0.0026-0.4 0.119 0.00005 0.117 0.0027- 0.0044- 0.042-. 0.006 0003- 0.053-<0.003 <0.83 <1.1 <2 <0.35 5.94Vet 0.001- 0.001- 0.000036 0.00084- 0.164 0.0003 0.042 0.0023- 0.0044- 0.026-. 0.004 0.044.- 0.12-11.9<1.23 <0.17 <0.7 <0.99 <2.74 <26.5 <9.04%'ashout ratio 110 125-5000 150 140-751 250-951 370-5000 125 . 76-169 110 179-1000Drs' deposition <0.1 0.4-8.0 0.3-1.9 0.5 0.5-1.1 0.3-1.9 0.4-0.9 0.45-2.0 0.16-0.3 0.06-<0.4 <0.1-0.6 0.2-0.7 0.4-4.5t'elocity
(crn/s)

- References 168,279, 85,164, 168,279, 164,168, 164,168, 168,214, 164,276, 164,168, 164,168, 164,168, 168,279, 168,279. 164,168, 164,168,282-284. 168,279, 285. 214,282, 214,276, 292,294, 279,285, 214,276, 276,279, 214,276, 282,285. 279,283, 214,276,283,285- 283,285, . 279,282, 298-300. 286.297 279,282, 283,285, 282-293, 285,289, 279,282-293. 286. 284,287, 301,302. 283.285, 286,295, 295,297, 297. 285,288,289-291, 291,293, 296. 302-305. 291-293,294-297. 297. 295-297,
302.

-J
-4



be a function of precipitation amount, growth processes , The relative importance of wet and dry deposition pro-
storm intensity, and seasonal variations (ice cr) stal growth ceases will be a function of distante from the source, particle
vs water droplet growth)!e sine range , meteorological conditions, time of year (season)
Simple empirical modela involve the use of scavenging as well as other (actora. Knowledge of both the wet and dry

coefficienta or scavenging ratios, and are based upon the deposition proceses and their relative importante ís neces-
concept that wet deposition processes can be treated es ex- sary in determining the total atmospheric residence time of
ponential decay proceses The scavenging coefficient is de- toxic trace elements , the distantes over which they can be
fined within the equation, transportad , their ambient air concentrations and their irn-

Xr = x e it pact on terrestrial and aquatic ecosystems. At the present
time, wet deposition fluxes can be more easily and reliably

where X,, X° = eirb~e concentration of pollutant at times determined than dry deposition (luxes. That ia, methods for
t ancP0, reapectively, directly measuring dry deposition fluxes are still at the re-

a = scavenging coefficient (time- ') search atage and have not yet been implemented on a routine
The deposition rato is then monitoring basis. Insolar as bulk measurements do not dif-

L__ - X„,aHt ferentiate between wet and dry loadings, data derived by
bulk measurement techniques are considered to be of more

where L, = deposition rato due to acavenging limited valué.
X.,, = average concentration through H
H - scavenging height Global Cycles

Scavenging (or washout) ratio ¡a en alternative approach to
Che quantitative definition of wet deposition and has been On a global scale the atmosphere constitutes a prime vehi-

as the ratio of the.contaminant mass in precipitation cle for the movement and redistribution of many heavydefined
falling through a column of air, compared with the mass in metals. Processes such as dispersion, coagulation, washout
the column of sir,278 such that: and sedimentation are averaged over a long time period, over

a continental lo global scale . 'Contributions attributed to
W =
X

these processes are accounted for in either the source or sink
flux.

where W = scavenging ratio The simplest type of model treats selected portions of the
K = concentration of contaminant in precipitation otean and the atmosphere as compartments or boxes in
X = concentration of contaminant in unscavenged which the particulate master or trace element is assumed to

air be uniformly distributed. Exchange ratas are determined
d = density of air between adjacent boxes in the form of a set of mass balance

Using this approach, the wet deposition rata is given by equations.30s Movement and pathways are often obtained
WXJ from experimental studiea using radionuclides and from fall-

j•,,.t = d out from nuclear explosiona307
Residente times of trace metals constitute en importent

where J = rainfall rato parameter in determining exchange ratas between oceanic
Both wet scavenging coefficients and scavenging ratios and atmospheric compartments . The otean generally act as

have been found lo increase with particle size and decrease a sink for toxic metals.308 In the atmosphere , heavy metals
with precipitation intensity.r8 Models attempting to se- are mostly associated with particulate master whose resi-
:ount for in-cloud scavenging rarely attain en accuracy bet- dente time is usually much lesa than, but can be as long as, 40
ter than a factor of 3 on en event basis.2s0,2s1 days .309 For these pollutants , the troposphere as a whole is
Table VIII presenta selected values of deposition retes not en appropriate reservoir for studying their budgets and

and includes measured deposition velocities and washout cycles; often a consideration of local or regional budgets
-arios for each metal. The ranges of metal concentrations in would be more appropriate.310 A rough estimate of total
precipitation vary widely within the categories of remote , particle production ene global scale is between 1 and 4 X 109
rural and urban arcas. Because ofsuch variations, the sparsi- tonnes/year with 5 lo 20 percent of that figure of enthropo-
..y of measured data , especially in remote arcas, and differ- genicorigin.31'Each metal wouldonlycomprisea proportion
!nces in sampling techniques, it is difficult lo assign a "re- of that figure ; however, the.values are still significant.
preséntative" rate, velocity or ratio to each element in each According to severa] atudies312.313 the polar atmosphere is
location. For example, bulk deposition ratas for all elements only loosely coupled with the circulation in mid and lower
.vere in the range of 1 X 10-8 to 1 X 10-2 kg/ha/yr for remote latitudes. Snow samples collected in the Antarctic from 1880
Creas, 1 X 10'4 Lo 10 kg/ha/yr for rural arcas, and 1 X 10-3 lo Lo 1977 and analyzed for Cd, Pb, Zn, Cu, Fe and Mn were .5
10 kg/ha/yr for urban arcos. Dry deposition retes ranged found lo exhibir relatively unchanged concentrations over
from approximately 1 X 10-3 lo 1 kg/ha/yr in rural arcas, and the years.313 ;i.
i0--s te 10 kg/ha/yr in urban arcas. Experimentally, the usual Semi-empirical models provide an alternative to the box `
ipproach of determining washout ratios is Lo collect precipi- models. Global distributions of metais are examined as a
tat ion and then measure the trace metal concentration in the function of time, eddy diffusion coefficient field, and chemi-
precipitation sample as well as in the ambient air. Mass cal lile:ime of substance . Such models are based on large-
vashout ratios with units of (pg/kg rain)/(pg/kg sir) have scale Fickian diffusion in a vertically and zonally well-mixed
>een used in this review. This resulta in a number smaller by troposphere which la symmetric about the equator. Howev-
a factor of approximately 815 than washout ratios calculated er, verification ofsuch modeis can pose a problem due to lack
on a concentration basis in units of (Kg/m3 rain)/(Pg/m l air). of measured data to support the theories. °6
--Vashout ratios (shown in Table VIII) varied among the The most complex type of model currently in use is the t?'
ttements and between atudies of Che same element , and large scale , general circulation model. Global-scale disper-
:all.tes ranged froto as luw as appn,xintately 100 for As. Ni, sion is predicted from instantaneous 1hree-dimensional
Yh and V tu as high as 5(XR) for Cd and Ala. Dry dep„sitian wind tields based un a grid whose horizontal dinu•onioo i.
•elocities were generally in Che sanee range for 1dl Che ele- typically a few hundred kilometres. The difficulty of ntadel
nents, Le.. 1 X 10-1 to 1 cm/s. verificationstill exists, and it is likely that (he lack of knowl-
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ulect,

e.roject Abstract-The im aet of fly and bottom ash dis salp po ponds on groundwater quality was investigated at
che coal-fired Columbia Power Plant at Portage, Wis. Groundwater sampling was conducted utilizing a
network of piezometers and multilevel wells located at va rious cross-sections of the ash disposal facility.
Analyses were performed for 16 major and minor elements, pH and conductivity . Data for a 3-yr
monito ri ng program established che existente of large B , Na and SO4 plumes in the groundwater system
surrounding the ash disposal area . Substantial amounts of B. Na and SO4 were present in che plume and
portions were discharged into an adjacent wetland as the plumes moved with groundwater flow. The
seconda ry fly ash settling pond was che major source of B and SO4, while che main source of Na was
from previous releases (o che aquifer from che use of Na2CO3, to condition fly ash to enhance removal
of SO2 from flue gas by electrostatic precipitation . Movement finto che groundwater of heavy metais such
as Cu and Zn was not observed and their concentrations are likely attenuated in the pond.

Key words-coal-fired power plants, fly ash , leachates, ponds, groundwater, wells, groundwater move-
ment, groundwater pollution, groundwater quality, wetlands , plumes, boron, sodium, sulfate, heavy
metals, attenuation

NOMENCLATURE produced is used), accumulating ash is a major waste
= velocity disposal problem . Ash is commonly disposed through

k = permeability on-site ponding and transport to nearby landfills.
i - hydraulic gradient The leachability of major and trace elements which
n - porosity are often enriched on the surface of the fly ashdischargeoss.sect

ectratoional arca pa
A -c

rticles have been elucidated (Shannon and Fine,A ross-
ES = enforcement standard 1974; Natusch, 1976; Eggett and Thorpe, 1978; Else-

PAL = preventive action limit. ewi el al., 1980; Helmke el al., 1981; Stanforth el a!.,
1984). Ponding of fly ash provides constant contact

INTRODUCfION of the fly ash with water resulting in the enhanced
leaching of toxic elements and eventual con-

The use of coa¡ for power generation is expected to tamination of groundwater. Ficid investigations of
increase in the United States due lo the gradual contaminant migration lo groundwater from ash
depletion of domestic petroleum reserves. Over 60% disposal ponds indicate movement of trace elements
of che electrical power in the United States is gener- (Theis el al., 1978; Hardy, 1981) and major ions
ated from coa¡ burning (Murarka, 1982). However, (Hardy , 1981) away from the pond . However, mobi-
coal combustion by elect ric utilities presents potential lization of potentially toxic metals may be limited by
environmental problems, notably from rain attenuation processes , Le. adsorption and/or precip--
acidification and ash disposal . itation reactioni on solid phases present in the ash

Total ash production in che United States has ponds and subsurface environment (Theis and Wirth,
increased steadily since 1966. By 1990, the waste 1977; Talbot el a!., 1978; Theis and Richter, 1979). In
generated by burning coa¡ is predicted to increase to the field investigation of Theis eral. (1978) they found
150 million tonnes yr t (Murarka, 1982). Most of this rapid attenuation for most metals very close lo the
waste is coa¡ ash (fly ash and bottom ash). Since 1973 pond . Metals were found to accumulate in che soil
most coal- fired power plants have been equipped with due to precipitation and adsorption by hydrous Fe
electrostatic precipitators to reduce particulate emis- and Mn oxides. In a related study using field data
sion lo the atmosphere causing accumulatión of fly aided by a chemical equilibrium computer model,
ash which constitutes che bulk of the total ash Theis and Richter ( 1979) attempted to assess che
generated by electric utilities . Because commercial factors influencing the attenuation of trace metals in
utilization of fly ash is small (<20% of the amount the soil/groundwater environment. Results show that

the major solubility control for Cd, Ni and Zn ís
adsorption by Fe and Mn oxides while Cr, Cu and Pb

•Author to whom correspondence should be addressed . are controlled by precipitation of discrete phases. The
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partitioning of heavy metals between solution and ponded ash disposal site on groundwater quality
particulate phases is most affected by pH, p(FeOOH), focusing primarily on the movement of contaminants
p(MnOt) and p(SO¡-). in the groundwater system around the ash disposal

Fly ash contains high concentrations of major and facilities.
trace elements. The potencial exists for these elements
to be released into the environment when che ash MATERIALS AND METHODS
comes in contact with water. Concerns are being Sile
expressed regarding groundwater and surface water The study was conducted at the ash disposal facility of che
pollution resulting from the disposal of ash. This 1050 MW coa¡-fired Columbia Generating Station operated
study was conducted to investigate the impact of a by the Wisconsin Power and Light Company located on the

Bundle piezometer ( multilevel -239- Water toble contour
BPO well ) "Direction of horizontal groundwater

M60
Groundwater monitoring well flow

240.05 locotion , number and
water cable elevotion A - A Geologic cross section
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Ash disposal and groundwater quality 419

eastern bank of che Wisconsin River 6.4 km southeast of drilled by Warzyn Enginecring Inc,, Madison, Wis in
Portage. Wis. The generating station consista of two units December 1979; two wells (55B, M6) were drilled in 1975.
equipped with electrostatic precipitators . Each unit burns In addition , 30 x 5 . 1 cm PVC wells were installed between
about 4500 tonnes day -' of low sulfur contenl sub- 1975 and 1979 and were utilized for either water table
bituminous coa¡ from Montana (Unit 1) and Wyoming measurements or occasional groundwater quality sampling.
(Unit 11). Unit 1 began se rvice in May 1975 and Unit II in Seven multilevel sampling wells or bundle piezometers
April 1978. To increase (he efficiency of (he electrostatic (BP) werc installed by Warzyn in February 1982 and 1983.
precipítators , Na2CO, was used as a fly ash conditioner from These multilevel sampling devices (modified from Pickens er

1-` December 1977 lo May 1979 and NH4 HSO4 thereafter . al., 1978) complemented che existing monitoring wells and
The ash disposal facility has an arca of 29 ha with an allowed che collection of various water samples through the

average depth of 7.6 m divided finto primary and secondary aquífer using a single borehole so that better delincation of
fly ash ponds and a bottom ash pond (Fig. 1). The original vertical concentration profiles of contaminants could be
facility consisted of primary and secondary settling ponds obtained. Each bundle piezometer was constructed using a
but in che summer of 1977 approx. 50% of the seconda ry central core of 1.9 cm i.d. PVC pipo with varying lengths of
pond was converted to a separate bottom ash pond . FIy ash 1 . 3 cm o.d. polypropylene tubing taped to the outside of the
produced during Unit 1 operation is sluiced hydraulically to PVC core . Each sampling tubo had a 7.6-cm screen at che
che primary Ay ash pond lo allow settling of the ash, then bottom consisting of a drilled polypropylene tubo with a
the sluice water is diverted to the secondary fly ash pond for double ]ayer of nylon mesh wrapped around ít. The PVC
further settling of particulates . Fly ash from Unit 11 is core also had a screen at its bottom so that it could be used
handied almost dry and is disposed of in the ash disposal as a sampling port. Figure 2 shows the depths of the wells
expansion arca . Bottom ash from both units is sluiced lo the in relation lo the subsurface strata.
bottom ash pond . About 370 and 150 tonnes of fly and
bottom ash are disposed of daily in the ponds. Rango of Samphng and analysis
elemental composition of the fly ash is shown in Table 1 . The sampling scheme was designed lo provide re-
The fly ash yields alkaline leachate with pH - 12.0 (Stan- Producible sample collection ofchemically unaltered filtered
fortb e/ al., 1984). groundwater from the monitoring wells. In 1980, samples
The ash disposal sito located on glacial deposits is under- were taken monthly from February to August. Four sam-

lain by fine lo medium sands with occasional lenes of silt plings were made in 1982 (May, June, July, September) and
and clay overlying sandstone (Fig. 2). Subsoil pH ranged four in 1983- 1984 (Apri l, July, October, February).
from 7. 1 to 8. 8, organic master content was 0.2-0.8% and Groundwater samples were collected alter withdrawal of
cation exchange capacity was 2.7-22 m-equiv ( 100 g)-'. twice che volume of standing water in the wells . An acrylic
Table 1 shows che elemental composition of the subsoils. bailer was used to collect samples from the well during the
Permeabilities of the subsoils ranged from 10-2 to 1980 sampling program. The sample was transferred
10-5 cm s ' . The sandstone--encountered 10--20m below through a 0.71 cm Teflon tubo lo a plexiglass filtration
the ground surface -showod an average petmeability of chamber and filtered uader Ni premura through a series of
l0-1 cm s' t (Warzyn, 1979). Local groundwater flows in aU 8 .0 and 0.4 pm Nucleopore lilters in a mobile laboratory.
directíons from the ash ponds and the secondary Ay ash and The collection scheme was chaaged during the 1982 and
bottom ash ponds serve as recharge arcas; discharge was 1983 sampling program. An al¡ plastic in-lino filtration
ínto che adjaosrtt wetlands on che aortltern and western cides system (GeoFilter) attachcd to a peristal tic pump was used
of the ponds fig. 1). Regional groundwater flow is in a to collect a sample from the weU. This arrangement was
westerly dir ection beneath the ash disposal sito toward the designed lo avoid sample contact with air and was leas
Wisconsin River (Gibbs, 1973). tedious than the method described aboye. Pumped water

was passed through 0.4 pm Nucleopore filters ( 142 mm dia).
Monitoríng network Surface water samples from the ponds and wetlands were

Locations of cross sections and monitoring wells are collected in a manner similar to the procodure aboye.
shown in Fig. 1. In the ini tial 1980 study 17 piezometers Conductivity and pH were determined in afta immediately
cach consisting of a 5 . 1 cm i.d . polyvinyl chloride (PVC) alter filtration of the samples . Conductivity was determined
pipe and a 0.91 m well cercen were used. These were using a YSI Model 33 meter in conjunction with a YSI 3300
arranged in three nests of three piezometers and four tests probe; a Barnsted Digi-Sense pH meter equipped with a
of two piezometers . Fifteen of the wells (Nos. 200-214) were VL5992-20 combina tion electrodo was utilized for pH mea-

Table 1. Elemental composition of Columbia fly ash and subsoils around the ash
disposal site

Fly ash' Subsoilt Fly ash• Subsoilt
Element (mg g'') Elemen t

Al 63-97 2.4-13 As 18-40
Ba 5.0-6.5 B 800-930 4-19
Ca 100-210 2.8-98 Cd 1.3-10
Fe 33-63 2 . 5-9.9 Cr 49-55
K 2.1-4.5 0. 18-2.3 Cu 83-150 10-38
Mg 24-39 2.7-50 Hg <0.002
Mn 0.9- I.0 0.16-0 .47 Pb 6.0
Na 2.1-2 .9 0.074-0.39 Se 3.9-9.5
Naj 24-26 Zn 53-85 7-40
P 1.1 0.14-0.53
Si 210-220
SO, 15-16 0.28-3.0
SO,j 92

•Values taken from various sources (Talbot el al., 1978; Hanson , 1979; Helmke el
al., 1981 ; Stanforth er al., 1984) ,

tRange of values in 10 samples.
$Na and SO. cántained in Na,CO,-conditioned fly ash.
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surements. Dissolved oxygen was measured directly in the gestion procedure. Digests were filtered and filtrates were
well alter withdrawal of standing water using a YSI Model analyzed for Al, B. Ca, Cu, Fe, K, Mg, Mn, Na, P, S and
58 DO meter with a YSI 5739 probe. Zn using the ICP. Organic matter content, pH, and cation

In the laboratory, a 2 ml sample was diluted to 25 ml and exchange capacity were determined according to the soil
analyzed for reactive silica (Strickland and Parsons, 1968). testing procedures of Liegel el al. (1980).
The remaining sample was acidified with ultrapure HNO, to
a final concentration of 1 %; subsampled loto a 30 ml linear RESULTS AND DISCUSSION
polyethylene botile and stored at 4°C until used.

