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Abstract

The Alcudia Valley mineral field was an important lead ore producer in Spain during the 19th and the 20th centuries. Based
on mineralogical, lithological, structural, morphological and geochemical characteristics, five main types of lead and zinc
deposits have been defined in the district. The most important of these are Pb—Zn post-tectonic veins (type E), which represent
70% of the total number of mineral occurrences and include the biggest mines of the area. These deposits show a paragenetic
zoning with respect to the Hercynian granites outcropping in the area, with deposits located closer to the granites having a more
complex paragenesis than those located farther away and silver showing a decrease away from the granite along three silver
corridors [Palero, F.J., Both, R.A., Arribas, A. Boyce, A.J., Mangas, J. and Martin-Izard, A., 2003. Geology and metallogenic
evolution of the polymetallic deposits of the Alcudia Valley mineral field, Eastern Sierra Morena, Spain. Economic Geology, 98,
577-605].

Trace element contents in galena concentrates and, particularly, sphalerite concentrates from the Alcudia Valley deposits
have allowed us to discriminate between the different ore deposit types. Statistical analysis indicates that trace elements in
galena and sphalerite are present mainly as micro-inclusions of various minerals. Sulfides in type E deposits show the widest
variety and highest contents in trace elements. The possibility of using trace elements as tools for the characterization of the
different types of ore deposits and their regional zoning is the main conclusion reached in this paper. This conclusion may be
applied to exploration for these types of ore deposits in other areas with comparable geological characteristics.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Alcudia Valley area is located in the southern

* Corresponding author. Tel: +34 985103095; fax: +34 central part of the Iberian Peninsula, approximately
985103103, 250 km south of Madrid. The area was an important
E-mail address: amizard@geol.uniovi.es (A. Martin-Izard). Pb-Zn—Ag producer during the late 19th and early

0375-6742/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.gexplo.2005.03.001



2 F.J. Palero-Fernandez, A. Martin-Izard / Journal of Geochemical Exploration 86 (2005) 1-25

20th century and is located within a broad metallo-
genic province, known as the Sierra Morena, which
occupies a part of the Ossa-Morena Zone and the
southern limit of the Central Iberian Zone of the
Hercynian Belt. This metallogenic province was the
major lead producer in Spain during the second half of
the 19th century and the Alcudia Valley was one of
the most important districts. From the 1930s onwards,
production fell and in 1988 the last mine, San Quintin,
was closed.

Most of the Sierra Morena Pb—Zn ore deposits are
vein type with similar mineral parageneses. However,
in the Alcudia Valley the deposits have more hetero-
geneous mineral assemblages, and five different types
can be distinguished, four of them with vein morphol-
ogy. A total of 484 old mines and prospects are
located in an area of approximately 2500 km? (Palero
et al., 1992), most of them (453) being Pb—Zn veins.
Other metals produced in the area were Ag, Cu, Sb,
Sn, W, As and Bi. Although many of the deposits
were small in size, San Quintin (500,000 Mt of Pb
metal), El Horcajo (300,000 Mt of Pb metal), and
Diodgenes (200,000 Mt of Pb metal) were important
producers.

Palero (1991) and Palero et al. (1992) distinguished
five types of Pb—Zn deposits based on morphological,
mineralogical, paragenetical and geochemical data.
Each of the five types was the result of distinct
mineralizing processes that acted during different
events in its geological history. Palero et al. (2003),
mainly using new geochemical data, established the
timing of mineralizing processes and redefined the
five types from the oldest (A) to the youngest (E).
Garcia de Medinabeitia (2003), demonstrated clear
differences in lead isotope compositions and different
model ages for each type.

Palero (1991) analyzed Ag and Cd content in bulk-
ore. The Ag content in type E deposits showed a
regional distribution according to the position and
distance of the deposits with respect to the Hercynian
granite, but Cd contents did not show this relationship
(Palero, 1991 and Palero and Martin-Izard, 1992).
Also, using the analyses on sphalerites from the Alcu-
dia Valley performed by De Gyves (1988), Palero
(1991) found that each deposit type (A—E) shows a
different trace element pattern. In view of the inter-
esting results obtained in the previous work we
decided to perform a detailed study of trace element

contents in sphalerite and galena from the Alcudia
Valley, the results and discussion of which are the
aim of this paper.

Published papers on the behaviour of trace ele-
ments in ores are scarce and only focused on Mis-
sissippi Valley deposits (MVT) in the USA (Hall and
Heyl, 1968; Viets et al., 1992). There have also been
some classification attempts based on the silver con-
tent in the ore, such as the works by Bauchau (1971)
and Beaudoin and Sangster (1992), but the content of
these papers is far from the topic of the present work.
Arribas Moreno (1981) tried to characterize Pb—Zn
deposits in the Iberian Peninsula based on trace ele-
ments, but the enormous scale of the work and the
lack of definition of the metallogenic processes led to
unclear conclusions.

2. Geological setting

The most important geological feature of the Alcu-
dia Valley region is a series of major Hercynian
WNW-ESE trending anticlines and synclines. These
structures belong to the southern part of the Central
Iberian Zone (Julivert et al., 1972) of the Iberian
massif (Fig. 1) and are included in the vertical fold
domain defined by Diez Balda et al. (1990). The most
extensive anticline structure of this domain is located
along the Alcudia Valley itself.