Acidified samples were analyzed for dissolved Al, B, Ca,
i:eachale plumes and gs otrndlraler fiowCu, Fe, K, Mg, Mn, Na, P, S and Zn using an Applied

Research Laboratories Inductively Coupled Plasma Spec- Data strongly indicate that leachate from the sec-
trometer Model 3400 System (ICP). Selected samples were ondary fly ash pond of Ihe Columbia ash disposal
analyzed oecasionally for A. 19ed79). As, Ba and CI using
standard methods (U.S. EPA. 19 facilit y releases si8nificant amounts of Na, SO4 and B

Subsoil samples obtained during weil drilling were ana- to the surrounding groundwater system. Distinct
lyzed for elemental composition by (he HCI-HNO, di- plumes of Na, SO4 and B were identified in the

II

Ii
,o v.
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aquifer beneath the eastern (section A-A) and north- the plumes tended to s and
eastern (section B-B) dikes downgradient from the 1983. It is clear in sectior. -ions
secondary fly ash pond (Table 2). Plumes of these of solutes in the plumes r •,oved
conservative elements behave similarly and exhibir downgradient-even nd-
thick deep plumes (26->30 m) which essentially fol- indicating that a major .;tnents

I lowed thc direction of local groundwater flows. The remain in the aquifer. H: . round
thick plumes--extending finto the sandstone-close to in the wetland near ecest
the pond suggest a rather steep downward ground- substantial discharge dike.
water flow probably resulting from rapid infiltration Discharges of the thr .curred
of leachate. The horizontal local groundwater flow in the wetland furthe m) but
(Fig. 1) affected the movement of the plumes. In to a much lesser dt - lower
section B-B, the plumes moved in a straight north- concentrations-but : back-
easterly fashion toward the wetland east-northeast of ground levels or lev. .r-in
the ash disposal facility with the top of the plume that portion of the
staying close to the water table along the flow path. The bottom ash p and
In contrast to section B-B, the flow pattern in section B to the groundwatt —sively
A-A is more complex because the tops of the plumes as the secondary fly :es of
further away from the pond were detected at 1S m Na, SO4 and B also c north
below water table (BWT). However, in this section, dike moving in a r .'s the

Table 2. Mean (SD) eoneentrations for Na, SO4 and B in groundwater do,
secondary fly ash pond

Na SO4
DBWTV -

Localion (Well No.) (m) (-9
1-1)

Section A-A for 1980
Secondary Ay ash pond 29(5.7) 280(72)
Dike (210-212) 2.7-4.0 10(1.1) 51(16)

5.2-8.2 200 (22) 380(86)
Dike (SSB, M6) 4.0-7.0 3.7(1.3) 4.5(1.1)

13-15 11(7.4) 99(76)
Dike (213, 214) 1.8-5.2 1.9 (0.76) 13(3.6)

Section A-A for 1982
Secondary Ay ash pond 37(19) 280(12) -
Dike (210-212, BP2) 2.7-4.0 35 (0.12) 110(10)

5.7-8.2 110(22) 230(22)
9.8-16 95(36) 270(38)

Dike (SSS, M6, BPI) 4.0-7.0 1.8(0.72) 4.0(2.0)
8.5-I0 2.8 (0.63) 84(1.6)

12 54(8.8) 170(24)
13-15 110(24) 290(80).

Dike (213, 214) 1.8-5.2 3.0 (1.3) 42(36)
Section A-A for 1983

Seconda ry Ay ash pond 24(8.2) 270(75)
Dike (BP2, BP2A) 2.7-4.0 50(21) 140(53)

52-8.2 91(18) 230(211.
9.8-16 43(16) 270(46)
17-33 110(36) 280(50)

Dike (BPI ) 8.5-10 9.7(1.7) 57(1.7
12 53(9.9) 130(25)

13-15 110(2.8) 320(46)
Section B-B for 1983

Seconda ry fly ash pond 24(9.2) 270(75)
Dike (BP4) 3.4 64(2.1) 250(16)

6.4-25 160 (35) 280(42)
28 31(14) 100(59)
31 3.6 (2.4) 20(7.0)

Dikc (BPS) 5.2-II 170( 19) 290(5.2)
17 250(38) 460(87)

23-30 180(29) 300(18)
Wetland water 39(11) 150(21)

(near BP5)
Wetland (54A, 54B) 4.0 3"2 (1.2) 240(59)

12 160(17) 540(53'
Wetland water 32(14) 93 (46

(near 54)
Background levels 2.3 (1.0) 9.6(9.
Wisconsin River 6.3 (1.6) 18(0.
F-value 60t 62t
LSD,01 14 26

•Depth below water table .
tSignificant at a -. 0.01.
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wetland north of the ash disposal facility (section (30mg1-') after 1979, only a small amount was
C-C, Table 3). A portion of each element appeared contributed by recent pond water. Most dissolved
to be discharged in the wetland close to the toe of the SO4 in the pond inflitrates into the aquifer with the
dike. In section D-D (Table 3), plumes of Na, SO4 . groundwater flow as indicated by similar or even
and B were observed 120 m downgradient from the higher levels of SO4 in the plume (han in [be pond.
bottom ash pond. Concentrations of the elements at Because of the progressive increase of SO4 levels in
26 m BWT far exceeded the levels found in the the plume as it moves downgradient, SO4 leveis in the
bottom ash pond. It is suspected that the secondary plume exceed those in the pond suggesting that
fly ash pond is the source of additional solutes in Chis another source of SO4 is also present. Higher SO4
part of the groundwater system. This may be caused release to the aquifer may have occurred during the
by the influence of the westerly regional groundwater time that Na2CO3-conditioned Ay ash was placed in
flow in the sandstone aquifer beneath the ash disposal the pond. The high Na concentration in the fly ash
site. tends to increase the solubility of SO4 because
The primary fly ash pond does not impact the Na2CO3 prevents the formation of ettringite-a sta-

quality of the groundwater system even though it ble mineral containing SO4 (Hanson, 1979).
contains the poorest water quality among the three Movement of Na, SO4 and B is generally un-
ponds. Concentrations of the elements found in the restricted once the ions migrare to the aquifer. This
groundwater adjacent to the primary fly ash pond is borne out by the more or less constant concen-
(section E-E, data not shown) were similar to those trations of elements in the plume in the horizontal
observed beneath the north dike downgradient from direction (Table 2). Although some adsorbents (ox-
the bottom ash pond (section C-C, Table 3). This ides and clay minerals) may be present in the ash
simila ri ty in groundwater quality indicates that the pond and in the subsurface environments around the
main source of the constituents is the bottom ash ash disposal facility they seem not to be a factor in
pond. Groundwater flow beneath the primary fly ash attenuation of Na and SO4. Thus, Na and SO4 are
pond originates largely from the bottom ash pond; mobile in the aquifer beneath the ash disposal site
groundwater contours show that the surface water in and may be transported to great distances depending
the primary Ay ash pond is perched (Warzyn, 1980). on the groundwater flow regime . This may occur in
Data lends support to the theory that Ay ash particles other coal-fired power plant ash disposal ponds with
have caused some sealing of the pond resulting in subsurface environments similar to the Columbia ash
reduced seepage from the primary Ay ash pond. disposal facility.
The major source of Na in the groundwater was Decreases in B concentration in the plume of

release of Na to the aquifer from previous use of approx . 40% (2.8 to 1 .7 mg 1'') from that found in
Na2CO3 as fly ash conditioner (December 1976-May the pond strongly implicare attenuation of the ele-
1979). Because of the low Na content in the pond ment at some point between the pond and the aquifer.

Table 3. Mean (SD) concentrations for Na . SO4 and B in groundwater downgradient from
the bottom ash pond

Na SO4 B
DBWT•

Location (Well No.) (m) (mg 1 ' )

Section C-C for 1980
Bottom ash pond 24(2.2) 200(23) 0.79 (0.24)
Dike (200-202) 1.5-6.1 20(4.6) 150(52) 0.62 (0.26)
Dike (203, 204) 1.5-5.2 57(14) 180(18) 0.54 (0.042)
Wetland (205,206) 1.5-6.1 3.3 (0.56) 14(2.3) 0.058 (0.011)

Section C-C for 1982
Bottom ash pond 20(4.1) 160(15) 0.52 (0.080)
Dike (200-202, BP3 ) 1.5-6.1 24(1.9) 140(20) 0.63 (0.20)

7.6-I I 76(27) 87(34) 0.71(0.22)
Dike (203, 204) 1.5-5. 2 55(3.7) 180(11) 0.67 (0.066)
Wetland water 43(14) 49(9.3) 0.58 (0.12)

(near 203)
Section D-D for 1983

Bottom ash pond 28(9.1) 200(69) 0.68 (0.28)
Dike (BP6) 1.5-7.6 45(21) 210(27) 1.2 (0.12)

11-17 34(15) 190(20) 1.0(0.14)
26 110(22) 260(54) 1.5 (0.40)
32 18(8.3) 70(12) 0.17 (0.027)

Wetland water 18(15) 120 ( 150) 0.45 (0.48)
(near BP6)

Background levels 23(1.0) 9.6 (9.6) 0.076 (0.026)
Wisconsin River 63(1.6) 18 (0. 80) 0.035 ( 0.029)
F-value 32t 33t 34t
LSDs,s1 12 32 0.26

•Depth bc(ow water table.
tSignificant at a -0.01.
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Perhaps, attenuation of B occurs at the bottom of the influence of regional flow. A minor plume con-
pond-i.e. at the ash/soil water interface. Visual tributed by the bottom ash pond moves in westerly
observation shows the presence of a loose fly ash and northerly directions.
¡ayer blanketing the bottom of the secondary fly ash
pond. This ¡ayer of fly ash, resulting from secondary Relationship of major ions and ionic strength
settling, possibly acts as a partial barrier for B The high concentration of Na and SO4 in the
migration to the aquifier by readsorbing fractions of plume drastically changed the groundwater chemistry
dissolved B as leachate passes through the ash ¡ayer. (Table 4). The predominantly Ca/Mg (HCO3)2 water
Pagenkopf and Connolly (1982) reported that the of the regional groundwater was transformed to
release of B from fly ash is controlled principally by Na2SO4 water when the aquifer water mixed with
adsorption on hydrous oxides of Al, Fe and Si and pond leachates. Consequently, the ionic strength of
to some extent coprecipitation of borate species with the plume was influenced largely by Na and SO4 while
hydrous oxides. However, these constituents if the ionic strength of the regional groundwater was
present in the subsurface environment of the Col- from Ca, Mg and HCO3. Similar ionic strength and
umbia ash disposal site do not appear to play a major electrical conductivities were found for the secondary
role in reducing the concentrations of B in the plume fly ash pond and plume suggesting that although
as it moves downgradient through the porous media. leachate from the pond significantly altered the major
Under che pH condition of the plume (7.1-8.8), the ion compositíon of the plume it did not change the
dominant aqueous species of B is B(OH)3 as shown ionic strength or electrical conductivity.
by a chemical equilibrium calculation using
MINEQL (Westall el al., 1980). This species has little pH
affinity for oxides and clay minerals (Keren el al., The pH of the plume ranged from 7.1 to 8.8, about
1981). 3-4 units below the pH of the secondary fly ash pond

In summary, based on the concentrations, distribu- (Table 4). It appears that the pH of the affected
tion and possible attentuation of Na, SO4 and B, groundwater is not increased abruptly by the strongly
plume movement can be depicted in relation to local alkaline water seeping from the secondary fly ash
and regional groundwater flows (Fig. 3 shows the pond.
east-west cross section of the plume profile). The
major plume originating from the secondary fly ash Trace and other elements
pond moves largely in an esterly-northeasterly direc- Although levels of Al, As, Ba, Cu, P. Si and Zn are
tion; some portion moves westerly under the elevated in the Columbia fly ash particles (Table 1),
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the dissolved concentrations in (he ash ponds and
groundwater are low-mostly below detection limits.
It is likely that they are retained mainly in the ash
pond as particulates . Earlier investigation (Andren et

I(i' al., 1980 ) confirmed the existente of hydroxide and
carbonato solid phases of Ca and Mg and hydroxide
phases of Al and Fe in the Columbia ash pond. In the
present study , a calculation using MINEQL (Westall

° el al., 1980) predicts the presence of Al(OH)3 and
c d - - Fe(OH), solid phases in the groundwater . The exis-e '

tente of these adsorbents in (he aquifer may limit the
movement of As, Ba, Cu and Zn to groundwater.

G G115-- Theis et al. ( 1978) and Theis and Richter ( 1979) have
aueu vÑÑ shown that although trace metals from a fly ash pondO 0 0 O- ry

3 �+ migrated to groundwater, their movement was re-
tarded duo to adsorption and precipitation by hy-
drous Fe and Mn oxides.

Z _ 0 f��Ñ °v 4pp�

v E Q ONO. CO ti i r•NlV

E - N - - - �+ ENVIRONMENTAL IMPLICATIONS

Table 5 compares the water quality observed in the
á ó ó. groundwater plume with Wisconsin groundwater

quality standards (WDNR, 1985). The enforcement8 ,; o_r-beeq
standard (ES) of the elements usted are the same as

8 the U.S. EPA water quality criteria for domestic
«+ r w/" water supplies (U. S. EPA , 1976). Sulfate, Na and MnE , v,r ooovoó óóó° 8°. !áá appear to be the main constituents affecting the

Vl e0 ONO.-O OP -O

ó ó ó ó ímpairment of groundwater around the ash disposal
arca . Only 25% of the plumo samples had B concen-

I .....� trations exceeding the preventiva action limit (PAL),
P �r�o'ooa ó óvóóó as defined by WDNR (1985). However, the high

t2 z _ Nb e .000 h-- ' coneentrations of B are likely to affect the quality of
�.,, •,; ,ó ° ° ° groundwater if usad for irrigation because the criteria

of 0.75 mg t (U.S. EPA, 1976) is exceeded by alt
• -9 o q--tq 20 samples. It is interesting to note that levels of As, Ba,m oóóóóóóá. Cu and Zn in the Jume are below the ES.
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^' a o a a The impact of the groundwater plumo on the
wetland can be assessed by estimating the time of

Ñ
= Ñ.ó travel of ho rizontal groundwater flow and the quan.

ó i, óóóóóó tity of constituents in the plumo.
i .6 oo e' - á ° - � ° Velocity of ho rizontal groundwater flow is esti-
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M

O
mated by Darcy's law for saturated flow:

G ki
n

were 6 is velocity , k is permeability, i is hydraulic
r ca gradient and n is porosity. Substituting measured and
á ó " previously determined values, (k= 1.2 m day-',

É e É • x i = 0.01 and n = 0.30 for fine-medium sand), 6 is
Áá ► » á me equal to 0.040 m day -'. Travel time-for the 61 m

S e 2 z d F- z m ú ta ó average distante between ponds and discharge
y 3 1,c!2 Z. •.» arcas-is 4-5 yr.

The volume of groundwater passing beneath the
ash disposal site is:

Q = kiA

where Q is discharge rato and A is cross -sectional
area . Given a groundwater flow cross sectional area
of 15,000 m2 (cross section length of secondary fly ash
pond is 500 m and thickness of plume is 30 m),
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Table S. Comparison of groundwa tcr quality of plume wi th sta nda rds

of samples
ES* PA L-t Plumet exceedi ng

Parameter (mg1 ' exccpt EC (pScm ')and P1-11 ES PAL

As 0.05 0.005 <0.010
Da 1.0 0.20 <0.40
0 250 1205 10-12
Cu 1.0 0.50 <0.012-0.43
Fe 0.30 0.15 <0.011-2.4 19 35
Mn 0.05 0.025 0.031-0.40 93 100
SO4 250 125 160-580 68 100
Zn 5.0 2 .5 <0.010-2.4
B 2.1 1.1-3.0 24
Na 12.3 51-290 100
EC 1120 600-1400 6
pH 8.1 7. 1-8.8 26

•The enforcement standard (ES) and preventive action limit (PAL) were promulgated under
NR140 of the Wisconsin Administrative Code (WDNR, 1985).

tFor B. Na and EC, che PAL is background lvel plus 3 SD or background level plus 2.0
and 10 mg 1-' for B and Na , respectively, and 200pS cm -' for EC, whichever is greater.
Background (SD) levels are 0.076 (0.026) and 2. 3 (1.0) mg 1-' for B and Na. respectively,
and 620 (70)yScm-' for EC. For field pH, PAL is one pH unit plus background leve)
which is 7.1.

jRange of values in 140 plumo samples.

approx. 180 m� of groundwater influenced by ash water contamination, if the constituent levels in the
leachate is discharged daily. Using average concen- ponds suggest it is necessary.
trations of 1.7, 170 and 310 mg 1-', respectively, for
B, Na and SO4 in che plume che annual loadings of AcknowledgemenrsThe study was conducted in parí with
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easterl northeasterl direction are 0.12 12 and
pany , Madison Gas and Electric Company and the Wiscon-
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Atrnosplieric Sulfur as Related to Acid Precipitation and Soil Fertility'
E. L. SUÁREZ AND U. S. SONES'

ABSTRACT pariculate matter contributed an estittcated 3.0 kg/ha of sulfur during
the year.

In experiments cunducted lo determine che majar acidic cotnpo- Increases in coro grain and silage yields were obtained wiih the
rents of precipitation lea the southcastertt Unlted States, aniounts of application of 19 kg/ha

respons
sponsegton , S. C. A relatiuttsltip

sulfur (S) deposited en the soit stitH rainfall were estimated and betw•leen applied sultier arad
sulfur
crop

al
for (be ot¡ter croes con-

rrlaticrships hetweea applied sulfur arad crup yicids in South Carolina sidered could not be established . A need for reevaluating che fiudings
a:ere established. and rc:ommendations for sulfur fertilizers was apparent because nf

Precipitation w•as collectod al (bree Iocatinns from 10 Apr. 1979 the contribution of almospheric-deposited sultur tu che soil anal p¡znt
lo 3 Apr. 1930, at Clcrosott. S. C., Expcri:nent, Ca.. arad Franklin, sulfur supply.
N. C.. using a wet/dry collector. Conductivity, pil, ami ionfe eom-
pon.•nts acere determined in che rainfall and particulate matter. Sulfur Additionaf modos t1'ords: acid rain , atmospheric depositiun. atino-
in che air was collecUd at Ctetnson on a 30-d interval in a standard sphteric sulfur. mass loadiug rato.
le.d peroxide someter . So¡¡ samples w•ere taken fram 1 5 locations in
Soutlt Coralina and analy zed mur sulfur. Suarez. E. L., asid U. 5. Junes. 1982. Atntosphe ic sutfur as related

lc )vas ubscrved that tiie avara e loadir: cnnrcntration of anions
l° ncidoprrcipitation and soil fertility. Soil Sci. Soc. A111. J.

la r::inwrater increased during che spr'ng-,ummcr manths and de. L------------ --' '-_-" ""
erra<r:! duriur che tu:¡-winte r munths. Selfuric and niir;c acids ):-ere Tcrl:nica! Contribution no. 19611 from che Stnrth Carolina Agrie.
meona t.. be Ihc majar cun+poncsits .+f asid r;.iufatt. RainFall :u.d .:*ir Exp. SU).. Ckrtson Universily: Cleauoc, SC 39631. RCCeived 4

Sept. 1951. Approved 4 \lay 1932.dct.,..it¡on aanuritntical :tpproxinmcrli 10.7 and 1.3 !: 'Sta of snlf::r • mitro tur. t'xrtrimcnt:d Statistics 1 nit, and Pnfcssu:, I:c-
per vear. res¡,ett:rrly, rt Clrrnson..\tii, ;t!.cric dcp+uitinn frota che p:ni:ncnt of Agtonanty, and Soils, respectively.
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SUÁREZ k DONES: ATMOSPIIERIC S AS RELATED TO ACID PRI:CIPITATION AND SOIL FERTILITY 977

ACID PRECIPITATION has bccn dcfined as ralo or snow potassium (K). and calcium (Ca2') using absorp-
with pH values of < 5.6, which is (he minimum tion spcctroscopy , and ammonium (NH4'). sulfate.(S04-),

pH valle cxprcted for purc water in cquilibrium with nitrate (NO,-), chloride (C1-), and phosphate (1'0,--) using
atmospheric carbon dioxide (CO2) at 25°C. That al- wat chentical techniques with a Technicon Autoanalyzer.
mospheric depositions of ions are constantly changing Correlations betwcen each of the acidic componcnts and the
is clearly documented by Cogbill and Likens (1974) hydrogen ion (H) concentration in rainfall wcre conducted
in the history and character of acid precipitation in (o examine interrelationships.