The lithostratigraphic sequence is composed of
siliciclastic rocks with some interlayered volcanics
and rare carbonate levels. The sequence is made up
of four sedimentary cycles bounded by unconformi-
ties (Figs. 2 and 3). The first two cycles are Neopro-
terozoic in age (Riphean—Vendian) and are known as
“Alcudiense”  (Tamain, 1972). The “Lower
Alcudiense” unit is of turbiditic affinity, while the
“Upper” one is interpreted as being shelf sediments
with syn-sedimentary tectonic activity (Bouyx, 1970;
Ortega and Gonzalez-Lodeiro, 1986; Alvarez Nava et
al., 1988; Palero, 1993). Overlying these two units is a
Lower Ordovician to Lower Devonian sequence with
inter-layered volcanic rocks which was deposited on a
stable marine shelf with several sea level oscillations
(Tamain, 1967, 1972; Garcia Sansegundo et al., 1987;
Palero, 1991, 1992). The fourth sedimentary cycle is
made up of a monotonous black shale unit of Visean—
Namurian in age known as “Culm de Los Pedroches”,
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Fig. 1. Location of Alcudia Valley mineral field in the Hercynian Iberian massif.

which was deposited in a rapidly subsiding marine
shelf (Peran and Tamain, 1967; Tamain, 1972; Pérez
Lorente, 1979; Rodriguez Pevida et al., 1990).

Shortly after deposition of the “Culm”, the Hercy-
nian Orogeny took place in the region. The Stephanian
B-C coal-rich sediments of the Puertollano Basin
(Wagner, 1983) represent the beginning of local
post-orogenic sedimentation. The Paleozoic sequence
is covered in places by Tertiary detrital continental
sediments.

The deformation processes in the region took place
during three tectonic events: a pre-Ordovician, a Her-
cynian and a post-Carboniferous. Two pre-Ordovician
episodes are recognized in the area. The first episode
folded the Lower Alcudiense rocks as cover folds
related to a vertical movement of rigid basement
(Ribeiro, 1974). The second episode took place after
deposition of the upper Alcudiense sedimentary
sequence and involved vertical movements along
NW-SE fractures, probably during the Cadomian
Orogeny (Ortega et al., 1988; Palero, 1993). As a
result of this, the pre-Ordovician geological structures
are generally oriented NW—SE due to the important
control of basement fractures that were reactivated

several times during the Neoproterozic (Ortega et
al., 1988).

The Hercynian Orogeny affected both the Neopro-
terozoic and Paleozoic sedimentary rocks. Two tec-
tonic phases are recognized. The first (F1), Westfalian
A—C in age, involved N-S shortening of the crust and
generated WNW-ESE synclines and anticlines with
reverse and normal faults hosting Zn—Pb—Cu miner-
alization along the fold axes (Fig. 2). The second
Hercynian phase (F2), Stephanian B in age, involved
E-W shortening that generated conjugate sinistral
NW-SE and dextral ENE-WSW brittle—ductile
shear zones (Fig. 2) (Roiz, 1979; Ortega, 1988;
Wallis, 1985). The best developed shear zones are
sinistral NW-SE and appear to be related to reactiva-
tion of basement fractures with the same orientation.
Fracturing related to shearing is very important from a
metallogenic point of view, as most of the mineral
deposits in this study are hosted in fractures that
developed during this tectonic event. The regional
Hercynian metamorphic grade is sub-greenschist
facies (Tamain, 1972; Saupe, 1973; Leal Echevarria
et al.,, 1976), with minor recrystallization and soft
slaty-cleavage.
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Fig. 2. Geological sketch of the Alcudia Valley region with major structural features of the mineral field and location of the deposit model of
each type. (Type A: Peiia del Aguila, type B: El Hoyo, type C: La Nava, type D: Tres Ventas, type E: San Quintin).

The post-Carboniferous deformations are of minor
importance in the Alcudia Valley region, and gener-
ated N-S, NE-SW and NW-SE trending faults. It is
difficult to precisely define the age of these move-
ments but they post-date all five types of mineral
deposits. In our opinion the latest movements could
be Alpine.

Magmatic activity took place in three episodes. The
first was Paleozoic syn-sedimentary volcanism of vari-

able composition (Garcia Sansegundo et al., 1987;
Palero and Martin-Izard, 1988; Palero, 1991, 1992;
Higueras and Acosta, 1992). The second was granite
intrusion related to the Hercynian orogeny. Finally,
there was the Pliocene—Pleistocene volcanic activity
known as Campos de Calatrava basalts (Gallardo et
al., 1998; Ancoechea, 1983).

Hercynian granite magmatism is Carboniferous in
age (305-291 Ma, Penha and Arribas, 1974; 302 Ma,
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Fig. 3. Lithostratigraphic column of Neoproterozoic and Paleozoic sequences in the Alcudia Valley mineral field and distribution of mineral
deposit types (After Palero, 1992 and Palero et al., 2003).
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Leutwein et al., 1970; 320-299 Ma, Defalque et al.,
1992; 309 Ma, Larrea et al., 1999; 329-293 Ma,
Garcia de Medinabeitia, 2003) and formed large intru-
sive S-type granitoids, which developed wide contact
metamorphic aureoles. In the Alcudia Valley two
intrusions are present, the Fontanosas pluton and
Los Pedroches batholith. The former (Fig. 2) is a
small rounded equigranular granodiorite surrounded
by Neoproterozoic rocks (Saupe, 1973; Garcia Sanse-
gundo et al., 1987; Amor and Ortega, 1987). The
latter (Fig. 2) is a large WNW-ESE elongate granite
batholith in which two facies, equigranular granodior-
ite and porphyritic monzogranite, can be recognized
(Leal Echevarria et al., 1976; Donaire and Pascual,
1992). The monzogranite is intrusive in the granodior-
ite. The granodiorite emplacement took place after the
first Hercynian tectonic event and prior to, or simul-
taneously with, the second (Coupez et al., 1988), and
monzogranite emplacement took place after the sec-
ond Hercynian tectonic event. Several small W, Sn,
As and Bi deposits are apparently related to these
igneous rocks.