Air samplcs were collected at Clemson from 1 Apr. 1970eastern North America. lo 31 Mar. 1980. Sulfur in the air was de(ermined in a
Various contamintnts have always been present in representative sample collected in a standard load peroxide

the atmosphere . Seyeral of them, such as sulfur (S) sampler obtained from Rescarch Appliance Co., Gibsonia,
and nitrogen (N) cómpounds, are present mostly in Pa. The sampler consisted of a cylinder wrapped with a
a partially oxidized state. A high oxidation state is (he cotton fabric having a surface arca of 100 cm- and coated
distinguishing characteristic of acidic precipitation. with a lead peroxide paste . The cylinders tvere exposed
Experiments conducted lo determine if S is une of freely (o the air but were protected from ralo by a cowl.

the major contributors lo acid rainfall have shown that After a 30-day exposure period, the fabric and coating were
significant quantities of S are being added lo the soil removed from the cylinder and the amount of S was de-

by dry deposition and precipitation. Sulfur dioxide
terminad by the turbidimetric barium sulfate method (Jordan

(SO
el al..

is also adsorbed on so'l from th 'r, Depositad
., 1959).

ora sorbed , upon inftitration loto soils . increases Longterm Ex�erimentsthe hy.4(IS7e�n ion concentration by leachin calcium
(Ca) and otlier essen►a-C-1plan nutrients rom il Precipitation and air samples were collected from 1 Jan.
proíi-Ie. On t e ot ter han , in t e atmosphere can 1979 through 31 Dec. 1980 at 15 locations near Blackville,
supplement the soils' limited supplics of this nutrient Cameron. Darlington , Clemson, Columbia, SVedgefield,
element . Wateree, Fort Mottc,. Sumter , Saint Matthews, and Charles-

ton, S .C. Sulfur in precipitation was determincd in a rep-In humid regicground
soils

limestone usad lo neu- resentative sampie collected in a standard 3-L plastic bucket.tralize acidity in cultivatedult may ove•rshadoty acid 20 cm in diameter and 180 cm aboye ground, with a metalprccipitation influences . In the Lame regions, how- ring to protect the rainwater collected from pollution by
ever, large arcas of poorly buffered, unlitned , forested birds (Jones and Suarez, 1980). After a 30-d exposure period,
soils are significantly influenced by acid precipitation the entire quantity of water was taken from the bucket,
percolating through the soil profile. screened through a 20-mesh sieve , and evaporated lo dry-
The objectives of this research' were lo determine ness in a S-free hood. The.residue was taken up in a solution

the time and space variations in the deposition of of 0.SN NH4C2H302 in 0.25N CH,000H, filtered. and
atmospheric S and its contribution lo plant-available washed . Sulfur was precipitatcd and determined coloriniet-
supplies . The temporal and spatial variations consid- rically with methylene blue (Lazrus et al., 1965). The air
cred were those that have taken place in the south- samples were collected. and S was deterntined in the same

eastern U.S. during 1979 lo 1980. fashion 'as for the short -term experiment explained aboye.
Uniform field experiments were conducted from 1973 lo

1980 with ' Keowee' barley (llordeuin vulgare L.) on Cecil
(Bras-

MATERIALS AND METHODS
sandy loam near Clemson ; with 'Purple Top' turnip (Bras-
¡tea rapa L.) and ' Miami ' snapbean (Phaseolus vulgaris L.)

Short-terco Experiments on Lakeland sand near Columbia ; with 'Walter' totnato
(Lycopersicun esculetttrtnl Mil¡¡.) on a Wagram loamy sand

Particulate matter and precipitation were collected from near Columbia; with 'Davis' soybean. (Glycine max L.).
10 Apr. 1979 lo 8 Apr. 1980 •at three cites . At Clemson. 'Silver Queen' sweet corn (Zea nrays L.). and 'Ashley'
S.C., the sampling device was located on the campus of cucumber (Cucumis cativus L.) on Marlboro loamy sand
Clemson University. The samp! ing site at Franklin . N.C.. near Blackviile: and with 'S.C. 236' field corn IZca mays
was located 80 km northwest of Clemson. At Experiment. L.) on Norfolk loanty sand near Darlington . The basic fer-
Ga., the sampler was located 51 km south of Atlanta and tilizer. 27-4-15 manufactured from urca-amniottitrm phos-
300 km from Clemson. The taller two stations . because of paste and muriate potash. contained S-free materials. Soil
the geographic proximity to the main station at Clemson . pH was maintained about 6.0 by the use of Ca(OH)_.
provided means to corroborare the data. Each site was Treatments consisted of 0. 9. 18. and 36 k€'ha of S broad-
equipped wüh une wet/dry conector manufactured by cero- cast as CaSO4.2H:O. 18 kg(ha S and 14 kg,'ha of Jlg as
chem Metrics at Miami. Fla. The wetidry collcctor contained MgSO4-7H:0 and 14 kg,%ha of Mg as CaMg(CO3►.. replicated
two high-density polycthylcne buckets with a capacity of five times in a randomized. complete block design. The
13 L and an effective horizontal surface arca of 638 cm:. treatments were repcated on the same plots during succes-

.One of these. the "dry bucket," was normally covered. sive years. Plot size was 41 m- for sovbean. siveet corn.
During pcriods of precipitation a sensor activated a motor and cucumber. 49 m= fbr tieid corrí. 5.5 m' for turnip. !borato.
which moved the cover from the wet collertor to the dry and snapbcan. and 18 .6 m' for barley. Cecil sandy loam is
coilcctor. When the sensor dried. the motor moved ¡he cover a clayey, kaolinitic. thcrmic Typic Hapludult (CIC:). Wagran:
back lo the wat bucket. The w'et huckct was changed on loamy sand is a loamy, siliceous, thcrmic Arenic Paleudult
Tuesday cach week and the dry bucket on Tuesday every (WVg13). Marlboro loamy sand is a clayey. kaolinitic. rhermic
2 months. 1'he huckets % ere n•eieheJ, and a 20-m1 aliquot Paleudult (MbA). t.akeland sand is a thcrmic. coated Typic
was taken from the %vet bucket fui pH and conductivity Quartzipsauunent (I_a13). and Norfolk loam)• sand i;: a fine-
rneasurements using a Markson i-Uectromark Analy::cr no. loara), siliccous, thcrmic Typic Paleudult (NoBi.
4403. Soil santples were taken for (¡se 1973-1980 esperimcnts
The buckets were sent to the Central Analytical Labo- with a hand pos!-ho!c diggcr at thc 0 to 15. 15 tú 0, a ;d

ratory, Illinois State \Vatcr Survey. Chantpaigr.. 111., lo de- 30 to 45-cm dcpths. Five grtnis of soil were extract, d with
terinine thc concentra(ion of s<uliunt (Na'), nrtgncsium '0 ml of 0.5A' N1)4C_11,O_ in 0.25N C11,00011 by s!�a►:int;
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for 5 min . About 0 .2 g of charcoal was added and the extract Teble 2-Correletion coefficients an:ong (he weekly hydrogen
was filiered . Sulfur was prccipitated as BaSO4 by seeding ion concentratior. and tise.veekly acid rainwater
with a BaSO4 solution . After 5 min, the BaSO4 concentration compot.ent concentrations for S.:uth Carolina
was estimatcd employing the standard turbidimetric mcthod from IOApr. 1979 t oSApr.1960.

by reading on a spectrophotometer at 420 nm (Jordan el al., so,'- No,- el* Po.'-
1959).

H - 0.946 0.944 0 .344 0.576

RESULTS AND DISCUSSION (P <0.01) (P < 0.0 1) (P <0.02) . (P <0.01)
SO.' - 0.947 0.464 0.622

Short -term Experiments tP <0.01) IP <0.01) (P <0.01)
NO; 0.947 0.326 0.538

Precipitation Deposit (P <0.01) (P <0.03 ) (P <0.01)

The weekly average meastlrements of rainfall com-
ponents for al] three locations in South Carolina ,

An examination of the monthly wind statistics forNorth Carolina . and Georgia are summarized in Table
South Carolina (Purvis, 1971) shows an annual c cíe.1. That. no correlation was evident between the weekly y

pH measurements of precipitation amorg the three Wind direction is predominantly from the northea t
locations implies that the local pH was affected by du ring the fall and winter and from the west-southwest
different seasonal patterns . during the spring and summer and has an average
The inorganic acid-causing components in precipi- speed of 6 lo 20 km/hr . The most probable components

tation for South Carolina are, for the most parí, sul- which affect rainfall composition in South Carolina
furic and nitric acids, which account for 64 .8% and emígrate during spri ng and summer from the highly
22.7% of the total equivalent concentration , respec- popillated and industrialized Atlanta area, which is
tively . When correlation among the weekly loading southwest of the North Carolina and South Carolina
concentration of the major rainwater components was locations . This could account for the highcr concen-
examined (Table 2), the' highest correlation was ob- tration of acid-forming components observed during
tained between the SO;- and N03 ion concentrations that period at the South Carolina location . Franklin,
and H * ion concentratiori. This indicated that the H` North Carolina located at a much higher elevation
ion was present in relatively constant proportion lo (722 m), would not be affected as much since it is
S and N in the atmosphere , producing sulfu ric and further north and is influenced by a different pattern
nitric acids. . of prevailing winds ard by different pollution trends.
The summation of the actual monthly loading con- The elevation at Clemson , S.C., is 231 m and at Ex-

centrations oven the 1-year period gave a total annual periment . Ga., is 268 m. The loivcst pH value mea-
concentration of the acidic components in precipita- sured in South Carolina during the period covered by
tion for South Carolina (Table 3). Based on the av- this study was 3.64 during the summer season ard the
erage weekly fallout in mg/m2, South Carolina was highest was 6. 10 during the fall season.
considered to have 100% bf the acid-forming com- Particfflate De ositponents in rainwater. When compared on a mass basis p
lo the other locations , South Carolina had approxi - Table 4 shows that the deposition of anions in (he
mately 16% more acid-forming components in precip- particulate matter increased during the October-
itation than North Carolina and approximately 36% December period, when the loading rates of anions

- more than the amount at Georgia . inprecipitation were at their lowest (Table 3). In the
paniculates, sulfate increased slightly during the

Table 1-Weekly averages of the chemical composition of October-December period , when the anthropogenic
precipitation at t)tree locations from 10 Apr. 1979 activity usually mercases. More research on partic-

to 8 Apr. 1980. ulate matter is needed lo make a better estinlate of
Location its acid-forming components . Data indicate that about

Componentt SouthCarolina NorthCarolina Georgia
mg/L Table 3-Accumulated monthly and annual concentration of

SO.'' 3.28 a 0.54 2.97 * 0.75 5.99 * 2.49 acidic components and Ityrlrogen ions in rainfall for
NO,- 1.48 * 0.20 1 .43 * 0.51 2.20 a 0.57 South Carolina from 10 Apr. 1979 to 8 Apr. 1980.
C1- 0.45 * 0.07 0.43 * 0.12 1 .41 * 0.37
PO.. 0.002 * 0.001 0.004 * 0.002 0.011 * 0.007 Daté SO,- NO C1- PO.i. H.

Ca'• 0.18 * 0.04 0.33 * 0.12 0.77 * 0.25
Aty 0.06 * 0.01 0.09 * 0.03 0.15 * 0.05 1119/L

0 .03 * 0.01 0.18 * 0.10 0 .26 a 0A9 April -May 3 .67 1.57 1 .27 0.005 0.04Na. 0.49 * 0.09 0 .55 * 0.12 1.60 * 0.38 Muy-June 12:94 6.55 2.73 0.0U4 0.12
Nil, 0.30 * 0.07 0.37 * 0.17 1 .05 a 0.51 Junc-Ju 1y 30.09 12.55 2 . 14 0.006 0.32H. 0.04 a 0.01 0.02 * 0.01 0.03 a 0.01 July-Augu3t 10.44 4 .77 1.63 0.006 . 0.16

_ vmhotcm August -Septcmber 21.24 6 . 16 0.43 0 .005 0.26
September -October 18.64 6 .32 1.54 0.010 0.29

condjctivity. Octoher-Novcmbcr 8.55 3.S4 1.32 0 .015 0.10
fleld 23 .88 a 2 .43 14 .82 a 1 .38 21.28 * 2 .53 November-D. ,,,Ir 7 .39 3.20 2.64 0 .012 0.10

Conductivity, Dccen�lrr -.laarary 5.98 3 . 18 1.31 0 .010 0.49
lob 27 .38 t 3 .33 17.01 * 1.55 20.04 a 3 .90 Janu .try_.•..'toreary 8.02 5 . 46 0.73 0.012 0.17

---------
pll. field 4.43 a 0.07 4 .51 * 0.07 4 .44 t 0 .11 February - March 11.69 6.32 1.09 0 .012 0.24
pll. lab 4 .4 6 * 0.05 4.85 * 0.09 4.98 t o.09 ?larch " April 12.08 3.2 .1 3.05 0 .015 0.27

Total 150.93Simple a vzragc values a nd SE from 52 rep1catcs. .93 68 26 2U .! 9 0.112 2.16

- ..-...-.-._.-- -..'---.......rr•..r�sre.v.w..�.--R•.t-.-... ...-. a,.�.. _, .-...y- . . ._ - - v ..-.... ....-....« . _. .
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Tableo-Particulate tnetter eheinkal anitlysis for Sou tlt Carolina from 3 A pr.1979 to 4 Dec. 1979.

Deposition ---
_

Date Ca '• Mg'• K• No* NH; NO,'- Cl' SO.'' PO1 H•

rttglm'
Aoril-June 18.89 5.52 17.76 12.09 9.50 35.72 3.31 97 .22 11.97 0.10
June-August 18.60 2.82 4.00 9.02 7.18 1 . 10 0.48 114.90 0.09 0.12
August-October 10.16 1 .39 2.20 12.09 6.61 3.50 0.92 73 .28 0.01 0.01
October-December 28.98 17 .01 44 .73 89 .01 50.85 79.56 162.99 280.44 27.27 0.54
Áccumulated total 76.63 26.74 68.69 122.21 74 .34 1 1 9.88 167.70 665.84 39 .34 0.77

2 kg/ha S was deposited 'during the 8-month period. Table 5-Average annual deposited sulfur finto thc sol] frora air
Projected lo 12 months, approximately 3 kg/ha S and precipitation at 15 locations in South Carolina
would be deposited per year. from 1 Jan . 1979 lo 31 Dec.1980.

S Sin Total s
Air A1ways adsorbed precipita- Sadded

Gascous Sufitr Deposit Year s factor bysoil tion tosonr

Acctímulation of S02-S from air and SO,--S from kg/ha kgtha

precipitation at the South Carolina station are com- 1979
77 xx 2222 - 1.7 + s7 = 1ó

8.3
t ó54

pared in Fig. 1. A trend toward less SOrS in the air
during May through August than during the fall-winter t Simple average values and SE from 15 repuestas.
months seems apparent. This is generally the reverse
of rainwater S04'-S accumulation trends which peak Gaseous Su!f tr Deposit
in the summer. It was observed that the average Air S deposits viere adjusted using A1way's factormonthly concentration of anions in precipitation In- (22%) to estímate gaseous S adsorbed by the soil. Thecreased during high temperatura seasons and de- adjusted gaseous values viere added lo the appropriatecreased during low temperatura seasons (Tabla 3). precipitation S data lo generala approximate valuesDuring high temperature seasons, the solubility of SO2 for total S added to the soil during the 1979 to 1980-in water decreases , providing an effective limit lo the period (Table 5) at 15 locations in South Carolina.oxidation of H:SOj . However, high concentration of When air S was combinad with precipitations S. de-cations, with catalytic effects, will rapidly increase position ratas increased significantly from 8 .3 k&/hathe solubility of SO2 in rainwater (Prince and Ross , in 1979 to 10.4 kg/ha in 1980 at rural locations of South1972). Carolina . A significant difference was noted betweenAn annuatl deposited accumulation of 8.5 kg/ha of the years 1979 and 1980 at the 99Wo leve!.
S in the air was observed compared lo 10.7 kg/ha of
S in rainwater at Clemson. S.C. (Fig. 1). Alway et al. Field Experiments
(1937) reported that 22% of the air S adsorbed by the
lead peroxide candle was adsorbed by the soil. Mul- Table 6 shows the effecis of zero and 18 kg/ha rates
tiplying this factor by 8.5 kg/ha gives 1.8 kg ha-' of S addition for all crops and locations. tncreased
year'' of S being deposited in the soil from the air. yields (P < 0.10) of corn grain in 1975. 1976. 1978,

and 1980 and silage in 1977 were obtained with the
S addition at Darlington . Data for the other crups at

Long-terco Experiments the other locations indicated no response lo S rates

Precipitation Deposil X2.0
Jones and Suarez (1980) compared 1973-1975 with

1953-1955 collections of S in. precipitation at Clemson,
S.C. The data indicate an increase in S supplied Ilt RSIN-S
through precipitation from un average of•8.9 kg ha -' ó t•5 + RIR-S
year in the 1953-1955 period to 10.1 kg ha` year` z:
20 years latee.