3. Lead and zinc deposit types in the Alcudia Valley
mineral field

The Alcudia Valley Pb—Zn deposits were classified
by Palero (1991) and Palero et al. (1992) into five
types, based on their morphology, host rock relations,
structural setting, mineral assemblages and geochem-
ical data (Table 1). Using new geochemical data,
Palero et al. (2003) were able to obtain a better knowl-
edge of the metallogenetic processes involved in the
formation and chronology of the five types. The
following groups were established (Palero et al.,
2003) in relation to the Hercynian Orogeny: pretec-
tonic deposits (type A), syntectonic deposits (types
B, C and D) and post-tectonic deposits (type E).

The main characteristics of the different types are
summarized in Table 1 and discussed below. Of the
five deposit types the most important, from an
economic point of view and with regard to the
number of occurrences, is type E. This type of
mineralization represents 70% of the total number
of mines and prospects and also includes the biggest
mines of the area. Type A is scarce, with only 2%
of the deposits. Type D represents 6%, type B 12%

and type C 5%. The remaining 5% correspond to
Sn, W, As, Bi, Cu and Sb deposits not included in
this classification.

Type A deposits are Zn—Pb stratabound ores
that found as disseminations or micro-veins in
the top of the Urbana Limestone, the only carbo-
nate unit in the Paleozoic sequence (Fig. 3). Miner-
alization consists of sphalerite with lesser amounts of
galena, quartz and dolomite and was contempora-
neous with silicification, followed by dolomitization
(Castroviejo, 1979; Palero and Martin-Izard, 1988).
Type A deposits (Palero and Martin-Izard, 1988;
Palero et al., 2003) probably formed by diagenetic
metasomatism of the overlying Chavera Black Shales
which are geochemically anomalous in Mg—Zn—Pb-S,
among other elements.

Type B deposits are Zn—Pb—Cu veins in highly
deformed WNW-ESE breccias in siliceous layers of
the Pochico Beds (Fig. 3), which are related to reverse
and, occasionally, normal faults generated during the
first Hercynian phase (F1). The mineral association
consists of pyrite, sphalerite, galena, chalcopyrite and
quartz that is associated with strong silicification and
minor chloritization of the host rock. The sequence of
deposition was pyrite followed by galena, sphalerite
and chalcopyrite, and later quartz. Isotope composi-
tions of sulfur (5°*S) in the sulfides (Table 1) are
similar to diagenetic pyrite in the Pochico (Palero et
al., 2003). Type B deposits involve lateral secretion—
migration of fluids and metals from the Pochico Beds
into the fault-bearing open spaces and breccia faults.
This process took place during synkinematic condi-
tions at the end of the first Hercynian phase and
during the subsequent extension when compression
ended (Palero, 1986; Delgado et al., 1988; Palero et
al., 2003).

Type C deposits are Zn—Pb veins and stockworks
in fractures and breccias mainly related to brittle F2
Hercynian shear zones that affected the upper part
of the Mixed Beds (Fig. 3). Mineralization consists
of sphalerite with minor galena, quartz and carbonate
and the host rock is partially silicified, carbonatized
and chloritized. Siderite and ankerite were the first
minerals to be deposited, followed by quartz and
sulfides. The isotopic composition of sulfur in the
sulfides is similar to type A deposits (Table 1). Type
C deposits were formed by migration of fluids and
elements from the black shales, mainly the Chavera



Table 1

Summary of characteristics of the Alcudia Valley mineral deposit types

Type of Paragenetic Host rock Morphology  Host rock Mineralization Sulphur isotopesb Lead isotopes® Probable
deposit  association® alteration Ore Gangue  Textures formation age’
Type A Sp—Gn-— Upper Ordovician ~ Stratabound  Strong silicification ~Sphalerite, galena, Quartz, Granular  Gn=8.3%0 Lower Paleozoic
Qtz—C “Urbana and dolomitization  (chalcopyrite), (pyrite) — dolomite Sp=10.7 to 3.6%0 (Silurian)
Limestone”
Type B Py-Sp-Gn— Lower Ordovician Milonitic Strong silicification Pyrite, sphalerite, Quartz, Milonitic Gn=-0.7 to 12.6%  2°°Pb/?***Pb=18.039 + 0.034 Westphalian
Cep—Qtz “Pochico Beds” and breccia  weak chloritization galena, chalcopyrite, (chlorite), and Sp=4.2 to 17.0%0 207ph /20Pb=15.654 + 0.017
veins (pyrrhotite), (siderite)  tectonic Py=7.4 to 8.4%o 208pp, /204pp=38.253 + 0.058
(bournonite), breccias model age=545+10 Ma
(tetrahedrite),
(marcasite)
Type C  Sp-Gn— Upper Breccia Weak silicification ~ Sphalerite, galena, Quartz,  Milonitic, Gn=7.3 to 11.0%0 206ph /204ph=18.047 + 0.033 Westphalian—
Qtz—Ank Ordovician“Mixed stockworks  chloritization (chalcopyrite), (pyrite), ankerite, tectonic Sp=10.7 to 13.3%o 207pb /204Pb=15.677 + 0.012 Stephanian
Beds” and milonitic carbonatization (bournonite), (siderite), breccias, 208pp /204ph=38.220 + 0.043
veins (tetrahedrite), (linneite) (calcite)  banded model age=583 + 14 Ma
and
cockade
Type D Sp-Gn— Neoproterozoic Milonitic Weak silicification ~ Sphalerite, galena, Quartz, Milonitic, Gn=-8.6 to 4.7%o 206ph /204Pb=17.764 + 0.016 Stephanian
Qtz—(Ank) veins chloritization chalcopyrite, (pyrite),  siderite,  granular ~ Sp=—12.7 to 3.1%  2*’Pb/?>**Pb=15.576 +0.009
sericitization (bournonite), ankerite, and 208py /204ph=37.745 + 0.039
(tetrahedrite), (mosco-  tectonic model age=600 + 13 Ma
(ullmannite) vite), breccias
(chlorite)
Type E  Gn-(Sp)- Neoproterozoic Breccia Weak chloritization ~Galena, sphalerite, Ankerite, Tectonic Gn=—9.81t0—2.7% 2°°Pb/***Pb=18.188 +0.030 Permian-lower
(Cep)-Ank  and lower veins carbonatization chalcopyrite, pyrite, barite, breccias, Sp=—6.0 to —3.4%0 *“"Pb/?**Pb=15.614 £ 0.014 Triasic
Paleozoic silicification marcasite, quartz,  cockade, Py=—23to —5.5% “*Pb/***Pb=38.300+0.061
multilayer units sericitization (arsenopyrite), calcite, banded model age=356 + 21 Ma
(bournonite), (chlorite) and vugs
(boulangerite),
(pyrrhotite), (proustite),
(freibergite),