For the 1953 to 1978 period. Jones and Suarez (19S0) Z t.oi
and Jones et al. (1979) dctcrmined the temporal and úspatial variations in atmosphcric •S loading rate for 15 ``
Iocations in South Carolina using the Chesnin and 1 \
Yien (1959) method. !n this papar. the colorimetric
analytical nlethod by Lazrus el al. (1965) was usad
to dcicrmine ¡he S loading rate for the 1979 to 1980
peritxi at thc sama 15 locations in South Carolina. v,o.o T_-�- ._---_-• - ____
Although (he absolute values are no¡ identical, the 1 z 3 4 5 6 7 6 9 t0 ti u
upward trena of total S atided lo the soil from air and t1ONTr.S
precipitation during the 1973 to 1978 periotl contilitt .^d Fig. i-Sulfur dct•ucition ir rain nad air at Ckni son . S.C., from lo
darino tl:c 1979 to 1980 pcriud. Apr. 1979 tu 8 Apr. 1980.
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'fableG--Cropresponse. to18kgthaorsutfurinSouthCocolina in South Carolina. Converse!;', the S in ihe air as SO2
fortlie1973-I9S8 perod. increased during the winter-spring months and de-

Yield creascd during the summer-talt months.
The percentagc contributions of SO;-, NO; , Clson Ivo uitt�ovt tcah and POI- to South Carolina rainfall acidit weic 64.8.Lacation %ywbol Croa tests t sulfu r sulfur Y

22.7, 12.3, and <0.1. respectively. South Caroiina-hás-una 16% more of the acid-forrring components than North.
Clemson CIC 13ariey 5 4.20 3.91 Carolina and 36% more than Georgia.Darlín tn N08 Corngraia 6 4.69 3 .00: Rainfall contributed 10.7 kg/ha of S r •ear andDarlingt

e
n NoB Corn silaae 1

88,.05
03 8.86$ Pe

Blackville MbA Cucumber 1 37.98 16.4 3 air contributed 1.8 kgma of S per year lo soils at
Blaci iie MbA Soybeaa 3 2.27 2.22 Clemson. S.C. Depositad particulate master contrib-lUack.ille MbA Sweeteorn 1 4.06 4.18
Columbia LaB Snapbean 3 2.70 2.51 uted 2 kg/ha of S during un 8-month period and in-
Columbia LaB Turnip 3 23.40 26.30 creased significantly during the winter months.-Adding
Columbia %tgB Tomato 3 13.21 13.44 the total S deposition from rainwater, air,. and the
Columbia WgB Tunal* 3 16.37 1299 estirnaied 3 kgiha of S in the particulate matter forlhtulchedl

a 12-month period. we obiained 15.5 kg/ha, sufficient
$Detinedasoneexperimentatenelocatioatorlyear .
I Leve) ot significant differences = P < 0.10 to replace a large pan of!he sulfur removed by crops.. in South Carolina.
or sources after 8 Years of croppiing. Complete data Increased yield of corn gtain in 1975, 1976, ' 1978,
on the corn experiment at Darlington are included in and 1980 and silage in 1977 were obtained with 18 kgf
another pa-per (Dones el al., 1979). ha of Sat Darlington, where the acetate-extractable
The acetate-extractable sol¡ SO;--S leve! of the 0 sol¡ SO;2--S leve! was 9 ppm: The other locations

lo 30-cm depth was. 9 ppm.in the control treatment showed no response lo rates or sources of 'fertilizer
at Dtrlingt n. At the other locations the SOí--S leve! S during the study period; Chis indicatcs that- crops
of ¡he 0 lo 30-cm sofi depth was 32. 17, and 4 ppm are supplied with enough S from the subsoil or the
at Clemson. Blackville, -and Columbia. respectively. - atmosphere.
There. viere no significant crop responses lo ratas or
soúrces of S fertilizer during 1975 to 1980 at thése .. ACKNOWLEDGMENP
other íocations. T;lis may indicate that S is supplied The authors wish to thanl: Dr. J. T.1Vatkcr, Experiment,
lo the crops from ihe subsoil or from the atmosphere Ga., and Dr. J. E. Douglass, USDA-FS, Franklin, N.C.,
or from both for their contribution and the use of thcir data.
Thc 'crop. ' response research reponed for the

1973-1980 penad supports, in general , the critica[ REFERENCES
leve!. of 14 ppm in the sol¡ reported by Bardsley and 1. Atway, F. J., A. W. Marsh: and W. J. Metbley. 1937: Su-i-
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s shown to be far
tment .vas slightly �ieid investígation ofHaste.
11 waste was more
,e waste mixtures. trace meta is in groundwaterH of the vat watte
ly suited td mag-

'•.chem-Leas total from fly ash disposal
is watte th1n any

s alum , lime, and T. L. Theis, J. D. Westrick, C. L. Hsu, J. J. Marley
-en used for treat- University of Notre Dame, Indiana
The results of this
:O3/Ca ( OH)2 sys-
some of the more
cal treatment. It
(OH) 2 was supe- The expected increase in the use of coal as SITE DESCRIPTION
ior from a variety an energy source has resulted in several in- Field studies were conducted at the coal-
samples. Addi- vestigations into the environmental cycling of fired Michigan City Generating Station of the

ucted to compare coal-related pollútants. Among these is the Northern Indiana Public Service Company.
. r common coagu- release of various toxic trace metals, which are This station has a generating capacity of 735
can be recovered associated with coal during the combustion MW. Of special interest is a newly con-

zmomically advan- process . A portion of some of these metals structed 520 MW unit which went into service
7nent applications . exhibit a volatile behavior (such as mercury, in 1974.

and to a lesser extent, arsenic ) and are emitted Figure 2 gives a schematic site layout of the
as vapors in stack gases . The more refractory ash ponding facili ties located on-site (num-

-,, ís a Profesor in metals, however, condense as oxides onto the bers refer to the sample wells and borings
ngineering at Au- particulate residue known as fly ash . The which were made as part of this study). The
S. Homsby was a mode of formation of fly ash and its physical system consists of two sets of ash ponds, each
Engineering at and chemical properties have been reviewed containing a primary and a secondary settling

me this paper was fi extensively elsewhere .l-* Fly ash is composed unit. The volume of each primary pond is
ngineer with Me- chieiy of alumina, silica, lime, and íron oxides approximately 62 000 m' ( 16.5 mil gal).
innah, Georgia. in an amorphous core. Figure 1 gives typical Under normal operating conditions , each set

ranges of the metallic components of several of ponds is used in an alternate fashion; that
fly aspes. The extent of enrichment of many is , while one primary pond is being fi lled, the

'or Effluent Limita- trace metals on By ash is sometimes large, other is allowed to dry for the removal opera-
occasionally reaching 100 times the concen- tion . Pond water overflow is recycled during;ource Perfonaance

Milis' Point Source tration originally found in the Goal. the ash sluicing procesa. Each pond cycle
v. -S. EPA ( June Usually, precipitators or scrubbers collect has a duration time of 6 to 9 months. These

the fly ash from the gas stream. Approximately ash ponds were const ructed and put into op-
agnesi`un Carbon- 40 million tons are produced in the U. S. an- eration at the time of the latest plant expansionni." Jour. Amen.

nuall(1972 ). y, and this quantity is likely to increase. in early 1974.
--,a Symposfum Intro- Common disposal practice involves on-site The site is located in a dunal region adjacent

19, 291 (1964). ponding, followed at appropriate intervals by to Lake Michigan. Pond elevations, when
ihemical Processes mining and subsequently depositing the ma- full, are 9.6 m (31 .5 ft) aboye the lake datum.
V' Wiley-Intersci- terial as fill. Large portions of the trace metais The area is underlain by a clean, porous sand

sted Jar Test Pro- on fly ash Nave been shown to exist in a sur- of considerable uniformity . Sieve analyses
Effectiveness of face-sorbed form often associated with ¡ron or made from severa] of the on-site borings are

Coagulant ." Un- manganese oxide reservoirs.4 As such , they shown in Figure 3. The effective size varied
must be considered as potentially able to be between 0.16 and 0.18 mm, and the coefficient
released into aqueous solution . The purpose of uniformity was approximately 1.5.
of tisis study was to investigate in detall a During this study , the Michigan City Gen-
ponded fly ash disposal site, with particular erating Station burned coa] mined in southern
emphasis placed on the extent, if any, of trace Illinois . The amount of fly ash produced
metal migration in groundwater from natural varied , but averaged 310 to 365 metric tons/
pond seepage. day (340 to 400 tons/day).
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+o` EXPERIMENTAL PROCEDURES
Sampling wells . A series of twenty-one,

A l Fe Si 2-in. sampling wells were installed during theCo year in and around the power plant site. These
are located in Figure 2. As a rulo, wells vera
drilled to a depth of 1.5 to 2.5 m (5 to 8 ft)

r P lo• beneath the groundwater table. The well
casings are polyvinyl chloride pipe, which are
slotted for the portion beneath the water level.

Z 10'
As PD Wells were capped and sealed between sam-

, cu
Mn Nic pling periods. In addition, soil samples were

!, I r taken at each haif-meter depth and saved for
W r

11
My 1 I later analysis.

á Water sampling and analysis. An effort was
Cd made to adhere to a monthly sampling sched.

ule. However, the unusually severe winterb 1 weather conditions made the site inaccessible12
for long periods of time; therefore, this sched-
ule was necessarily compromised. A typical

METALLIC COMPONENT sampling regime consisted of the following
steps:

FIGURE 1. Total metal analysis among 1 . Measurement of groundwater surface
severa¡ fly aspes. Bracketted lines represent elevation.
ranges, dots are average values ( source: Theis 2. Initial pumping of the well to remove
and Wirth 4). standing water.

LAKE

-- J SCOO/q�RY
Seo~ SMlN13 MSINi 1. Scntwa

w.l
"m s N. s

WKE �4 • Irs

0,
fINMAII► /lT aso

SCTftM3 MSIN N►1

.IS 1

q 17 *Os

•
Ii

`� are coque
Ml[ b 1a„TR

COI ST0111G[

.f ` q
n,q�E�Y

(iHE
14

15

21

FIGURE 2. Fly ash disposal site layout ( approximate seale 3000:1).
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Fly Ash Disposal

120

PortiCle Size Distribution
IO0

NIPSCO, Michigon Cify,
Indiana

a: OC WelI No. 13
w Selected Samples

k; ?
Well No. le O Well 10

60-
A Wel1 13

40 O Well l8

W

Well No 10 Effective Size, DIO,

0.16 to 0.18 mm20

0
1.0 0.1 001

PARTICLE SIZE, mm

'- FIGURE 3. Síeve analyses for representative soll samples from disposal sita.

3. Removal of approximately one 1 of new aqua regia/hydrogen fluoride and ' analyzed.
`water from well and division lato two equal Those trace metals given in Table I (except
aliquots . for mereury) were determined again by atomic

4. Immediate acidification to pH . 5 (using absorption.
acetic acid ) of one aliquot to prevent oxida- Soil grain sine analyses were made in ac-
tion of ferrous ¡ron. cordance with American Society for Testing

5. Immediate measurement of temperature, and Materials D 422, Particle-Size Analysis of
pH, and oxidation reduction potential of the Soils.ls Crain size distribution curves for
other aliquot some soil samples recovered from depths of

6. Filtration of both ' aliquots (0.45 µm).
.7. Further addification of the first aliquot TABLE I. Analytical methods for

to pH-1 with perehlorie add. groundwater components.
Samples were transported back to the labora- Specie Method Ref.

tory and stored under refrigeration prior to
analysis . The unacidified sample was an- Na* atom. abs. 6

_ _ % alyzed immed¡ately for alkalinity, chloride, K* atom. abs. 6
:.orthophosphate , caldum, and total hardness. Ca'+ EDTA titrimetric 5
r Ihrocedures as given in "Standard Methods»s Total Hardness EDTA títrimetric 5

viere usad. Allralinity HsS04 titrimet ric 5
Trace metals were determined on the acidi- S0,:- turbidimetric 5

Red aliquot by the use of atomic adsorp tion C1-
3-

agentometric 5
fumace a 7

spectrophotometry with a graphite Al
attachment . A summaz of al¡ anal ses and

atomom. abs. 7
Y Y As atoro . abs.-Ni 8

methods is given in Table 1. Analysis for Cd atom. abs. 7
mercury was discontinued shortly after the Cr atom.abs. 7
monitoring bagan because levels were con- Cu atom. abs. 7
sistently beneath the detection limit (0.2 pg/í). Hg fíameless atom. abs. 9

• In general, ferrous ¡ron determinations closely Mn atom. abs. 7

agreed with total ¡ron due to the insolubility Ni atoro. abs. 7
Pb atoro. abs. 7

of ¡ron ( III) at the pH values encountered. Se atoen . abs.-Ni 8
Sol! analysis. Sol! samples obtained during Si atoro. abs. 7

the drilling of wells were analyzed for total 7.n atom. abs. 7
eomponent concentrations according to the Fe' bathophenanthroline l0
method of Bernas.ll In this procedure, the Fe r atom. abs. 7
sample is digested under heat and pressure in
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LAKE 4,

12.0

DIKE

12.0 18.0
PRIMARY FLY ASH 1

18.0 SETTLING BASIN 1
No. l 12.0

I&0

pROVERTT
t/ME

Conditions os of
October 18, 1976

15.5

Approaimote Scole
EQUIPOTENTIAL LINEE " I', • 275'

FLOW LINES

FIGURE 4. Flow lines around ash pond Number 1 for October 18, 1976 sampling
day.

1.5 to 2 m below ground surface are shows In size, D10, and coefficient of permeability, k '.,
Figure 3. (Leonard 33). The D10 of these uniform sand

Coefficient of permeability was estimated soils is approximately 0.2 mm, and the co-
using published correlations of effective grain efficient of permeability 0.1 cm/s. D

' 1 r '1 u t. �Y.

i } 111 .

FIGURE S. Three-dimensional view of prevailing groundwater surface for October
18, 1976. Lake is lo the left.
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Fly Ash Disposal

RESULTS AND DISCUSSION TABLE 11. Composition of fly ash at, For tbe major portion of this study, only the Michigan City.
first primary pond ( Figure 2 ) was actually

Component Concentrabanloaded with fly ash . Pond 2 was allowed to
dry for the eventual removal of the ash to the

AI�O� 30.2%final fill site. Most of the data to be presented,
Os 25.then, bave been generated by the seepage F

32 9%characteris tics of the first pond .
Ca0 .5%

2.9%,
The hydrologic characteris ties of the dis- As 1200 µg/g

posal site are of considerable importance in Cd 19 µg/g
assessing the, movement of dissolved constitu- Cr 320 pg/g

. ents in the groundwater. Water seepage from Cu 350 µg/g
¡he ponds significantly alters the flow of Hg 24 pg/g

• groundwater in the general vicinity. Figure 4 Mn 600 pg/g
shows typical flow lines around Pond 1. The Ni 600 µg/g
prevailing groundwater flow is, of course, to-

se 1 188 µg/g
Se 88 µg/g

ward the lake . The pond, however, brings Zn 3 300 µg/g
about a counter-flow which extends outward a
distante of 100 to 150 m, depending upon
other hydrological factors . This effect is A representative analysis of the fly ash pro-'
illustrated more clearly in Figure 5, which duced from the plant is given in Table II. It
¡¡ves a three-dimensional view of the ground- should be noted that most of the values given'.water surface when the pond is fuU. It is in Table II are toward the upper end of the
possible to sea a "saddle point" where the pond ranges given in Figure 1. As might be ex-
flow and the natural groundwater flow meet. pectecl, this ash exhibits an acid reaction in
Wells 18 and 13 (Figure 2) were located as water. The pH measured in the pond was
close as possible to this point. This informa- consistently between 5.5 and 6.0.
tion is important for two reasons. First, the Specie concentrations for most of the trace

. extént of the pond influence determines the metals analyzed in the groundwater are given
. approximate path length of the seepage water. in Figures 6, 7, and 8 for three separate sam-
This is important in determining the ultímate pling days. Data are, presented as distante

t degree of attenuation of dissolved species . profiles using the wells ' putlined previously.
Second, the groundwater chemical character- The groundwater surface elevation is also pre-

S istics changa abruptly at this point. As will sented. The initial concentrations of metals in.,
r•be' leen, such a changa can bring about sig- . the pond were found to vary widely; it is as-
-- nificant alterations in trace metal forma. sumed• that these were mainly fithetions of the

5000 As
4000

POND No.1
3000 Fe é

i r Fe Metal Profile Oct. 18.'76

ó
f• Well Numbers:

1 r--� 2.3.10, 13.15.18 10
300

0

w
200 Zn _- - Elevatioo 4 w

2W• U

Z Cu 0 íW-Q
100 Pb 3:a

Ni "ECU Z
s ! ízn 0

0
r -As co

0tt 100 200 300 400 500 600

ae) ~ DISTANCE , meters(CkPoi
FIGURE 6. Trace metals as a funetion of distante for Pond 1 , October 18, 1976.
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4000

3000 Fe E

2000 POND No.1
Zo

1000 Cu Metal Profile Jan.4,'77 s
Well Numbers: 0

5�--- 2,3,10,13,15,18 10ó 300 Fe 8
í Ni

Grou_dMoler 6 ó
Elevotign 4

200
2 i

c,9 Ni 0 W
ac

100 Pb Pb.

W t As i-s
Cr _Zn

Cr 0
00 (f 100 200 300 400 500 600

(1Cake)
-'1 Pond -. DISTANCE , meters

FIGURE 7. Trace metals as a function of distance for Pond 1, January 4, 1977.

By ash loading yate. For all three sampling at greater distances. No such peak was found
days, inetals generally decreased rapidly with on the March 3 date . These observations are
distance from the pond. This' is true also for dffcult to explain unless the cycle and loading
Wells 2 and 3, which are not plotted . Certain rates of the ash pond are taken into considera.
metals were consistently low: cadmium was not tion . Figure 9 shows concentrations as a
plotted since its concentration in the ground- function of time for several of the metals
water was generally leas than 5 'cg/1; chromium analyzed . A sequence of significant events is
was also very low. also presented. From the beginning of the
The October 18 and January 4 samples also monitoring (july 1976 ) to the end of Septem-

show certain similarities In that virtually all ber, Pond 1 was allowed to dry and the ash
the metals displayed sharp peales at about 115 was removed . Metal concentrations aré uní-

.. m from" the pond (Well 18), which decreased formly low. Pond Li ing began at ti end of

4000

30QO
Fe POND Na 1 Fe

2000 ¡ Metol • Protile Mor.3,77 E
Z+► Well Numbe:

1000 Cu , 3,10,13rs,15 , I8, 21

10

600 Groundwater E
Elev-tion 6

a - ! 0
Ni

Fe 4

W4� Mn Mn 2w
ZO W

0
W

200 Pb z
3

h b Cu Ni

0 100 200 300 400 500 600
(Loke ) �

Pond f- 01STANCE , meters

FIGURE S. Trace metals as a function of distance for Pond 1, March 3, 1977.
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My Ash Disposal

September. Samples taken shortly thereafter TABLE III. Macro -ionic composition of
.(in October , Figure 6) at Well 18 show in- water at Wells 18 , 13, and 15
creases in filterable metals . Maintenance (Jan. 4, 1977) (ali values mg/1).
needs within the power station considerably
reduced the generating capacity for severa] Specie Well 1 8 Well 13 WeU 15

weeks during th e" next sampling interval. Unit
12 in particular is rated at 520 MW. Plant N++ 52 7.5 16.0

K+of sluice water qúantities to Pond 1 Ca,+ 424
96

2 166

'reBect the decreased activity. From October Mgs+ 41 17 25
through December, an average of 5 300 ms/d Alk (as CaCO,) 8 80 478
..(1.40 mgd ) was pumped to the pond, as SO+2- 1250 210 28
cómpared with an average of 10800 ms/d CI- 65 2.5 7.5
(2.85 mgd ) for periods when all units ate Fe 2 .25 0.14
ónline. Mn 1.48 0.03 0.60

Plant capacity returned to normal on De- S` 4.60 6.95 • 6.5'

cember 12, 1976 . The next sampling day was PH 7.0 6.9 6.5

s2january 4 . Coincidentally, tlte, interval be-
tween each activity '(pond filling initiated and
:retum of Units 12 and 3 ) and' sampling fected by normal plant operations. In the
day was approximately the same-21 to 23 case of the pond filling, fiy ash concentra tions
days . It appears ' that groundwater contén= at the bottom, before the water volume has
trations of trace metals are significantly af- reached pond capacity, are larger than normal.

The return to service of such a large amount

wEU rw. ie METALOONCENTRATIONS *L. TIME
of generating capacity brings about a similar

-- moo increase in ash concentration. -The effect in
either case is similar . The uniformly lów levéis

[Fe] stoo�o
of trace metals for the March 3 sample date
could perhaps be considered more indicative

,�. s o + r of a steady-state operation • of the disposal
.oo system.