(tetrahedrite), (linneite),
(millerite), (ullmannite),

(stibnite)

Minerals in bold are the most abundant and those in brackets are scarce and sporadic.
@ Mineral symbols after Kretz (1983).
® 534S data after Palero et al. (2003).
¢ Data after Garcia de Medinabeitia (2003).
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Black Shales and to a lesser degree the Volcano-
sedimentary Beds, into faults and breccias that devel-
oped during Hercynian F1 folding and F2 shearing
phases. The minerals show evidence of synkinematic
formation conditions, but the intensity of deformation
varies from place to place (Palero, 1991; Palero et al.,
2003).

Type D deposits are Zn-Pb deposits hosted in
strike-slip faults trending WNW-ESE (most impor-
tant), NW-SE and ESE-WSW. These fractures are
related to Hercynian F2 shear zones affecting Neo-
proterozoic rocks. Mineralization consists of a first
stage of sphalerite (the most abundant sulfide),
galena and quartz, which are highly deformed, and
a second stage consisting of undeformed pyrite and
ankerite in host rock that is incompletely silicified,
sericitized and chloritized. They are synkinematic
and show a close relationship with F2 Hercynian
shear zones (Palero et al., 2003).

Type E is the main group of deposits in the Alcudia
Valley. These are Pb, Pb—Zn and Pb—Ag veins with
breccia textures in NE-SW, E-W and NW-SE ten-
sional fractures that developed during the F2 Hercy-
nian shortening, mainly in Neoproterozoic rocks.
Alteration of the host rocks is weak, consisting of
carbonatization and chloritization with minor silicifi-
cation and sericitization. Five stages of hydrothermal
mineral deposition can be defined, but not all stages
are present in all deposits. The stages are represented
by the following minerals:

Early: arsenopyrite, pyrrhotite and microcrystalline
quartz.

Ag-rich: sulfosalts (bournonite, freibergite).

Main: abundant galena and ankerite. This stage is
present in all deposits and characterizes type E.
Late: sphalerite and quartz.

Final: barite, pyrite and calcite.

The first three stages show continuity in their
crystallization and fill open spaces. After their forma-
tion, further brecciation developed and the late stage

mineralization cemented the newly formed breccias.
The final stage filled the last open spaces in the
breccias.

The ore mineral assemblages are more complex
and more Ag-rich close to the igneous bodies (Palero,
1991). In deposits located close to the intrusive
bodies, the first three stages are present. Farther
away from the granitoids, only the Ag-rich and main
stages can be found. The silver minerals disappear
progressively outward from the granitoids and zones
located farther from granites contain only galena and
ankerite.

The silver content in the bulk ores also reflects this
zoning and defines the so-called “silver corridors”
(Fig. 4). Near the igneous intrusions, in these “silver
corridors” there are also W—Sn—As and Bi deposits,
and the silver content of the corridors decreases out-
ward from the granites. The decrease occurs not only
along the corridor but also laterally outward from the
axis of each corridor (Palero and Martin-Izard, 1992;
Palero et al., 2003).

The paragenetic zoning described and the deposit
distribution within the “silver corridors” suggests that
the type E deposits are related to the Hercynian gran-
itoids (Palero, 1991). The granitoids could well have
acted as a thermal focus causing hydrothermal con-
vective circulation, in which the heat necessary to
generate the hydrothermal fluid was provided by the
granites, according to the model proposed by Simpson
et al. (1979) and Plant et al. (1983). The corridors
could indicate the paths followed by the hydrothermal
fluid away from the granites through the metasedi-
mentary rocks.

The S isotope composition of galena (Table 1)
and also C and O isotope composition of ankerite
(—10.80 to — 16.00, and 17.20 to 23.10 respectively)
suggest that the metasedimentary host rocks, particu-
larly the Neoproterozoic materials, were the main
source components in the type E deposits (Palero et
al., 2003). However, the Pb isotope composition indi-
cates that lead was extracted from, and recycled by,
the granitoids (Garcia de Medinabeitia, 2003), which

Fig. 4. Regional distribution of silver content in bulk ores of type E deposits of the Alcudia Valley mineral field (after Palero and Martin-Izard,
1992 and Palero et al., 2003) and location of deposits mentioned in Figs. 9 and 10 (SA—San Alberto, BP—Buenpensamiento; VC—La
Victoria; QF—San Quintin (San Froilan); QD—San Quintin (Don Raimundo); SC—EI Campillo; LF—La Fortuna; SF—San Serafin; SR—
Santa Rosa; LS—La Salvadora; EH—EI Horcajo; CV—Cerro Verde; QR—Quinto del Rio; EM—La Emperatriz; RM—La Romanilla; LV—La
Veredilla;, ST—Santa Teodora; LJ—La Jarosa). The dotted lines are the axes of each corridor calculated as regression lines from the UTM
coordinates of each deposit. Contours of silver content have been calculated using frequency distribution analyses.
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Table 2