[N] 300 The phenomenon described is further sup-
ino poned by art analysis - of the travel time of
o +0� o r groundwater . from We! 10. adlacent to the

pond, to Well 18, a distante of approximately
;[P16) 90 m.

p0 The travel time can be estimated using
0 Darcy's law and Dupuit's assuniption that the

hydraulic gradient is equal to the slope of the
[
u

1 soo free surface.
leo Writing Darcys law

s o
r wo w�r • s o w +• r

[Znl eoo n
Jsoo

1OO where
-- � +ar w + r

v = seepage velocity
[AsJ 0 k = coefficient of permeability

i = hydraulic gradient
° mr o w n = porosity

wwt.
�M+110.t E. M1` iM �,�o^ s.••• o...s and substituting measured and previously de-

+O� termined values, (k = 0.1 cm/s, i = 2.5 x
10-2, and n = 0.5 for the mediúm sand),'

FIGURE 9. Trace metal concentrations at
Well 18 ( 115 m from Pond 1 ) as a funetion v = 10-2 cm/s X 2.5 X 10'2

x
8.64 X 10' set

of time. Scale at ' bottom depicts significañt 0.5 day
events which affected trace metal levéis. v = 4.3 m/d.
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FIGURE 10. Mejor ionic components in groundwater for Pond 1, January 4, 1977.

Travel time is then previously, *soils were sieved, yielding fractions
of several sises. Each of these was analyzed

90 = 21 d . ' for metals. Total metals were then computed
4.3 m/d . by taking the weighted average, of individual

Figure 10 gives some of the major ionic fractions. For all soil samples tested, the
species present in the groundwater on January greatest concentration of metals was consis-
4. Results for other days were similar. The tently associated with smallest-sized fraction.
confluence of. pond seepage with natural Specific data for a sample taken from Well 18
groundwater is clearly indicated . The dom- at the approximate groundwater level are
inant anion shihs from • sulfate to carbonato. g¡ In Tabla IV. Although this interesting
These values are given more preclsely in Tabla trend is to be expected for cases where ad-
III. Similar data exist for other sampling days . sorption is occurring, it is nevertheless of
It should be noted that there ' were largo

metals fsou�nd in any amplre� It waso indicatedamounts - of both ¡ron and manganesa present prev¡ously that the D10 sise was 0.16 to 0.18fhenatural
ponds.
groundwater outside of the in- mm. The smaller-s¡zed fractions rarely com-fluence posad more than 2% of the total sample andIn order

to
ana
analyz

lyze the dita further, it is- � r
necessary to consider the resulta of the chemi- were normally much less.

Figure 11 shows total metal concentrationscal analysis of soil samples. As indicated in soils as a function of depth for several dis-

TABLE N. Typical distribution of metals
tances from Pond 1. Most of the metals dis-

with soil
play elevated soil concentrations at or beneath

grain sise. the groundwater leve] suggestive of bulk trans-
sogas I8 at orouadenter Ilatertace port. Profiles at 340 m are outside of the area

(en ues $c/s of influence of groundwater flow from the

sise ponds ; they appear to be much more uniform.
Rase The most prominent feature of Figure 11 is
(aaa) As (d Cr Ca Ni Pb Se Za the elevated levels of metals at 150 m (Well>0.841 6.3 0.10 36.7 28.1 40.6 25.1 26. 1 65.4

0.425-0.841 4.8 0.14 12.7 15.5 25.0 8.6 19.1 28.7 13) over other distances, particularly at the
0.250-0.425 3 .4 0.11 13 .6 124 20.0 8.6 124 26 .7 groundwater surface. Figure 12 presents this
0.149-0250 3 .9 032 10.2 12,6 36.5 9.9 158 30.8 for a constant de th oundwater interface )p (groundwater interface0.075-0.149 6.0 0.09 76.5 194 16.8 16.4 223 65.6

<0.075 15.0 0.33 1os.3 106.5 49.5 77.7 30.0 333.3 as a function of distance. All metals show
elévations at a distance of 150 m from the

II
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pond, with the exception of nickel and copper. give specific data which illustrate this change.
Arsenic shows a rather large rise in view of In general, there are two attenuation mechan-
its consistently low levels in the groundwater . isms which can act to decrease soluble metal
The reasons for these increases are not ob- concentrations in the water : precipitate forma-

- vious unless both the hydrologic characteristics tion of an insoluble compound and adsorption
of the Bite and the chemical interactions are onto local solid phases. The data of Tables
considered . An examination of Figures 4 and IV and V suggest that both may be occurring

: 5 reveal the saddle point for the meeting of in the groundwater.
the two groundwater fiows to be very Glose to Figure 13 gives some indication of the
Well 13, which is 150 m from Pond 1 . This presente of chemical precipitates for copper,
point will naturally move back-and-forth dur- lead , nickel, and zinc. Here, known thermo-
ing the year, depending on pond cycling. dynamic equilib rium data plus measured con-

.°There are significant changos in both soil centrations in the field have been applied to
composition and water quality (see Figure 9) . speciate metals ac cording to distance, with
that occur near this point . Tables IV and V the aid of the computer program MINEQL.14

CONCENTRATION IN SOIL , ¡.¿919 DRY WT.
0.1 1.0 10 100
0

As Pb Ni Zn
2 Cd Cr

GAT.

6 20 m from Pond 1 Se

0.1 1.0 lO 100
0

�`'• Pb Se Cu Ni Zn
2 G.W.T. Cd As

6 115 m• from Pond

E 01 1.0 lO 100
0 p1)

_G.W.T. -----A
Ni Se

Zn

Cd Cu
4

6 150 m from Pond

0.1 1.0 lO ,100
0 Se

G.W.T. Pb

4 Cd As Cu Ni Zn

6 340 m from Pond

FIGURE 11 . Depth profiles of trace metals in soil around Pond 1 for severa¡ distances.
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FIGURE 12. Trace metal concentrations in soil at the depth of the groundwater as
a function of distance.

Total analytical metal concentrations are held markably reflects the pattern actually found in
constant for each case at the maximum levels the soil ( as shown in Figure 12). Nickel
found in the wells around Pond 1, simulating (Figure 13) exists almost solely as the Nis•
the movement of a pulse of metals through ion in both seepage and groundwater. Nickel
the soil, as suggested previously. Some Inter- ion is a comparatively nonreactive specie in
esting'trends become evident when compared this environment. Studies have shown that it
with Figure 12. For example, the formation does not adsorb readily onto oxide minerals
of the basic copper carbonate (malachite, until pH values of 8 to 9 are reached.14 Thus,
Figure 13 ) is favored for all distances from nickel concentrations in sol! ( Figure 12) show
the pond . Copper concentrations measured a sharp decrease at the confluence of pond
in the soil show a uniform distribution, with seepage with natural groundwater. This is
only a slight elevation of the leachate with due to another attenuation mechanism-simple
the natural groundwater at the zone of con- dilution . The anticipated behavior of zinc is
fluence. given in Figure 13. Here, conditions favor

In contras[, a lead carbonate does not pre- the precipitation of zinc as the silicate through-
cipitate until the groundwater inorganic car- out the seepage zone . Accordingly, zinc would
bon levels have ¡nc reased substantially (Fig- be expected to accumulate in the immediate
ure 13 ). Lead hydroxide, Pb(OH)Z, may vicinity of the ash pond. Increases in the soil
precipitate in the vicinity of the pond due to at further distances are probably due to ad-
slightly elevated pH levels. This pattern re- sorption (which is discussed in more detall

below).
TABLE V. Soil ¡ron and managanese Although precipitation offers an explanation

concentrations at groundwater for the observed trends of certain metals, spe-
interface (µg/g dry tvt) cific• adsorption onto solid phases may also

account for increased metal concentrations in
Location soil. Amorphous oxides of manganese and

No. Mn Fe ¡ron that are present probably exert a major
influence . Concentrations of ¡ron and man-

10 22 .3 1510 ganese in soil , given in Table V, show sig-
18 36.0 2710
13 57.3 3 230 niflcant increases near the poro[ of greatest

15 52 . 1 3180 metal shifts (Figure 12).
¡¡ 21 33 .0 2 120 Parks 1s reports the zero point or charge

(zpc) of freshly precipitated ¡ron hydroxide
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to be 8.5. Manganese dioxide has a zpc of Both arsenic and selenium possess an an-
é.approximately 2.0. Accordingly, a major dif- ionic chemistry under the groundwater con-
ference between these sorbing surfaces in the ditions . They would be expected to adsorb
bnvironment under discussion is that man- readily onto the positive iron hydroxide sur-

..ganese oxides are negatively charged, while face. Other metais may adsorb onto the man-
iron oxides are positively charged . Silica , ganese. Figure 12 suggests that al] of the
which also would be negatively charged and metals except nickel ( as noted aboye ) adsorb
.is present to excess, sorbs comparatively little. to some extent, although the precipitation of
James and Healy 17 attribute this to the low lead and copper carbonates may also be im-
dielectric of silica, which effectively inhibits portant for these metals.
overcoming the solvation energy of hydrated It appears that the elevated levels of ¡ron
.metal ions. and manganese at Well 13 are present natur-
-.1•:

,'.
5.0 -CUT

CU* C03
6.0 CU6(OH)4 )2 C03

p CU
7.0 Cu SQq (oq)

Cuco (oq)
8.00

100 200 300 400 500

Pp
Pb

&0

5.0
PbT

-

Piiii

7.0 Po�+ Pb+b
SO

PbCO3(o)
4(ogi

• 8.0
0 100 200 300 400 500

5.0 N(T

N7,+77
6.0 Ni S04 (oq) Ni C03 (oq)

p N i ZQ
Ni OH+
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5.0 ZnT
Zn+2

�„----

ZnSi 03 (a)
pZn

6.0

7.0 2nOH 7 '

8.01
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DISTANCE , meters
FICURE 13. Dominant inorganic complexes for copper, lead, nickel, and zinc as
determined by equilibrium calculations . Data for january 4, 1977.
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TABLE VI. Maximum increase of heavy terns on the lake side of the pond, similar to
metal over background those observed and described previously for
concentration in soiis (al¡ the opposite side. Metal concentrations at-
concentrations µg/g). tenuate rapidly; however, short-term perturba-

t Boring Average tions may create momentary large concentra-
21 Crustal tions entering the lake water.

Boring (back- Me ta/ Abundance
Metal 13 ground ) Mes, (pg /g) Source

SUMMARY
Aa 6.5 3 .83 1.7 1 .a 15 For the fly ash disposal site studied, it has
Cd 0.66 0.30 2.20 0 .2 19
Cr 17 .0 12.8 1.33 100 I8 been found that trace metals are released into
Cu 13 .4 15.4 0.87 40 19 the groundwater. In general , the concentra-
Ni 14.9 17 .6 0.85 80 20 tions are low, although they are sensitive to
Pb 20.7 9.50 2.18 13 la

i, se vs 12.7 1 .40 1 21 the ash loading rates and procedures. Rapid
4 Zn 61 .0 32.5 1 .88 so 19 attenuation occurred for most metals very Glose

to the pond itself. Many of the components of
fly ash , especially ¡ron and manganese oxides,

ally. These two oxides, however, are also are effective metal scavengers once they are
major compónents of the surface of the fly ash . formed in the pond . These oxides are, how-
In view of the high solubilities of the metals ever, unable to dampen the curious peaks of
under pond-water conditions , adsorption is the metals which viere observed and were related
likely mechanism for the rapid attenuation of to the operation of the ponds and the power
metal concentrations within the pond . The plant. This suggests that at sudden increases
fact that this mechanism is unable to control in ash concentrations there is either insuf lcient
the large pulses . of metals which arise from time or unfavorable local conditions ( such as
operational variability suggests a more com- low pH ) for the oxides to exert controls. If
plex phenomenon may be occurring, in which this is the case, simple pH adjustment, using
kinetic factors may be important. lime or limestone , in the pond to a more

The-extent of the accumulation of the trace allcaline range should control metal release.
metals in the soil around Pond 1 can be as- Lime could elevate the pH, causing precipita-
sessed through a comparison with background tion of insoluble hydroxides of trace metals
soil levels. Well 13 contained the maximum and promoting the formation of the sorbing
or near-maximum concentrations for each hydrous oxides. Little excess sludge would
metal. Well 21 was located 500 m from the be produced because of the low alkalimty of
pond and is considered representative of back- the pond water. limestone would produce
ground conditions. Table VI gives ratios of more sludge, but would also bring about the
soluble metals in Well 13:background as well as formation of insoluble metal carbonates prior
average crustal abundances as reported in the to their release ¡nto the groundwater.

f! ¡ literature. It is evident that accumulation of The behavior of trace metals, once released
metals through precipitation and adsorption finto the groundwater, is dependent opon the
over background is occurring. If the increases site hydrologic characteristics and the water
shown are attributed to ash pond seepage, quality differences between seepage water and
then this has taken place over a period of 2.5 natural groundwater. In this study, metais
years . It is not clear that the higher levels were found to accumulate in the soil due to
which exist are excessive in view of natural precipitation and adsorption onto the hydrous
abundances, with the exceptions of arsenic ¡ron and manganese oxides.
and cadmium. The high selenium concentra- If the accumulations of metals in soiis is
tions-even in the background samples-are deémed to be a problem or if the filterable
as yet unexplained . Further increases in soil concentrations of metals in the water are con-
metals are possible . The problem becomes an sidered too high even after remedial pH ad-

j.. interesting one to model . justment in the pond ( for example, nickel is
The matter of metal concentrations which naturally very soluble ¡n this environment and

flow directly finto the lake from the pond U the Ni*= ion shows little tendency toward ad-ene
one which must be addressed further. An-i•
alysis is diBcult because the Bite layout levves sorbing onto local solid phases ), then there
room for only one boring lime between the may be no altemative except to limit the ex-
ponds and the lake. At this time, ¡t seems tent and quantity of pond seepage . Natural
reasonable to assume metal attenuation pat- or chemical - lining materials could be used for
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. such a purpose, although their presence makes 8 . Owens, J. W., and Gladney , E. S., ' The
the removal operation decidedly more difficult. Determination of Arsenic in Natural Waters
The ultimate answer to coneern about heavy by Flameless Atomic Absorption ." Atomic

metal pollution from this type of nonpoint Abs. Netos., 15, 47 ( 1976).
source ]¡es in the proper siting of dsposal 9. Hatch, W. R., and Ott, W. L., "Determination

of Submierogram Quantities of Mercury byfacilities prior to their use. Atomic Absorption Spectrophotometry."
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-,-a r-s i ghted- Connecticut, 06340, U.S.A.
ABSTRACT

discuss the
,..;,v face a new As utility companies refit their oil-fired power stations for use with coal, they

are attracting the attention of a concerned public. It becomes especially
important , when operating under such close scrutiny , to conduce thoughtful

lphurization environmental investigations with accurate analytic techniques . In one case, at a
Massachusetts , U.S.A., power atation , the routine trace metal analyses provided by

e_"iev of the private water-quality laboratories gave the impression that metal levels in stream
and ground waters adjacent to the plant were alarmingly high. This data , released

a*c to be
by Che utility company itself , resulted in extensive public criticism and costly
effort for the utility and State of Massachusetts regulatory agencies.

The problem , however, was more perceived than real , as the present study,
conducted later , showed . This inveatigation brought together ultra-clean sampling
and handling techniques ( borrowed from geochemical oceanographic practices) and
interpretive concepts from aquatic geochemistry . Levels of metal enrichment in
stream waters were revealed to be in fact much lower ( eg. Cu , 2 ug/1 ) than implied
by the evidently investigator-contaminated samples ( eg. Cu , 20 ug / 1) from previous
work , underlining the importance of employing difficult but uncompromising
procedures when dealing with metals in the aquatic environment . Furthermore, with
accurate analyses at hand, the geochemist ' s "mixing diagram" concept allowed
interpretation of the fate of the power-plant derived excess metals in the
cooling -water discharge ; excess dissolved copper, for instance , disappeared not
due to reactions with partirles, but rather due to simple and rapid dilution in
the effluent -river mixing zone.

Examination of the relationships between various trace metal concentrations and
parameters reflecting mejor processes controlling metal distributions (sediment
grain sine , labile ¡ron and manganese concentrations ) for bottom sedimenta from
the adjacent Connecticut River revealed that natural processes largely explained
the distribution of Cd, Cr, Cu, Fe, Mn, Ni, Pb , and Zn associated with the acid
leachable fraction of the sediments in all locations. While no anomalous metal
concentrations were recognized amongst sediments , oligochaete worms living in the
sediments beneath the cooling -water plume appeared to have accumulated more metal
than those elsewhere. Because tissue metal levels were unrelated to sediment
metal levels , it seems that the votes may respond more to the dissolved metal load
than to the sediment burden.

223

1



224 D.C. WASLENC.UUK

Tight correlations are evident between metal concentrations determined by thf
a uthor's techniques and a measure of the redox poise (COD)[¡]N: groundwatera near
¡yj isl té~~elationships between parametera determinad by the
routine water - quality laboratories on duplicate samples, on the other hand, are
characterized by the lack of correlations , suggesting that in the latter case
sample handling methods were inappropriate , leading to unrepresenteti ve
concentration estimates . The correlations that appeared with the author ' s data,
however, indicate that metal levels in che groundwater are controlled more by
spatial variations in the redox poise than by pollutant ( leachate ) source
strength.

INTRODUCTION

It is now well established in the academic geochemist's community that ultra-clean
techniques are a necessary part of studies involving trace ~tala in the
environment ( Patterson and Settle , 1976 ; Bruland et al., 1979 ). Routine
techniques , while appropriate for major ion studies , have now been shows
inadequate to the task of accurate trace metal investigations . If contamination
free procedures were to be uniformly employed in studies of vaste-water discharges
to the environment , one might expect quite a different picture to emerge
concerning the levels and behavior of trace metal* in receiving waters . Generally
lo ver concentrations than those now perceived would be revealed , and vith accurate
analyses at hand , geochemical concepto could be brought to bear to produce
conc lusive interpretations of aquatic chemical phenomena . Por example , one should
expect to find correlationa between the concentrations and distributions of minor
elemento, sud parametera that reflect the operation of important physico-chemical
processes . If they are not found, one should be suspicious that bis approach
(sampling design , analytical procedures ) la somehow inappropriate to allow
und era tand ing of the environmental system . It la shows in this paper that there
is a much greater potential for underatanding when non-routine , atate-of-the-art
geoche mical investigations, no more coatly in time or finances , are applied to
situations , than when routine "vlter-quality" practices are the tole source of
information.

This atudy was done alter an apparent problem had surfaced concerning the Mt. Tom
Pover Station , in Massachusetts, U.S.A., which undervent conversion to coal-firing
in December , 1981. Routinely reportad metal levels in groundwater, and a
pre-conversion study ( September ' 80) of metal levels n the adjacent Connecticut
River ( wh ich has a low-valer d ischarge of 7.5 X 10

Í,
litera/set, comparad to a

pover atation cooling water diacharge of 5.7 X 103 litera / set), conducted by
private water-quality laboratories hired by the utility company , seemed to reveal
that diasolved metal levels vere alarmingly high in the vicinity of the pover
atation . Por instante , dissolved copper concentrations downstream from the
cooling water outfall vere reported to be as high as 30 ug / l. Such levels were a
cause of concern amongat citizens , in light of evidente that Atlantic salmon tend
to avoid waters with copper concentrations as low as 4 . 0 ug/1 (Sprague , 1964), and
because a management plan vas underway to reestablish the river a a spawning area
for salmon . Fears were that copper levels in the river might increase still more,
due to metal -rich leachate from nev coal sud flyash storage areas near the river.

In October 1981 , the author conducted a study of the distribution of dissolved
copper in the Connecticut River , near the power plant sud in the mixing zone of
the cooling water discharge ( Fig. 1 ), for comparison to the September 1980 study.
The latter investigation vas done expressly by non-contaminating procedures and by
sampling designed to allow interpretation of the behavior of copper in the mixing
zone; the formen study apparently was not intended to contain these elements of
strateg y. In February , 1982, the author obtained samples of groundwater, from
observation wells located between unlined sett'ling basins for bottom- and fly-ash
slurries and the Connecticut River, that were duplicates of routine monitoring
samples taken simultaneously by plant personnel . The comparison was intended to
reveal any weaknesses in the methods used in the monitoring program. After

f 1q ,..
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Application of ultraclean sampling and analytical techniques 225

obtaining them through a single pumping system , the two sets of samples were
handled quite differently. In April, 1982, surface samples of the river, grab
samples of underlying bottom sedimente , and individually picked samples of benthic
infauna ( oligochaete worms ) vere obtained for assessment of possible impacto on
natural metal distributions , after the firet few months of coal use at the power it?;`.;-..:;''•:: ., .
plant.

RESULTS AND DISCUSSION

The Nature of Diasolved Metal Distributions in the Connecticut River �;;•'

In October 1981 , dissolved copper concentrations in the Connecticut River upstream
{ from the power atation occurred at about 2 . 4 + 0.3 ug / 1 (mean of 18 samples

taken from surface , mid-depth , and bottom waters at cix sites; variation is one
standard deviation from the mean ; Tabla 1). Copper levels determined by the
author during high river stage in April 1982 vera not much different , having a
mesa of 2.0 + 0.5 ug/l. Theae values may be directly contrasted with the
upstream copper concentration , ca. 20 ug / l, reported by the private
water -quality laboratory that obtained and analysed samples in September 1980 from
similar upstream locatione ( Table 1). It would seem inescapably apparent that the
higher 1980 level reflecte sample contamination resulting from inappropriate
handling , a conclusion that vill be reinforced when other metals are discussed.

Comparison of copper levels in river water at the intake ( sample 2 ), and those in
the cooling water discharge at the outfall ( sampla 3 ) reveal the amount of copper
added to river water as it pasees through the power plant ( Table 2). The
dissolved copper concentration ie approximately doubled , with plant-derived
excesees on the order of 2 . 7 ug/1 (ie. 4.7 - 2 . 0 - 2.7). Samples that vould
systematically represent the dilution of cooling waters as mixing occurred vera {
taken from surface waters within the thermal pluma . Samples vere chosen so that
they would epan the 0 - 8.4 degrees Centigrade temperatura anomaly ranga of the
mixing-zone ( Figure 1 and Tabla 2). Using sample temperatura as a conservative
índex of the extent of dilution in the mixing zone , a mixing diagram may be
constructed to examine the levels and reactivity of plant-derived dissolved copper

1F in the plume ( Fig. 2 ). Such mixing diagrama have been deacribed and used by
} Waslenchuk ( 1982a , b) in investigationa of the reactivity and fate of metal*

discharged vith the cooling waters'of the Milletone Nuclear Foyer Station on Long
Island Sound , Connecticut, U.S.A. The vell constrained linear relationship
between the two parametera indicates that the power-station-induced copper anomaly
disappears due to simple dilution , just as does the temperature anomaly. The
exceso copper, then , undergoes no discernable phase-change reactione during
dilution , but is overwhelmingly diluted within 500 meters or so of the outfall,
and is therefore probably quite innocuous.

The *ame reach of the river vas sampled again in April 1982 ( Fig. 1 ), to determine
if the first few months of coal-fired operation had any measurable effect on
riverine water -quality . Since cooling water composition is independent of the
fuel firing the plant , the study was not concerned vith mixing behavior of metal*
in the plume so much as vith the levels of metals in the water column near the
wes t bank . If substantial amounts of metal-rich leachate from the coal storage
ares and the settling basins were entering the river via groundwater, it vas
supposed that maximum impact would occur along the western shore . ?he river vas
at high stage , ho vever, so that impacto would tend to be minimized by dilution,
anywhere thet they might occur. While the data ( Table 1 ) would therefore not
represent a worse-case or even en average -case of metal loading finto the stream,
they are instructive vhen compared to the 1980 data reported by the private
water -quality laboratory . ( Note that ve are comparing data from a low river etage
to a high stage , hence some differences might be expected ; however, it vas shovn
earlier that at least for copper the seasonal variation was amall. )

'• tw ci, Fui . :, .,.
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e

tt is clear that the levela obtained by the author' s ultraclean methods for each
metal , except ¡ron ( the concentration of which is 10 to 100 times greater than the
others ), are subetantially lower than those obtained by routine "handbook" methods
(specifically , " Standard Methods", APMA, 1975). I posit again that the higher
levels reflect sample contamination ; metal concentrations in
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contaminated samples vare elevated by factors betveen 4 ( for Ni ) and 50 ( for Cd),
with a factor of 10 being the most common. It seems possible that the practice of
measuring trace metal concentrations by techniques not specifically designed to
avoid the various sources of contamination is widespread , hence one should use
great caution when evaluating the analytical findings of waste-water
investigationa . Furthermore , the vater-quality laboratories responsible for
providing such cervices should undertake a self-examination to determine if
samples for trace metal analyses are being handled appropriately. The
governmental regulatory agencies overseeing environmental monitoring atudies
ahou ld also look inwards to determine if Cheir expertise includes an understanding
of the requirements for non-contaminating metal analysis.
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The April 1982 survey showed that cooling water was a source of plant-derived

íron, nickel, and zinc, and possibly a weak source for copper, to the river. In
tl(!irt!% -#?'' k%r:-s•':lach case samples from the nearahore ares downstream from the outfall alongside

:he settling basins (samples 7, 8, and 9, Figure 1), contained metal: at t .Kt c `('!#¡(�jrttj:ir.

concentrations similar to u stream creas . ((ence dilution of cooling water was ` tl lkf r� ci tl' f fFr
rapid, and leachate :.apaga causad no measurable effect on riverine metal solute
concentrations. '#s

TASZ 1. DISSOLVED TRACE METAL CONCENTRATIONS REPORTED FOR VARIOUS SA7TLINC 'i'¿�!1O;.;:C�ti'•)"1'r7:(�-
PERIODS, BY TRE AMOR AND 5Y A PRIVATC WATER-QUALLTY LABORATORY. ){#!ttijtftf%•SS #({j¿2:vjr%;f t;t;+;

OCIOBER , 1981 (ristnt river serte , auc lov-(lov) TRIS STUDY

Loeaeieu (Cu)ut/1 '+••'

upstrw 2.4 0.3
luce, at o„ctall 4.7

alxtat toas ( see Table 2)

APRIL. 1982 (hith flov) - TRIS STODT

Leeacion (Cd) (Ca) (U) (Mn) ( Ni) (Za )
ut/1 u5/1 st/1 Wt/1 ut/1 .4/1

upscrem (1,3,14,15,16) 0.03tt 2.040.3 0.21+0.4 14.04.1.1 0.840.3 3.2±0.3
pluu, at outfall (4) 0.03tt 2.2 0.29 14.1 1.2 7.9
atxiot tono (7.8.9) 0.04 2.3+0.4 0.19+1.3 16.8±1.6 0.8.0.2 3.4_0.4

$DTEt~UR, 1980 ( rislut serte , cut 1~-flov) - PRIVATE WATER-QUALI1Y.LA80RATORY

Locatlsatt. (Cd) (Cu) (Pe) (mi (Ni] (Zn)
a��1 •.:ca:.,`,:

r;¿

Upe reza ( 6 empleo) 1.2+0.2 <10-30t't'0.16+.05 454.10 27±7 40.21 "�. '}!<
auxias son. (3 emplee ) 1.80.7 25±5 0.274..OS 57+12 2575 3776

t '
actual saaples la paruche..s; se* Flauta 1

t:
ere dstaecioa lLic

see
Smple loeaciofte are dallar ee :hose oí cha anchor. lbs eoollst vacar tt•
diseharte tac che euttall vea set aaapled. Uovever. then alxiat tose f• -
emplee had tesperacure asoaalies ot abouc 4.0'C aboye "blen%, indieactos
aboye 302 dilueton el che heaced etflueae.

Mee ..

Ihr*e empleo reporced at < 10 Wt/1. che.. echers te 10-30 u&/1, aua )
ot 20 WR/l. t

TADLE 2. DISSOLVED COPPER Co8cZll RATIDNS ut TU 000U$~ 14TER PLUS

Saaple tmp ('C) (Cutut/1

3 20.4 4.7

1 19.3 4.3

6 18.9 3.8

17.4 4.2

4 16.7 3.6

6 14.3 2.8

2 (tocaba) 12.0 2.0

Aubteatt 12.0 2.2

• seca ot all maples oucside che deceeable therasl enosaly, Lncludlnt
che upscrem *~pies oí Tabla 1, ene smple edjacenc co che plus. and
R acopies froe a transeec acres. che river abouc 11 2 w dovascrem frota
,he detectable cherrsal plus.. The lactec 9 amplts !coced bscveen 1.8
and 2.8 me C./l, vacó a asan sud standard ievtacion oí 2.3 • 0.4 st/1.

a s.8 �sr.(t((r(�:.
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Factors Controlling Metal Levels in Bottom Sedimenta

Coas idering that synoptic sampling of riverwater may not allow detection of che
impac t of long terco seepage of leachate -enriched groundwater through river bottom
sedimenta, the concentrationa of metal* associated with che acid-leachable
frac tion of bottom sediments vere aleo measured (Table 3). Sediment samples were
taken beneath che surface water sample locations of Figure 1. Because heavy
metala preferentially accu mulate la fine-grained bottom sedimenta vith great

• surface areas in association vith ionically active clay and oxyhydroxide surfaces
• (Jenne , 1968 ; de Groot et al., 1971 ; Waalenchuk , 1975), it vas necessary to

account for Chis natural phenomenon vhen interpreting che distribution of heavy
metals in the inhomogeneous fluvial deposit of che atudy crea. To chis end,
leachable metal concentrationa vere normalized to che veight percent of silt and
clay ( ie. che sediment fraction vith lees than 53 micrometers grain size).

The causa tive relationship between sediment grain size and labile trace metal
concentrationa is best reflected by che plots of leachable manganese and leachable
chromium concentrationa versus veight percent of clay and silt in Figure 3.
Similar, but leas vell constrained relationships were obtained for all other
me ta la. The goodness of inter -relationships between metala and proporcione of
fine s edimento ie very obvious in che highly significant correlaciona of Tabla 4.
Notice that particularly high correlacione vere realised between most metals and 2
fines , and between moat metals and iron or manganese . Flota of manganese va.
leed, iron va. manganese , and iron va . copper ( Figure 4 ) visually attest che high
correlation coefficiente of Table 4, and illustrate very vell che control exerted
by Fe sud Mu oxyhydroxide grain coatinga on other trace metal distributions. The
abee nce of obvious outliera la all such plota is taken as etrong evidence that che
processes controlling metal distributions in che sedimenta are uniformly operating
everyvhere in che atudy area , implying alto che absence of localized contaminant
accumulationa.
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TABLE 3. LLACNABLE METAL CONCENTRATIONS IN CONNECTICUT RtVER BOTMN SEDIMEt1I5COLLECTED NEAR TME W. 70M POWER STATION . (P8/B dry .t•) I ,�r ' � tt¡¡ �ti?'4�•:%:.,:.'' .

I,

1{

f111
(í� f}!%#}��:)SAMPLE Cd Cr Cu F. M. 41 Pb Z2

16 0.39 30.3 11 .94 3.98 485 . 58 4.26 23.63 26.7 2
1 <O. 006 0 . 45 0.24 0 .29 62 . 25 0.97 1 . 09 7,34 {¡¡+¡t{15 0.12 11.7 2.47 1. 12 300 .13 0.77 10. 39 8.42

;S

2 0.12 3.3 10.52 0.91 74. 71 1.98 10.6
tE ¡¡ {

{ ítt,`t`+
f j:`( =

1 27.41 }£;t{tl �f{i�tr •7��k�it({+i3 0.04 2.9 9.09 2 . 67 246 . 40 3.11 13 . 06 34 .24 •(• ?S,,%a'°•.t 3{f$ '�? {tt
14 0.16 23.6 12 . 10 3.69 354.52 4 . 83 1}/-22.81 46 .26 3 14 0.03 9.9 16 . 19 3.90 t

f
f ` { f ' ��J'�1tt;��,(Z€(%,h398.47 7 . 48 10 . 60 78 , 09 J tg ,`;'

5 0.09 6 . 9 9.72 ;{jlt � 1 / i�t' '• ••2.15 103 . 54 t F{í .3.32 9. 82 28.22 •7( 3�1�t t ����;¡ ¡p�,{?�if¢t:.;;
6 0.02 1 . 2 3.06 0 . 26 51.12 0.62 1 . 84 4.96

?c€i;i;'¿%f„i},}t
7 0.10 12 . 9 14.94 3 . 10 182 . 18 4.32 14 . 06 33 . 58
13 0.03 3 . 9 4.96 •,:;;i;.;:i..' .2.42 125 . 16 2.73 9.21 23.20
B 0.05 17 . 8 15.02 3 . 80 206 . 42 3.26 13 . 13 33.29
9 0.11 18 . 0 5.32 1 . 48 71 . 43 6.41 9.27 20.47
10 0.03 4 . 5 2.11 1 . 06 43 . 91 1.66 4.66
11 0.01

11.27
10.8 5 . 18 2.40 230.67 2.34 12 . 12 22.50

12 0.01 10.5 7.73 1.95 139 . 90 2.78 16.00 34.00
L),
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Metal Levels in Benthíc Organisms

An alternative indicator of the long term impact of any metal -rich leachate
entering the river might be the body burden of metals in benthic infauna. One of
the dominant groups of organiems in the study ares sediment were oligocttaet
worms, which occurred in densities on the order of 10 individuals per 10 cm
of sediment . The measured concentrations in dried tissue are reported in Table S. F?':

TASL8 3.
IeTAL C00CENTMTIO4 10 OLICOCNAETE SA.YPLES PROM CONICCTICOT RiVER

• stoue*TS NEAR 221E M. 2014 PoKR STATIOS ( oe/E dr7 oc.)

SA50'LE (Cdi (Cr1 ICul (Pbl (En¡

16 0.65 3 . 27 21 . 65 4.68 267.54
��'t%�r!•'.í'á�;7.Í

1 1.35 14.67 • 26.65 16 . 31 678.20

15 (barrea)

2 26. 36 105.86 nd 272 .03 ad

3 10.61 84.53 17 . 33 187 . 78 2697 . 37

14 <0.1 11 . 29 12 . 98 <0.29 321 . 30

4 2.90 20.87 9.72 17 .88 Ud '•

S (barres)

6 1.58 110.67 619.29 34 . 61 3190.11

7 0.79 20.91 75 . 93 14 . 02 494 . 76 ... . •;

13 0.34 23.57 36.38 11.70 354 .06 S+1�J•t �pI ;il=1b.

8 8.73 U . 45 100 . 10 32 . 87 1367 .86 '9;' sj
r`3•,�.:

9 2.91 16 . 61 178.00 27.35 406 . s6 ! �•;�.

10 2.20 8.43 96 . 13 11.68 603.34

ij 11 1.26 < 2.37 29.54 3.68 475.02

12 0.83 9.86 20.01 7.34 126.63

Ad • aoc derenlaad du Co Lnsnl[idenc.~Le

Samples 16, 1, 3, 14, 13 and - 12 may be considered to reflect background
conditions . For each metal, these ambient *emplee establish a relatively ende
range of natural metal burdens , which mostly bracket all other concentrations ^`'�•
encountered . Such a vide range unfortunately limita the usefulnese of the infauna
as bioaccumulation indicators.

w •

Hovever, tome observationa are of interest . As for sediment samples there is a
high degree of correlation in metal ve . metal relationchips ( Table 6 ), indicating
that, to a firat approximation , body burdens of metals in worms were controlled by
processes that operated uniformly throughout the atudy area. Of particular
interest is the good correlation between Cd and Pb ; both are environmentally
noteworthy because they have relatavely high volatility. Cood correlations among
Cu, Cr, and Zn probably alto reflect their similar biogeochemistries.

TABLE 6 . CORRZUTION 4ATRIII POR :RTALS 13 OLICOCNAME 5AMPLES

VARIABLE Cd Cr Co Pb Za

Cd 1 .646 - . 032 .933 .625

Cr 1 .730 . 785 .903

Co 1 .06: .637 Rota : rs aboya 0.623 are
ai6aificanc ac Lb* 99.92

Pb ! .737 confidanca lawl
V • 14

1Z.

1
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A statistical treatment of che data alone is insufficient when potencial anomalies
are che point of concern . A direct examination of che data does reveal some
trenda that suggest worms adjacent to che power station were exposed to anomalous
metal levels. The evidence is not dramatic , but samples from che area of expected
impact often had metal levels at che upper end of che ranges encountered . Samples
6 and 8 each had relatively high levels of four of the five metals. Copper was
enriched in samples 6,7,8,9, and 10 , all from che zone of influence of che cooling
water plume.

The metal enrichments in worm tissue may reflect accumulation of plant -derived
metals from che dissolved state, since che superjacent cooling water plume is
characterized by dissolved copper, iron , nickel and zinc anomalies (Figure 2 and
Table 1 ). Oligochaete body burdeos and sediment burdeos of trace metals are not
correlated , therefore it is apparent that these worms do not principally obtain
metal* from ingestion of bottom sediment . [ Note that it would have been of
interest to seek correlacione between metal levaba in worm tissue and dissolved
metal levels in sediment interatitial waters . This was not done, but might have
provided en indication of che route of metal assimilation by oligochaetes, and
might have pointed to areas of leachate seepage .] One curiosity of the study is
sample 2 , which was located immediately downstream from che discharge of sewage
from a treatment facility in Easthampton ; metal levels in sedimente and worms
were cleariy anomalous with respect to all other samples , and the dissolved copper
concentration in a water sample taken from these in October 1981 was much elevated
alzo ( 6.7 ug / 1 mear the sewage outfall , compared to 4.7 ug / 1 at che power atation
outfall and 2.0 ug/1 in ambient water).

Distribution of Trace Metals in Groundwaters

The observation wells that were sampled are located in floodplane deposita between
the pover atation settling basins and che Connecticut River ( Fig. D. One might
anticipate that trace metal concentrationa in che groundwaters would be
importantly controlled by, ínter alía , che source strength of natural and
unnatural ( coal and flyash leachate) contributione , and by the prevailing
oxidation -reduction poise . Redox condiciona would largely control che
par t£tion ing of redox-active iron and manganesa compounds , of which che oxidized
foros are highly insoluble and the reduced forme are quite soluble. Newly
precipitated oxyhydroxides of either metal in oxygenated waters have high surface
activity ( Parks , 1967), and can cause adeorption or co-precipitation of most other
metals ; dissolution of iron and manganese precipitates in response to more
reducing conditions would then liberate other metals to the dissolved phase.
Under s till more reduced conditions , each metal may precipitate as a more or lees
insoluble sulfide mineral phase, teducing the 6olute concentrationa. •If a
settling Das in were contributing substantial amounts of metals to groundwater,
anomalous ly high metal concentrationa ahould have occurred in observation wells
hydra ulically below that particular source . However, che basis for establishing
what is anomalous due to source strength must recognize che influence of redox
variations on metal concentrationa.