Analytical data of sphalerite concentrates from the Alcudia Valley mineral field deposits
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Mine or Major elements Trace elements st category Trace elements 2nd category
oceurrence Zn S Fe Cu Cd Ag Sb Co Mn Ge Ga TIn As  Sn
(%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Type B deposits

La Prometida 54.05 31.05 6.00 14,434 1233 35 1 303 40 5 90 90 <2 72
Eufrasia 62.40 3226 221 870 2680 78 328 381 <7 74 98 283 <2 68
San Bartolomé 59.76 32.13 3.90 2651 1088 13 17 561 35 3 18 11 <2 11
Los Diegos 5593 30.65 6.08 1925 798 12 83 475 182 3 15 18 <2 <2
Atilana 57.56 31.13 344 6991 883 32 80 616 74 <1 32 53 86 <2
Los Diegos 62.09 30.72 0.91 49 1119 6 24 338 35 11 23 <0.5 158 10
Mean 58.63 31.32 3.76 4487 1300 29 89 446 73 19 46 91 122 40
Standard deviation 337 0.70 2.05 5439 695 27 122 126 63 31 38 112 51 34
Type C deposits

Virgen del Socorro 61.88 30.56 1.83 76 477 34 24 484 <7 17 <4 5 13 21
Navalahiguera 65.11 3293 1.12 428 640 24 55 347 <7 97 4 <05 14 <2
Santa Rita 64.33 31.16 1.26 269 618 1 17 259 <7 61 <4 5 19 15
Navalajeta 62.98 30.72 0.98 974 893 44 190 409 <7 58 22 <0.5 13 12
La Nava 65.07 3298 1.38 964 795 33 68 390 <7 86 <4 <0.5 37 <2
El Contadero 59.61 3233 4.96 652 984 27 43 276 44 2 <4 <0.5 <2 <2
Mean 63.16 31.78 1.92 561 735 27 66 361 44 54 13 5 19 16
Standard deviation 2.15 1.10 1.52 369 190 15 64 85 0 37 13 0 10 5
Type D deposits

Tres Ventas 61.37 32.00 2.51 318 2826 23 266 100 <7 38 33 <0.5 69 9
Navalcaballejo 60.37 29.72 2.29 464 2503 25 83 154 53 <1 <4 11 <2 <2
Precaucion 59.24 31.79 5.19 275 1846 15 20 155 97 25 <4 6 2 7
Pepita 63.88 30.90 1.34 134 2538 11 29 172 <7 <1 <4 <0.5 <2 <2
Nacedero 57.28 30.04 4.71 163 1855 1 17 168 38 <1 <4 <0.5 <2 <2
Abundancia 63.95 32.51 1.76 348 1925 20 38 171 <7 23 <4 18 <2 <2
Las Simonas 58.40 30.18 3.48 303 1574 12 15 199 195 49 <4 7 166 <2
San Pantaleon 59.74 29.40 3.56 1517 2483 38 129 566 311 35 <4 66 <2 47
Arroyo del Royar 64.23 3272 1.37 316 3544 18 25 316 13 <1 <4 5 <2 29
Fajano 61.08 30.60 2.34 322 2632 2 33 163 114 14 <4 52 14 30
Mean 60.95 30.99 2.86 416 2373 17 66 216 117 31 33 24 63 24
Standard deviation 243 1.19 1.34 398 585 11 79 135 104 12 0 25 75 17
Type E deposits

La Boticaria 59.97 3227 3.74 182 2789 13 4 155 48 35 <4 <0.5 <2 10
Cora Pearl 57.90 31.68 6.07 504 6906 1336 1164 154 36 48 <4 <0.5 <2 17
Villazaide 56.32 3232 6.80 1211 2572 190 869 273 <7 105 70 12 <2 3
La Veredilla 64.24 3289 136 2224 5135 564 1416 103 <7 <1 <4 50 <2 15
Santa Barbara 58.33 31.80 4.74 1899 3919 265 1190 224 <7 100 72 27 <2 17
Quinto del Rio 61.16 31.96 147 2778 4108 452 1690 95 32 28 174 70 162 62
La Petaca 62.26 31.13 1.32 1597 3515 314 1198 137 <7 32 135 73 <2 20
San José 60.24 32.11 3091 1504 3192 428 1066 152 <7 130 18 <0.5 <2 25
San Quintin (Don Raimundo) 53.06 32.02 7.58 835 2998 347 913 328 <7 105 44 <0.5 201 2
La Romanilla 63.92 32.86 1.44 1664 3682 245 801 122 <7 51 168 140 <2 54
La Boticaria 61.32 32.10 2.83 2256 3057 196 933 225 10 80 233 119 <2 66
La Gitana 59.81 3195 2.80 3152 2933 306 1310 317 <7 70 234 45 79 27
Paraje Encinarejo 60.99 3249 344 2532 4454 386 1511 212 <7 77 64 138 <2 47
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Table 2 (continued)

Mine or Major elements

Trace elements 1st category

Trace elements 2nd category

occurrence 7n S Fe Cu Cd

(%) (%) (%) (ppm)

Ag Sb Co Mn Ge Ga In As Sn
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Santa Barbara 58.46 31.85 543 1245 3700
San Quintin (San Froilan) 52.99 31.28 8.25 908 2907
Mean 59.40 32.05 4.08 1633 3724
Standard deviation 336 049 233 850 1122

180 846 283 <7 100 <4 7 <2 <2
658 1210 167 <7 42 18 18 284 38

392 1075 196 32 72 112 64 182 29
307 393 76 16 33 81 49 85 21

Samples were analyzed by X-ray fluorescence at the Autonoma University of Barcelona (De Gyves, 1988).

must have been the source of lead and other metals in
the hydrothermal system. This is in agreement with
the paragenetic zoning previously described and the
presence in the “silver corridors” of several occur-
rences of W-Sn—As and Bi mineralization that
might be directly related to the granitoids (Neiva,
1982; Rundquist, 1982; and Arribas Moreno et al.,
1988).