The author ' s analyses of groundwater samples taken in February 1982 ( Table 7),
reveal that concentrations of each metal varied by more than a factor of 10 from
well to well . Iron and manganese , which dre particularly reactive , had still
greater variability . Some wells ( eg. 0W9A ) had high concentrations of many
metals , but since OW24 ( a control sample , since che well is not hydraulically
below the leachate sources) often also had relatively high metal concentrations, a
high metal level apparently does not clearly signal the nearby presence of a
strong leachate source . The strong odor of Hp S emanating from sample OW9A, and
weakly from some others, however, indicated that redox variations might have
played an important role in establishing dissolved metal distributions. The
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chemical oxygen demand (COD) of the samples was routinely measured by a private
water quality laboratory (whose samples were duplicates of the author's), and
provided a crude measure of the concentration of reducing agents in the samples.
As seen in the correlation matrix of Table 8, cadmium, copper, ¡ron, and manganese
concentrations co-vary etrongly (at greater than 98% significante level) with COD.
The correlations suggest that, in the absence of remarkable outliers from the
metal vs. COD relationships, metal levels in groundwater can be largely explained
in terms of the prevailing redox chemistry, and that high metal concentrations do
not necessarily indicate localized pollutant inputs. No significant correlations
were found for nicke 1, le ad, and zinc with respect to COD, perhaps because the
latter parameter is a poor reflection of redox conditions, because power plant
leachate does substantially affect these metals, or because artifacts were
introduced in the handling of the samples. It would seem necessary, for párposes
of unambiguous interpretation of the impact of coal use on groundwaters, to
examine such relationships over time, however, and with a more exacting indicator
of oxid at ion potential (such as careful electrode measurements of Eh, or analysis
of oxidized and reduced forma of some redox active couples such as sulfur,
nitrogen, or arsenic species).

It is of interest to consider a comparison between the author's analytical resulta
and those of the private water-quality laboratory to whom duplicate samples were
delivered (Table 7). Differences abound, but a common observation ís that the
author's concentrationa are greater for Cd, Cu, Fe, and Ni. This is probably a
reflection of the different handling procedures for the two sets of samples; the
author immed iately filtered the samples (with ultra clean apparatus) to preclude
repartitioning of dissolved and particulate metal species during storage, whereas
the other eet of samples was not filtered until the dey after sampling. In the
latter case, precipitation of oxides (vith accompanying ion-exchange reactione)
might have occurred in the oxygen peor waters during atorage in en oxygenated
environment, causing removal of metals from eolution. Other artifacts could aleo
have arisen, such as diasolution of metal sulfide mineral phases (augmenting the
diasolved metal load) and adsorption of metal ions to the walls of the storage
bottles. All these effects, together with contamination from ¡apure materiais,
would tend to render the eventual analytic determinations unrepresentative of the
natural chemis tr y of the solutes. As evidence that the latter sample set was
handled inappropriately, and that the resulte vera therefore compromised, it may
be noted that of the correlations in the author's data (Table 8), only one
significant correlation is found in the other data set (COD - Cd, r-0.772). �.oG7!,at(b,

TAILE 7. DISSOLVED TRACE ORAL COMCENTRATIONS IN CROONDNATERS (INCWID1110 A TEST Or CANRAMINATION OVE
lo PNRINr. ArrARATUS)

SAMPI.E p11 000 W va/1 Cu Vl/1 Fe el¡ Mn ..,,/1 NI ,A/1 Pb VA/1 7.14 e8/1

MS (6. 9) (12) 84 .3 (2) 62.5 (13) 0.09 (.39) 3.08 rd (95) 4.03 (.10) 63.2 (32)

ONSA (6.9) (12) 8.69 (1) 3.75 (11) 13.3 (14.6) 4.111 143. M) 4.35 (.10) 32.3 (43)

01494 (7.0) (32) 97.9 (8 ) 65.5 (U) 7.21 (3.8) 4.33 102. (20) 21.3 (70) 0.80 (19)

0449 (6.3) (8) 3.72 (<1) 22.7 ( 1) 0.78 (.033) 0.06 $02. (22) 14.1 (60) 10.7 (11)

('VIO (6.5) (8 ) 2.39 (4) 19.3 (8) 2.93 (2.0) 7.77 36.9 (18) 36.1 (70) 5.79 (15)

01423 ( 6.2) (1) 11 . 6 (1) 8.15 (A) .0.002 (10) 0.02 167. (106) 2.53 (10) 9.74 (9)

014184 (6.6) (1) 13.6 (2) 20.1 (I)) 1.14 (. 4 8 ) 0.18 21.2 (22) 17.9 (.10) 39.4 (19)

0424 (7.1) (16) 8.69 (2) 45.7 (9) 2.33 (.16) 1.33 5.46 (28) 14.6 (30) 19.6 (35)

DIRRCT nd 3.00 0.25 0.05 1.01 ml 2.97
RIVER

PUMPEO 3.85 0.30 0.07 4.45 nd 38.3
RIM

od - 1401 deterulned for theee ea.plee

Value. in parentheaee ere reertt • reported by a prívete va ter -9ualltr tAl.nretory for d..71 trate ¡suple,.

'.
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TADLE 8. CORRELIT!09 MATRIX 7OR METALS A.VO C.O . Q. 1v GROCn0%ATl85

VARIABLE COD Cd C. Fe Mn

COD t .695 .726 .453 .707

Cd 1 .845 . 050 .360
goce : e', above 0.4Z.3 are

C. 1 e1Bniftcan : ac che 982
confidente tevel

Fe 1 .802 23-8

Nn 1

Finally, che use of a non-ultraclean pumping system for sampling constituted a
source of error which vas conmoon to both sets of samples. The pump had a plastic
diaphragm , but it and che rubber hose used were not handled in a way to avoid
introducing contamination to samples . In order to assess che potencial for sample
contamination , che pumping system was used to obtain a river water sample at the
end of the day of sampling wells . Riverwater was allowed to flush through the
syate m for about 5 minutes , then riverwater vas sampled directly ( by submerging a
collection bottle ), and from che water pumped through che system. All metal
concentrations in che river water increased as a result of passing through che
pump system; zinc concentration increased dramatically ! While such changes may
not occur quantitatively with each use of che pump , che experiment does point to
che potencial for contamination by non-ultracleaned apparatus.

METHODS

Of fundamental impo rtance to a study of trace metals in natural waters is che
observation of ultra-clean procedures . All sources of metal contamination must be
avoided, since metal* occur in che samples at such low concentrations. The
sources of contamination that may plague en investigation have been documented by
Patterson and Settle ( 1976), whose quality-control procedures have set a much
needed standard . The day to dey operations in a laboratory concerned with

}••' y+�aif►"•' ultrapurity in trace analysis have been described by Mitchell ( 1973 ), among
others.

The methode used in Chis study are slightly modified variante of those in the
works referred to above . Briefly , all materiala used in che sampling , storage,
handling , and analysis of samples were non-metallic , and were extensively cleaned
prior to use ( with che exception of the grab sampler used for sediment collection,
and the pumping system used for groundwater sampling ). All plastie bottles,
filtration apparatua, filter membranes , pipettes , etc. are cleaned in three
atages; for three days in each case , che materials are soaked in concentrated HC1,
2N Hilo 33 , . and 0 .5% ultrapure HNO3 , vith several rinses by progressively purer
water between stages . Cleaning, and sample handling upon return to che
laboratory, are carried out in a Clase 100 -A Ultraclean Laboratory , which provides
a metal- free , positive pressure environment of micro-filtered sir. At che purest
stage , cleaning acida are diluted with , and reagents are nade up with, distilled
deionized water that la further purified by sub-boiling distillation in a quartz
still . Significant reductions in reagent and procedural blanks are obtained as
reward for these efforts . All critical ultracleaned equipment is taken finto che
field double -bagged in eimilarly cleaned plastic bags ( separately sealed).
Whenever en operator handles this equipment , he wears polyethylene gloves, which
are changed often to avoid cross-contamination with uncleaned materials that must
also handled.

..•..,-s,ooooetaoa�.:•.:v oti0+1aA21b20004W L`ti/fih..
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Surface water samples taken from a vessel are collected from Che bow while the
vessel eases forward finto undisturbed areas; the surface film is avoided by
plunging the coliection bottle quickly to about 0. 5 meter depth . Samples are
pumped from depth through ultracleaned plastic tubing with a portable peristaltic
pump . Water samples are filtered ímmediately in closed apparatus , through
ultraclean 0.4 micron Nuclepore membranes , and are then preserved vith purified
HC1. The acid used is reagent grade concentrated HC1 that is doubly distilled at
sub-boiling temperatuces in a Teflon apparatus (the final normality of the
purified HC1 ís leas than that of the original concentrated acid ; acidification at

K. the rete of 2 m1 purified acid per one liter of sample results in a satiafactory
final pH, leas than 2). The amount of time that any ultracleaned equipment is out
of its bag , exposed to potentially contaminating aerosols ís kept to a minimum.
Sediment samples must often be obtained with a steel grab , es in this study. The
undisturbed interior of the mass collected was quickly sub-sampled . The sampler
was free of loose, rusty material. Preferably , a more highly controlled sample
should be taken with a plastic coring device that preserves the original layering
of the sediment as much es possible , so that the surficial sedimenta can be
preferentially sub-sampled to better reflect recent phenomena.

Water samples that contained more than a few parta per billion of a metal of
ínterest were analyzed directly by graphite - furnace atomie absorption
spectrometry . For those with lower metal levels , preconcentrations were
acco mplished either by careful sub-boiling evaporation or by organic
che lation /solvent extraction . In the formar case , 15 ml of sample vere evaporated
to near dryness , 2 ml of purified HNO3 were added to aid in the destruction of
organic compounds , and that vas evaporated to dryness . The residue was taken up
in 1 ml of 1N HNO3, providing a 15:1 concentration for MS determination.
Alternatively, greater concentration factora were achieved by chelating up to 200
ml of sample vith a combined APDC-DDDC solution , extracting the complex finto a few
millilitere of Freoa , and back extracting metale finto a 7N HNO phase. The
final phase vas evaporated to dryness , and the residue vas falten op as before.
This technique is a minor modification of that described in detail by Bruland et
al. (1979). Calibratíon is done with standards moda up la quartz-distilled water,
and for each new sample type encountered , calibration is checked againet standard
additions ( ahich may necessarily supplant distilled water standards , especially
where preconcentration produces aa iaterfering matrix ).

The labile fractioa of metals asaociated with sedimenta were discolved with 52 HC1
(purified ) after en H202 treatmeat to destroy organice (Skougatad et al.,
1979 ). All manipulations were done in quartz beakere , under a laminar-flow clean
bench / fume hood . Metals asaociated with oligochaetes were brought finto solution
by succesa ive concentrated HNO digesto , each time bringing the solution to mear
dryness , until a whíte resid3ue vas obtained . Subsequentiy , 1 al of 30% H2p02
was added and evaporated to dryness , and the residue vas taken up in IN HNO3.
Analytical determinations for metals in sedimento and worms were done by flameless
MS.

SUMNARY AND CONCLUSIONS

1) At the Mt. Tom Power Station, cooling waters discharged to the Connecticut
River contained about twice the ambient riverine concentration of copper,
íron, nickel , and zinc. The exceso copper contributed by the condenser system
vas ideally diluted as the cooling water pluma mixed finto the river ; copper
anomalies disappeared at the samme rete as temperature anomalies in the mixing
zone . Ambien t conditions prevailed again within come 500 metera dowastream

rr

from the outfall.
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2) The concentrations and distributions of metals associated with labile phases
of bottom sedimenta were largely accounted for by natural phenomena. No
anomalies could be discerned when trace metal concentrations were normalized
to sediment textural quality ( proportion of fine -grained sediment), or to
concentration of geochemically important ¡ron and manganese phases.
Evidently , leachate from the Goal and flyash stored on the adjacent riverbank
has not measurably affected metal levels in riverine sediments.

3) The concentrations of trace metals in oligochaete worm tissues from ambient
samples span a wide range , hence . oligochaetes seem to be poor indicators of
unnatural bioaccumulation . While usually vithín the range of ambient levels,
some meta-1 concentrations were persistently high in oligochaetes from
sedimente beneath the metal - enriched cooling water plume. The lack of
correlations between sediment and worm metal levels suggest that the organisms
are affected by the metals of the dissolved phase rather than of the
sedimente.

4) Dissolved metal levels in groundwater samples from observation wells near the
coal and flyash storage areas were substantially higher than those in the
river, but also varied widely . A contro : well had intermediate metal levels.
The concentrations of several elemento vete highly correlated to the chemical
oxygen demand of the groundwater ( a crude reflection of the redox poise of
samples ). The absence of obvious outliera in such relationships may indicate
that metal levels are controlled more by the redox atete of the aquifer than
by pollutant source strength . Contamination of groundwatera by leachate may
be recognizable only through extended monitoring of metal levels and their
relationships to parameters reflecting major physical-chemical processes.

5) For each compartment atudied , geochemically reasonable relationships were
recognized in the data generated by ultraclean analytical techniques and
chemically sound sample handling methode. The data obtained by others, using
common , routine methoda inappropriate for trace metal investigations, was
characterized by a lack of meaningful inter-relationships . The latter methods
were shown to result in sample contamination , where natural levels were
obscured by additions of ten-fold quantities of metals.

6) Thia paper callo for a reconsideration of techniques used in waste-water
monitoring programa, on the part of water-quality laboratories and
governmental regulatory agencies , in light of the possibly videspread problema
revealed here , and the promise of more conclusive interpretationa that =ay
come from state-of-the -art geochemical practicas.
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AERIAL INPUTS QF CADMIUM, COPPER, LEAD, AND
MANGANESE INTO A FRESHWATER POND IN THE VICINITY

OF A COAL-FIRED POWER PLANT
IZ'

JAMES O. WIENER•
,,, Savannah River Eeology Laboratory, P.O. Drawer E. Aiken, SC 29801, U.S.A.

irti►;:.... (Received 15 Juno, 1979; revised 20 August, 1979)

Cadmium , Cu. Mn, and Pb were analyzed in bulk precipitation for 21 mo ata 2 ha pond. located
km northwest of an 83 MW coal-fired power plant in South Carolina . No significant changes inmean

dauons of ¡he tour metais in bulk precipitation were observed after installation of modere electro-
preeipitators on the stacks of ttie power plan, which had previously been equipped with mechanical
'collectors for removal of fly ash. Hence, Ay ash from stack emissions was apparendy not a major,

:.ti_f"aerially deposited trace metals at the pond sito. Annual inputs of tire four metais in bulk
„� tttioa at chepond weresimilar tovetos reponed for other rural arcas in NorthA~. Enrichment

füt Mn as a reference element, Indicated that Cd. Cu, and Pb in bulk precipitation were not
veó rotá sois or crustal material . Cadmium� Cu, and Pb were enriched in all samples of bulk

"tatitxi relative to their abundantes in local sólls . and were most enriched during autumn and winter. A
tipl, regression procedure suggested that wetfatl was the primary mode of serial deposition of Cd and
whtaps both wetfall and dryfali wcre important moda of aerial deposition of Pb. .

1. Introduction

�,titátive assessments of atmospheric inputs of trace elements to lentic systems nave
only recerttly emerged. Because of the present rates of anthropogenic mobilization of

aun trace elements into the atmosphere (Bertine and Goldberg, 1971), determination
aenai inputs should be an integral part of investigations of Trace metal budgets for
tÍi:lakes and watersheds. Trace substances released hito the atmosphere can be

ported considerable distantes (Bertine and Goldberg, 1977; Winchester and Duce,
,:,and atmospheric deposition of certain trace elements in natural systems has

eásed considerably, even in remote regions far removed from sources of pollution
o and Patterson, 1974; Schlesinger et al., 1974; Elias et al., 1976). In this study,

.5.7:
C l ccntrations of Cd, Cu, Mn, and Pb in bulk precipitation (dryfall+wetfall;

tehead and Feth, 1964) at a small freshwater pond (Skinface Pond) were measured
estímate atmospheric inputs of these elements into the pond and to determine the

látión of trace element composition of bulk precipitation to emissions from a nearby
=fired power plant.

Skinface Pond is a 2 ha, softwater impoundment located near Jackson, South
ólina, approximately 5.5 km northwest of the 484-D power plant- on the nearby

S.. Department of Energy's Savannah River Plant (330 14' N, 810 47 W). On an
annual basis, the region has no prevailing wind direction and receives an average of

Présent Address: U.S. Fish and Wildlife Service, CNFRL, Field Research Sta. - LaCrosse, P.O. Box 936,
30 Fanta Rced Rd.. LaCrosse. W154601, U.S.A.

- r ,

lr0tcr Air, asid Soit P(>tIunun 12 t 1979) 343-353. 0049-6979/79;0123-0343 501.65
Pyright i`, 1979 by D. Reidcd Publishing CO.. Dordrechl, Hoz/and, ond Uoston. U.S.A.
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approximately 120 cm of rainfall (Langley and Marter, 1973). Detailed hydrological,
biological, and mbteorological descriptions of the arca have been given by Langley and ga
Marter (1973). The 484-D plant is an 83 MW coal-fired power plant of the pulverized f
wet bottom type with four 38 m stacks .' The plant has operated since 1952 and bums
approximately 2.6 x 101 metric tons of bituminous coa¡ per year . Prior to 1976, fly ash
produced by plant operations was removed with mechanical cyclone collectors that had
a maximum efficiency of about 75%. Horton et al. (1977) estimated that a roximatelPP y
3.6 x 10e kg of fly ash were released from the stacks during the 23 yr of operation from
1952 to 1975 . Electrostatic precipitators were installed on each of the four stacks during
late 1975 and early 1976 and are estimated to be more than 99% efficient at removing

_ fly ash from stack emissions (Horton el al., 1977).
Small (submicron) fly ash partirles are. highly enriched with many trace elements

(Block and Dams, 1975a, 1975b; Kaakinen et al., 1975 ; Klein et al., 1975; Block et al.,
1976) and can be transported considerable distance in the atmosphere before deposition Yiú
(Parungo et al., 1978). Increased concentrations of certain trace elements in soils
surrounding coa¡-fu-ed power plants have been' detected (Klein and Russell , 1973;
Horton et al., 1977). Horton el al. (1977) ' studied total concentrations of 29 trace
elements in soil in relation to distance from the 484-D power plant and found elevated
concentrations of Ba, Be, Cu, Hg- Mn, Se, and Sr near the stacks . Because total
concentrations of Cd in soil were below detection limits of the analytical methods
employed by Horton et al. (1977), they did not determine whether soil concentrations of
Cd had been affected by stack emissions . Horton et al. ( 1977) found no impact of stack o;
emissions on concentrations of Pb in soil. "

rn
t ,4, L

2. Methods

Bulk precipitation samples for trace metal analyses were obtained with two collectors
placed approximately 100 m apart on Skinface Pond. Collectors were located in open
creas devoid of overhanging or nearby vegetation. Each collector was constructed by
inverting the top one-half of a 25 1 polyethylene carboy equipped with a polyethylene E
funnel to drain directly into a 41 Erlenmeyer glass flask . The flask and bottom section of
the carboy were enclosed in a protective plywood housing to prevent both damage to the

°<•.:`�;
coUectors and solar illumination of the bulk precipitation samples. Tops of the
collectors were situated 1.5 to 2 .0 m aboye the pond surface , dependent upon pond
water leve]. or

Bulk precipitation was collected from July 1975 to April 1977. Collection periods e
varied in duration from less than 0.1 to 18 .0 days . The mean duration of sampli9 !'ñ

riod , cleaned collector tops,riods was 6 .0 days. At the beginning of each samPlinPe eoñig Pe
funnels, and flasks were placed at each station . Two milliliters of redisti lled, roncea C

trated HNO3 were added to each flask at the beginning of each collection period to a

prevent biological activity and adsorptive losses of metals . Amount of rainfall during ere
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Y ,. Detailed hydrological, each sampling period was estimated to the nearest 0.01 cm with a Taylor Clear-Vu rain
been given by Langley and gage located at the pond. Each bulk precipitation conector yielded approximately 600 ml