The late and final stages of mineralization, as
pointed out by Palero et al. (2003), are related to the
late-Hercynian movements and do not show any
genetic relationship to the granites.

4. Geochemistry of ore minerals
4.1. Sampling, sample preparation and analysis

To characterize the five deposit types geochemi-
cally, about 400 samples of approximately 5 kg each
of lead and/or zinc ores were collected. Where possi-
ble, samples were taken in situ from ore bodies. In
other cases, the mineralized samples were taken from
dumps. In each orebody or dump, several samples
were taken from different places in order to obtain
representative material for the whole deposit.

The samples were crushed, homogenized and
divided into two parts. The first part was used for
bulk ore chemical analysis. The regional distribution
of silver (“silver corridors” of Fig. 4) previously men-
tioned, was established using the bulk ore silver ana-
lyses (Palero and Martin-Izard, 1992; Palero et al.,
2003).

The second part of each sample was used to pre-
pare high purity concentrates of galena and sphalerite.
The samples were crushed again and sieved into five
fractions: >1.19, 1.19-0.71, 0.71-0.40, 0.40-0.30,
and <0.30 mm. Particles over 1.19 mm and less

than 0.30 mm were rejected. Using a binocular micro-
scope the size fraction was selected in which the
galena or sphalerite was released. The most frequent
fraction used was 1.19-0.71 mm, but in some cases,
especially in types A, B and D deposits, 0.71-0.40
and 0.40-0.30 mm fractions were used.

Galena and sphalerite were concentrated by elutria-
tion, a very useful method due to the high differences
in density between them and the gangue. Some pro-
blems were experienced in separating chalcopyrite
and sphalerite where they occurred together. A con-
centrate of both minerals was first obtained and this
was then elutriated again to achieve separation.
Galena and sphalerite concentrates were examined
and refined by handpicking under a binocular micro-
scope to obtain 10 g of high purity concentrate.
Finally the concentrates were powdered in an agate
mortar.

The sphalerite concentrates were analyzed for Zn,
S, Fe, Cu, Cd, Ag, Sb, Co, Mn, Ge, Ga, In, As and
Sn by X-ray fluorescence at the Autonoma Univer-
sity of Barcelona according to the analytical method
of De Gyves (1988). Trace element data from spha-
lerite concentrates were considered valid if the Pb
content was below 0.5%, and if the sum of elements
(major and trace) was over 92% when the gangue
was quartz, or 96% when the gangue was carbonate.
With this grade of purity contamination from miner-
als other than sphalerite is minimal. The total num-
ber of valid analyses was 37; all type A and some
type E data were not of sufficiently high quality and
were excluded.

The galena concentrates were analyzed for Pb, Zn,
Sb, Ag, Cu, Mn, Ni, Cd, Sr, Co, Bi, Hg, As, Au, Se,
K, Ca, Na, P, Mg and Al by ICP/MS; and S by LECO
at Actlabs (Canada). Nevertheless, due to the very
high lead content of the samples, a special attack of
the samples and equilibration of equipment was
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necessary. For quality control some samples were
analyzed in duplicate and negligible analytical error
was detected. Elements such as Ca, Na, P, Mg, Al and
K were taken in account as an indication of purity and
were only encountered in very low levels, indicative
of the high purity of the galena concentrates. Also Zn
and Fe were also used as a control of the purity of
galena. All samples with a Zn content over 1% were
rejected, because the galena could be contaminated by
trace elements from sphalerite. Some samples from
type E deposits showing Fe contents over 1.5% have
been rejected, because iron could indicate some level
of ore oxidation. A total of 58 analyses were consid-
ered useful for this study, of which 38 are from type E
deposits. No valid analyses were obtained of galena
concentrates from type A deposits.

4.2. Trace elements in sphalerite concentrates

The analytical results of sphalerite concentrates fall
into three groups: major elements (S, Zn, Fe), trace
elements referred to as “first category” which are in
most cases above the detection limit (Cu, Cd, Ag, Sb,
Co), and trace elements referred to as “second
category”, which are rarely present above the detection
limit (Mn, Ge, Ga, In, As, Sn). The data, the mean and
standard deviation are shown in Table 2.

From a statistical point of view, the correlation
matrix provides information on the occurrence of the
elements in sphalerite (Table 3). The correlation ana-
lysis is global for all samples (including types B, C, D
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and E), because comparison of deposit types is not
possible because of a lack of adequate data for some
types.

The high negative correlation (—0.92344) between
Zn and Fe indicates the replacement of Zn by Fe in the
sphalerite framework (Table 3). The close correlation
between pairs of elements such as Cd-Ag, Cd-Sb,
Ag-Sb and In-Sn, with correlation indices (R?) above
0.75, and the lack of correlation with the major ele-
ments (S, Zn, Fe), could indicate submicroscopic
inclusions or exolutions of sulfantimonides of Ag
and Cd. Also significant is the low correlation
between S and Zn, the major elements of sphalerite,
indicating that the compositional variations in spha-
lerite are independent of their S and Zn contents. The
high correlation index (R*=0.76) between In and Sn
is more difficult to explain, as are those between Ga—
Sn, Ga-In, and Ga-Sb, all of which are over 0.5,
especially considering the low correlation indices
between these elements and the major elements.

Considering each deposit type, sphalerite concen-
trates from type B are rich in Cu and Co and poor in
Cd, Ag and Sb; those from type C are characterized by
relatively low contents in trace elements; those from
type-D deposits are rich in Co, Cd and Mn and poor in
Cu, Ag and Sb; and those from type E are very rich in
Cd, Ag and Sb, poor in Mn and erratic in their As
contents, which are sometimes very high.

Pairs of elements with statistical correlations are
shown graphically in Fig. 5. In all graphs the samples
cluster according to deposit type. Outstanding among

Table 3
Correlation matrix between trace elements in sphalerite concentrates from the Alcudia Valley mineral field
Zn S Fe Cu Cd Ag Sb Co Mn Ge Ga In As Sn
Zn  1.00000
S 30491 1.00000
Fe —.92344 —.07466 1.00000
Cu —.36893 —.02309 21315 1.00000
Cd —.05143 28208 .14048 —.08855 1.00000
Ag —.23986 22439 32902 —.00587 .78820 1.00000
Sb —.15930 34581 .18816 .06089 .75423  .75923 1.00000
Co —.10214 —.20063 .03419 23100 —.56142 —.35818 —.40172 1.00000
Mn —.24730 —.58686 .16227  .02728 —.18466 —.22468 —.34399 32170 1.00000
Ge —.04580 .38989 18167 —.14447 20172 25242 44665 —.06668 —.30251 1.00000
Ga —.00527 23380 —.10452 31892 .26216 .18245 .55407 —.14213 —.24630 .25094 1.00000
In 09614 14966 —.14295 29148 22562 .05455 26488 .04192 —.02911 .10517 .54364 1.00000
As —.40518 —.12025 .25450 —.03507 —.03231 .20763 22519 —.04590 .01782 .05535 .08305 —.13662 1.00000
Sn —.00281 .08670 —.06823 43353 29939 .20690 .35997 —.07675 —.00604 .07420 .62279 .76035 .01042 1.00000




FEJ. Palero-Ferndandez, A. Martin-Izard / Journal of Geochemical Exploration 86 (2005) 1-25

3. =
284 * x
i x X
x g
2.4 o
4 * *
£
Q
&
j=
o
3
=
%)
16 2 24 28 32 36 4
Copper log(ppm)
3. S
2.8 x *
4 bd b x
2.4 " x -,
- x.. L
T2
Q
S
S 16 S .
2 1w n, A
3 124 \ I
= i N L] i
%) N |
0.84 . l/
R \
0.a] N / //
] e T,
\ L |
0 N
19 21 23 25 27
Cobalt log(ppm)
3.9
i x
x
&
—~ *
£ ald N
o B3 *
=3 e *
=3
o
€
=2
£
o
I
o
25—
0 04 08 12 16 2 24 28 32
Silver log(ppm)
394 ..
1o
- X
£ *
g E
=3
o
=
2
£
o
I
o
25—
02 02 06 1 14 18 22 26
Gallium log(ppm)
3.9 .
] %
3.7 ®"
x
= ] i
3.5 x
£ s
=] il -
5 33
= 1
S 311
£ d
? 20
§ 2
2.7
2. — —
0.8 12 16 2 2.4 28 32

Antimony log(ppm)

TYPE-B) A TYPEC)

Fig. 5. Scatter plots between pairs of trace elements from Alcudia Valley sphalerite concentrates.

Cadmium log(ppm)

Cadmium log(ppm) Silver log(ppm)

Cadmium log(ppm)

Cadmium log(ppm)

T T T T T T T T
19 2.1 23 25 27
Cobalt log(pppm)

0.8 12 2 24 28 3.2

16
Antimony log(ppm)

T T

T T T T T
16 2 24 28 32 36 4
Copper log(ppm)

2 —
02 02 06 1 14 18 22
Indium log(ppm)
x
24 x x
4 * x *
=
164 )
B
Ay
g
124 -
0.84
0.44
0 T T - T i T T
19 21 23 25 27

Germanium log(pppm)

H TYPED:

X TYPE-E

13



F.J. Palero-Fernandez, A. Martin-Izard / Journal of Geochemical Exploration 86 (2005) 1-25

log(ratio Cd/zn) log(ratio Cd/zn) log(ratio Ag/Zn) log(ratio Ag/Zn)

log(ratio Cd/Zn)

15 22
x
9 x
1 . * 2
2 xx |
. % x
0.5 x* x x 1.84
E |
0 . 3 16
A . o |
2
-0.54 ' 2 1.4
: £
14 . 8 12
-1.54 - 1
R 4
=, 4
-2 T T T T T T 0. T T T T T — =
02 02 06 1 14 18 22 26 0.1 0.3 0.5 0.7 0.9 11
log(ratio Cu/Zn) log(ratio Co/Zn)
15 15
x x
1 * 1 x
: * H o x «
x X x Xx x
0.5 X x x =05 '« x M
N
4 j=2 4
0 2o .
- ° [ L
0.5 . T 0.5 .
E oy
1 S 4]
.
1.5 -
‘ 2 _—
11 2 15 05 0 05 1 15
log(ratio Sh/Zn)
2.2
3 |
24
=
x ﬂ
3
)
2
g
k=)
o
08— 0. —_——————y
2 16 -12 -08 -04 0 04 08 12 02 02 06 1 14 18 22 26
log(ratio Ag/Zn) log(ratio Cu/Zn)
22 2.2

16 12 08 04 0 0.4
log(ratio Ga/Zn)

06 02 02 06 1 14
log(ratio Sh/Zn)

(@ TYPEBD (ATYPECS

log(ratio Cd/Zn)

log(ratio Cd/Zn)

2 16 12 08 04 0 0.4
log(ratio In/Zn)

2 16 12 | 08 04
log(ratio Ge/Zn)

W TYPE-D>

XTYPEE

Fig. 6. Scatter plots between pairs of trace elements/Zn ratios from Alcudia Valley sphalerite concentrates.