;�• plant of the pulverized of sample per centimeter of raínfall. Volumes of samples obtained with collectors were
ir _J lince 1952 and burns highly correlated wíth rain gage readings (r2 > 0.99).
year. Prior to 1976, fly ash After collection, samples of bulk precipitation were taken to the laboratory and

1 , one collectors that had a�cidified to 2% of volume with redistilled HNO3. Samples were then stored in
;t _..ted that approximately polyethylene bottles that had been washed in Contrad 70 solution (American Hospital
the 23 yr of operation from Supply Co., McGaw Park, Illinois) and were refrigerated at 4°C until analysis.
ch • the four stacks during Procedural blanks were included with each pair of samples to assess contamination

o efficient at removing from container walls and nitric acid solution.
.iConcentrations of Cd, Cu, Mn, and Pb were determined with a Perkin-Elmer model

w , many trace elemenu 306 atomic absorption spectrophotometer equipped with an HGA-2100 flameless
ú al., 1975; Block el al., atomizer. To reduce the probability of sample contamination, analyses were performed
nrsphere before deposition directly on acidified rainfail samples, without preconcentration, with sample injection
tin - yace elements in soils 'volumes of 10 to SO pl (Lindberg el al., 1977). Measured concentrations were corrected
1 in and Russell, 1973; for blank concentration values prior to data analysis. Data analysis was conducted with
c,,.acentrations of 29 trace the Statistical Analysis System (Barr et al., 1976).
.r r'lnt and found elevated {

stacks. Because total 3. Results and Discussion
4__ the analytical methods
Iet1' soil concentrations of 1 •1.. METAL CONCENTRATIONS IN BULK PRECIPITATION

r, tnd no impact of stack Total tainfall at the pond during the 21 mo study was 240 cm, of which 175 cm (73%)
were sampled and analyzed. Fifty-six pairs of bulk precipitation samples were collected.
For 13 of the pairs, one of the two samples was discarded because of obvious

Vicontamination, usually caused by insects or avian feces. Hence; 43 sample pairs and 13s.single samples were included in the analysis. Concentrations of each metal were highly
rrelated (n =43, P< 0.01) between the two collector sites; correlation coefficients (r)

ata ed with two collectors =were 0.93, 0.79, 0.93, and 0.96 for Cd, Cu, Mn, and Pb, respectively. There were no
.c ; were located in opera 5ignificant differences in metal concentrations between the two sites, except for Pb,
dlector was constructed by 'hich was significantly higher at one site (paired t-test, P e 0.01). However, the mean
lira :d with a polyethylene drfference in Pb concentrations between collectors (1.0 pg 1-') was small relative to the
fl: and bottom section of range of Pb concentrations observed, and the data for the two cites were averaged.
)rzvent both darnage to the , Further data analyses will pertain to these average concentration estimates.
)n imples. Tops of the 1, �TWenty-vine of the 56 sample collections contained wetfall from one rainfall event, 17
Ic lependent upon pond ,contained wetfall from two rainfail events, and five contained wetfall from three or

1 móre rainfail events. Number of rainfail events for five sample collections could not be
1 1' 7. Collection periods determined with certainty. Mean concentrations of Cd, Cu, Mn, and Pb did not differ
e. duration of samP1'ng Ignificantly between samples containing wetfall from one rainfall event and those
o_, eleaned collector tops, xcontaining wetfall from two or more rainfali events.
tere )f redistilled, contera concentrations of each of the four metals in bulk precipitation varied considerably

1 collection period tv atnong sampling periods. Concentration (pg 1-') ranges for the 56 sample collections
)unt of rainfali dtifl were: Cd, 0.06-20.8; Cu, 0.3-17.5; Mn, 0.1-48.4; and Pb, 0.4-37.3. Other ínvestigators

- 1,
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pd ' 'akhon'k have reported ranges exceeding two orders of magnitude for trace metal con<
ter. 1976) pr tte in samples of wetfall or bulk precipitation (Drozdova and Makhon'
.tch province :t Schlesinger et al., 1974; Merritt, 1976). Van der Sloot and Luten (1976) p
fre- tency dis frequency histogram of V concentrations in wetfall from a Dutch provine
< .01) skevl positively skewed and approximately lognormal. In chis study, frequency di
significantly •m' á of aU four metais exhibited positive and highly significant (P< 0.01) ske

k0 41, KSL-ti W =ti " kurtosis. Frequency distributions of Cu and Pb did not differ significantl)
`.ta ►n were lognormal distribution, whereas Cd and Mn distributions did (P<0.01, KSL-1
dpitation sal es " Concentrations of Cd, Cu, Mn, and Pb in bulk precipitation were:

Schlesinger el 1 eorrelated- (Table I). Trace metal concentrations in bulk precipitation se
sometimes negatively correlated with amount of precipitation (Schlesinger et

F1

TABLE I
1 Correlation eoefficients (r) betweá ¢oncentrations of Cd, Cu,

__en Mn, and Pb in bulk precipitation at Skinface Pond. Simple
tte correlation coefficients are given aboye the diagonal and partial

correlation coefftcients adjusted for amount of rainfall are given
below the diagonal. One and two asterisks (•) indicate

significance at the 5 and 1 %i levels, respectively.

Cd Cu Mn Pb
Cd - 0.53•• 0.31• 0.23
Cu 0.470• - 0.35 0 • 0.50•
Mn 0.22 0.270 - 0.53••
Pb 0.14 0.44•• 0.47•• -

out of the pr
al Aing durir because of dilution of metal-containing dryfall which is washed out of the 1
alt as a storm collector as rainfa ll continues (Gascoyne, 1977). Sequential sampling dur
washout and d rainstorm also shows decreasing metal concentrations in wetfall as a stop
`sr during rai (Ter Han et al., 1967; van der Sloot and Luten, 1976), due to washout and

il. bulk preci ti metal-containing aerosols and particulates from the atmosphere during r,
with amount and Franey, 1977). Concentrations of Cd, Cu, Mn, and Pb in bulk pre
< -tte variatio Skinface Pond were significantly and negatively correlated with amount
1 . :>ncentratic t however, amount of wetfall only accounted for about 10% of the variat
Ient dilution < e concentrations. Believing that correlations observed between concentral

Inu i parcial c< study might be spurious because of simultaneous asid equivalent dilution
� metals. Ac t metals in the dryfall component in individual samples, 1 computed partial

rrelations betw adjusted for amount of rainfall, among concentrations of the four metals. t
e o" he correlat amount of rainfall decreased the strength of all correlations bel

Is. le for the < concentrations, but did not generally diminish the significance of the correl
_ r - I). Thus, dilution of dryfall by wetfall was only partly responsible for tht

between metal concentrations.

Ir �V�
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consumption (Struempler, 1976). However, Chow and Earl (1970) associated the
dramatic annual cycle of Pb concentration in atmospheric aerosols in the San Diego
ares with seasonal changes in meteorological conditions . Generalizations concerning
factors causing seasonal differences should, therefore, be considered warily. Increased
atmospheric levels of crustally derived elements such as Mn during warm periods have
been associated with agricultura! practices which increase dispersal of soil particles into
the atmosphere (Cryer, 1976; Swank and Henderson,1976).

Electrostatic precipitators , installed on the stacks of the 484-D power plant during
late 1975 and early 1976, should have reduced fly ash emissions from more than 25%
(with mechanical collectors) to less than 1% of total fly ash production by weight
(Horton et al., 1977). To determine if reduction of fly ash emissions had any effect on
trace metal content of bulk precipitation at Skinface pond, samples of bulk precipitation
collected from July through November 1975 were grouped (n = 11 collections) and
compared to samples collected during the sano time interval in 1976 (n=18 collections),
after operation of electrostatic precipitators - had begun. Mean concentrations (ug 1-') in
bulk precipitation collected before (1975) and after (1976) installation • of electrostatic
precipitators were, respectively, Cd, 0.49 and 0.59; Cu, 2.2 and 2.6; Mn, 2.8 and 3.1;
Pb, 7.8 and 10.1. Analysis of covariance,.. with amount of wetfall as a covariate,
indicated that concentrations did not differ significantly between the two time intervals
(P > 0.50 for all tests). Reduction of fly ash emissions at the 484-D power plant had no
apparent effect on the. trace metal composition of bulk precipitation at Skinface Pond.
The chalcophilic elements Cd, Cu, and Pb are generally much more concentrated on

submicron fly ash particles , which are less efficiently removed from stack emissions by
electrostatic precipitators , than on larger fly ash particles (Natusch et al., 1974), whereas
Mn is lithophilic and not enriched in fly ash relative to coa) or slag (Kaakinen el a!.,
1975; Klein el a!., 1975; Block et a!., 1976). Becaiue Cd, Cu, and Pb are presumably not
discharged as vapors , they are released from stacks equipped with modem precipitatOrs
only in the very smallest fly ash fractions (Klein et al., 1975). Since the most metal-
enriched fraction of the fly ash is not retained, it might be argued that electrostatic
precipitators have little impact on amounts of certain chalcophilic elements released
from the stacks . However, this argument is not supported by other investigations.
Schwitzgebel el a!. (1975) determined budgets of 27 trace elements in three coal-fired
power plants, including one plant equipped with modern electrostatic precipitators
('Station II') and another equipped with mechanical cyclone collectors ('Station III'). t
Percentages of elemental mass in coa) discharged from the stacks were; Cd, < 3.8 and

41; Cu, 0.8 and 29; Pb, 7.5 and 65; Mn, 1.2 and 13, respectively, for Stations 11 and 111.

According to [hese observations, installation of modern electrostatic precipitators at the

484-D plant should have reduced emissions of these elements to about 10% of

quantities released when mechanical collectors were used. In relation to other sources of
atmospheric trace metais, the 484-D power plant is apparently a minor contributor of

�..:, Cd, Cu, Mn, and Pb to the Skinface Pond locality.
Enrichment factors (EF) were used to assess possible origins of Cd, Cu, and Pb in

�ini
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!Qi1970) associated the %ulk precipitation at Skinface Pond. Manganesa was usad as the reference element forfose - in the San Diego because it is a major, trace component of uncontaminated soils-and sediments and iszations concerning ót enriched in the atmosphere relative to soil or crustal abundances (Zoller et a!.,1 red warily. Increased 4b; Duce et al., 1975; Struempler, 1976; Andren and Lindberg, 1977; Weiss et a!.,frtn^ warm periods have 978). Although high levels of Mn in dryfall and atmospheric dust can occur near point¡ ►f soil particles into ;ources of industrial use (Ayling and Bloom, 1976; Beavington , 1977), there are no
•..

own industrial sources of Mn pollution near .the study arca. With Mn as a reference ,D ,')ower plant during ent, the EF for any other element , X, in bulk precipitation (bp) is1 )m more than 25010 i.., .
1 pruduction by weight EF= [Xjb/[MnjbP
lsions had any effect on

►f bulk precipitation IIjt s

rnL-

11 collections) and frequency distributions of the ratios, [X),/[Mn]�for Cd, Cu, and Pb exhibited(n =18 collections ) t positiva skewness; therefore, -median v_alues . of there ratios were used for:ntrations (pg 1in n of EF.. For. the denominators of the
tion of electrostatic d�nnces in representative samples of regionalsolis were pyea (Hortoneand

-i2.6; Mn, 2.8 and 3.1; !?In, 1977). Because Horton and McMinn reported a `less than' value for Cdw fall as a covariate, centration , data from Bowen (1966) for world ave ••4►•r< raga soils were usad for Cdre two time intervais ceKtration in the denominator of the expression fór Cd . An element having
BID power plant had no etítal dust or soil as a principal atmospheric source should have an EF near unity
11 tic at Skinface Pond . Wk precipitation . An EF substantially greater (10x) than 1 for an element in bulkore concentrated on itátion suggests existence of•nonsoil sources of that element for the atmosphere.
l-.,om stack emissions by certain natural processes can cause atmospheric enrichment over soil or crustal
nsci mt al., 1974), whereas dances (Duce et a!., 1975), occurrence of an EF substantially greater than 1 does

- lag (Kaakinen et al., tuve anthropogenic origin of the element in question. Since mean concentrations of
Ph are presumably not d Pb in bulk precipitation varied seasonally, EFs were calculated for each season.

wit a- modem precipitators s for Cd, Cu, and Pb in bulk precipitation indicated substancial enrichment relativa
ince the most metal- abundances 'and greatest enrichment during autumn and winter (Tabla 11I). In_rgued chal electrostatic Cd, Cu, and Pb were enriched in a11 56 sample collections relative to theireophllic elements released dances in soils. These elements in bulk precipitation at Skinface Pond are clearly

- other investigations . derived from crustal material.
eYents in three coal-fired 'chment of Cd, Cu, and Pb in atmospheric aerosols or precipitation has been
electrostatic precipitators rted by a number of investigators (Zoller el al., 1974a ; Duce et al., 1975;

ectors (` Station II1 )• empler, 1976; Andren and Lindberg , 1977; Herron et al., 1977; Wallace et al., 1977;
t: were; Cd, <3.8 and et al., 1978). While there can be little question that atmospheric Pb is derived
11, for Stations 11 and 111. Uy from automobile emissions (Chow and Earl , 1970, Lazrus et al., 1970; Hirao
r' tic precipitators at che ..atterson , 1974; Elias et al., 1975), che major sources of atmospheric Cd and Cu are

:s to about 10°10 oí
ore, obscure. On a local basis, elevated aerial deposition of Cd and Cu can sometimes

reTár ion to other sources of relatad to point sources such as smelters (Beavington , 1977; Van Loon and Beamish,
.tlv minor contributor of Andersen el al., 1978) or industrial operations (Ayling and Bloom 1976).Qwever natural sources may still account for much of the atmospheric Cd and Cu on
;ins of Cd, Cu, and Pb in a8lobal scale . Similarity between polar regions of EF of enriched metals and comparison
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TABLE III
Medián values of enrichment factors of
Cd. Cu. and Pb in bulk precipitation at

Skinface Pond.
Enrichment factor

Season Cd Cu Pb
Autumn 2230 57 .192
Winter 2360 72 160
Spring 820 21, .::. • 6761!
Summer 590 24 151 ,

of EF to the relative volatilities of these metals has led Duce et al. (1975) to hypothesize
that the enriched metais are derived from natural sources and that a vapor phase is
involved in their release. Enrichment factors for Cd, Cu, and Pb in bulk precipitation at
Skinface Pond paralleled the relative.yolatilities of these elements (Cd> Pb> Cu) as
given by Bertine and Goldberg (1971); however, thiscould indicate preferential volatiliza-
ton during either natural or anthropogenic proceses. .

3.2. RELATIVE IMPORTANCE OF WETFALL AND DRYFALL

Samples collected in chis study viere a* composite of wetfall and dryfall that had
accumulated in the collectors prior to wash-off by raro. Relative importance of wetfall
and dryfall inputs was assessed foreach metal with the multiple regression equation

Y.=bo+b,X,+b2X2,
where Y. = total input (ug m-2) of metal m. during the collection period , X, = wetfall
during the collection period (cm), and X2= duration of period of dryfall deposition
prior to wash-off by raro (to nearest 0.1 day).
Only samples for which X. was accurately known were used (n = 42). The coefficient

b, estimates wetfall input of trace metal m (ug m- 2) per centimeter of raro, and
coefficient b2 estimates rate of dryfai deposition (pg m-2 day -'). The intercept (bo)
shoutd be near zero if all important effects have been accounted for by the regression
model. Multiple regressions were statistica]ly significant for Cd, Cu, and Pb; however,
predictability was low (Table IV). The coefficient b, was positive for all four metals,

TABLE IV
Results of multiple regressions of metal input (ug m-2) duri ng a collection
period on amount of wetfall (cm) and duration of dry fall deposition (days).
The regression equation is given in the text . P indicates probability of a

significan( ovcrall regression.

Element p bo b, b2 rz

Cd <0.01 9.50• 4.22" -0. 87 0.29
Cu <0.01 19.2 13 .0'• 3.19 0.22
Mn 0.22 40.9 2 .99 6.71 0.07
Pb < 0.0 1 11 . 5 33.1" 15 . 7' 0.34

'P(b;40) 5 0.05
"P(b;0) 5 0.01.

�!J
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dicating a direct relationship between metal input and amount of wetfall. The
fficient b2 was positive for all metals studied except Cd, but differed signiflcantly
mzero only for Pb. An intercept significantly different from zero was found only for

> '-The poor predictability of the regression model as an estimator of metal input was
bably due to the multiplicity of factors that influence chemical composition and

ition rate of wetfall and dryfall. However, importance of both wetfall and dryfall
erial inputs of Pb was indicated . Importance of wetfall also was suggested for Cd

whereas neither amount of wetfall nor period of dryfall deposition was
s1 cantly associated with total. Mn inputs. Logarithmic transformation of metal

Y,,,) did not improve predictability of the regression model. • "
1975) to hypothesize : importance of dryfall relative to wetfall as a mode of elemental deposition

. a vapor phase is ' tly increases with decreasing :`total rainfall . and/or increasing atmospheric
ilk precipitation at eón , (c.f., Whitehead and Feth, 1964; Likens et al., 1967; Peirson et al., 1973;

t=:s (Cd> Pb> Cu) as t,11975; Galloway and Likens, "1976;-Swank and:Henderson, 1976; Krey and
F .ferential volatiliza-. n Cél '1977Y. The arca surrounding Skinface Pond receives considerable rainfali

cm yr -1) and is rural with lttle nearby industry. Hence, results of the multiple
analyses support the aboye contention : wetfa ll appears to be the primary

1 dryfall that had 'pf trace metal deposition at the pond site.

u,portance of wetfall
MEIAL INPUTS IN BULK PRECIPITATION

égreSSion equation íróm samples collected during 1976 were used to estimate annual inputs of Cd, Cu,
ancl-Pb in bulk precipitation at Skinface Pond. A total of 130.7 cm of rainfall was
,- ii_ t period , X. =wetfall ded-at the pond during 1976. Of this , 113.2 cm (87%) were sampled and analyzed.

od dry fall deposition inputs of the four trace metals were calculated by summing products of
trations and precipita tion volumes. Weighted , seasonal, mean concentrations

+(- =42). The coefficient Táble 11 were used as estimates of trace metal concentratons in bulk precipitation
centimeter of rain , and yzed . Because of the inefficiency of bulk collectors in sampling dry deposition
y . The intercePt (b0) c ay and Likens , 1976), these estimates should be regarded as conservative.
te /or by the regression ted inputs of Cd, Cu, Mn , and Pb in bulk precipitation at Skinface Pond were
11Cu, and Pb; however, ingly similar to inputs reported for other North American rural sites (Table V)
it for all four metals,

TABLE V
Anual inputs of Cd , Cu. Mn, and Pb in wetfall and bulk precipitation at various ruralrtng colleraon localities in North America.

u ion (days).
y _,ility of a Sample' Annual input (mg m -2)

Location type Cd Cu Mn Pb Referente
r _ Skinface Pond , B 0.68 3 .0 3.0 8 . 4 This study

7 0.29 South Carolina

9 0.22 Lake Superior B 0.67 4.5 - 7.9 Swanson (1976)

0.07 Walker Branch w 0.51 - 2 . 3 6.7 Lindberg eral. ( 1979)
Watershed , Tennessee0.34 . Chadron . Nebraska w 0.12 1.8 2 . 1 1.9 Struempler (1976)

'Bbulk precipitalion : W=wetfall.
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and were only slightly higher (^-30%) than inputs in wetfall at nearby (n 350 km NW)
Walker Branch Watershed. Similarity of trace metal inputs among Skinface Pond and lo
other rural localities further indicates that fly-ash-related inputs of these trace metals at nf

Uthe pond are minor..
e
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