EJ. Palero-Ferndandez, A. Martin-Izard / Journal of Geochemical Exploration 86 (2005) 1-25 15

them is type E, which shows the highest content in the
plotted trace elements. In Fig. 6 the same elements are
referred to the zinc content of each sample, thus
defining more closely fields for each type of deposit.
The established correlations for elements such as Cd,
Sb, Ag, Cu and Co allow us to discriminate between
each type of deposit. The fact that sphalerites from
different deposit types have a different content in trace
elements could be interpreted as the consequence of
different genetic processes for each type.

4.3. Trace elements in galena concentrates

Data of trace elements in galena concentrates have
been grouped following the same criteria as for spha-
lerite into major elements (S, Pb), “first category”
trace elements (Fe, Zn, Sb, Ag, Cu, Mn, Ni, Cd, Sr),
and “second category” trace elements (Co, Bi, Hg, As,
Au, Se).

Taking into account the stoichiometric composition
of galena (86.4% Pb, 13.6% S) a study was made of
the deviation of each sample from the theoretical
galena composition (Fig. 7). For this purpose, in
each sample the sum of the contents of all elements
analyzed was plotted with respect to the lead content.

103

The distribution of most of the analytical data is
around the theoretical value, showing a narrow but
erratic dispersion of data, with the exception of type E
deposits. All the type E data show a distribution that
can be adjusted to a straight line with a positive slope.
The composition of galena concentrates from type E
deposits is below the theoretical composition of
galena, indicating that they are not pure galena and
that the trace elements form micro-inclusions of dif-
ferent mineral phases. The quantity and composition
of galena micro-inclusions is probably a linear func-
tion corresponding to the aforementioned straight line.

The data and most important statistical parameters
are given in Table 4 and the correlation matrix is
shown in Table 5. Some correlation values are very
high: above 0.9 for Se-Bi and Se-Hg; between 0.8
and 0.9 for Sb—Co and As-Bi; and between 0.7 and
0.8 for Fe—Ag, Fe-Bi, Zn—Cd, Sb—-Ag, Ag—Co, Cu-
Hg, Cu-Se and As—Se. The Zn—Cd correlation is due
to the presence of sphalerite and the Sb—Ag correla-
tion is due to the presence of Ag antimonides and
sulfo-antimonides. The positive correlation between
Sb—Co, Sb—Ag and Ag—Co indicates that the three
elements are probably associated with several mineral
phases such as linneite and sulfosalts. The close cor-
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Fig. 7. Scatter diagram between Pb content and grade of purity of galena (determined from the sum of the elements analyzed in concentrates
from Alcudia Valley mineral field). The dotted line is the regression straight for type E deposits only.



Table 4

Analytical data of galena concentrates from the Alcudia Valley mineral field deposits

Mine or Major elements Trace elements 1st category Trace elements 2nd category
occurrence Pb S Fe Zn Sb Ag Cu Mn  Ni cd Sr Co Bi Hg As Au Se
(%) (%) (&  (pm) (pm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Type B deposits
Eufrasia 82.00 14.49 0.17 4404 430 360 4014 48 3 25.4 2 5 110 110 <0.5 <3 1500
Los Diegos 85.90 15.16 0.04 7788 130 88 5 5 14 33.7 2 2 <5 11 <0.5 36 46
San Bartolomé 79.80 14.29 0.14 8279 350 340 447 32 2 28.2 2 7 12 32 <0.5 <3 390
San Benito 87.70 13.33 0.07 380 500 480 608 32 4 8.0 2 2 7 12 <0.5 9 46
Santa Isabel (Filon Sur) 8520 14.87 0.03 389 1300 800 346 5 10 10.8 2 1 <5 28 <1 27 40
Atilana 81.70 15.16 0.06 3189 610 480 245 5 2 19.2 2 4 <5 11 <0.6 <5 88
Mean 83.72 14.55 0.09 4072 553 425 944 21 6 20.9 2 4 43 34 0.0 24 352
Standard deviation 3.01  0.69 0.06 3452 400 233 1517 19 5 10.1 0 2 58 38 0.0 14 579
Type C deposits
Navalahiguera 86.30 14.97 0.02 4570 360 200 70 21 10 13.6 3 3 <5 9 <0.5 <2 9
Virgen del Socorro 86.40 1429 <0.01 604 1100 920 311 5 2 7.2 7 <1 <5 27 <0.7 16 230
El Contadero 8570 1554  0.05 432 1300 690 245 5 8 7.3 2 <1 <5 12 <1 <5 32
Las Minillas 83.60 14.59 0.07 3946 230 180 322 20 2 7.4 2 2 <5 19 <0.5 15 130
El Musico 81.10 15.73 033 840 1700 480 2628 30 781 8.6 2 12 <5 19 110.0 <8 45
Navalajeta 823 1449 <0.02 759 960 410 264 5 140 6.9 3 1 9 8 <0.7 12 28
Mean 8423 1494  0.12 1859 942 480 640 14 157 8.5 3 5 9 16 110.0 14 79
Standard deviation 224 059 0.14 1874 561 287 978 11 310 2.6 2 5 0 7 0.0 2 85
Type D deposits
Arroyo del Royar 86.10 14.49 0.14 637 320 200 143 17 6 10.8 2 1 <5 11 <0.5 <2 32
Las Simonas 85.10 14.87 0.08 4580 350 210 7 5 3 41.2 4 2 <5 29 <0.5 <2 24
Nacedero 86.70 13.48 0.10 540 1700 780 78 30 5 14.0 2 <1 <5 <2 <I.1 49 34
Las Perras 85.50 13.81 0.03 33 440 410 7 5 2 36.5 16 1 <5 24 <0.5 <3 23
Fajano 80.90 15.06 0.08 549 600 290 103 33 5 272 3 <1 15 10 <0.6 44 13
Navalcaballejo 81.70 14.49 0.15 3228 430 300 37 49 6 35.8 2 2 10 21 <0.5 <3 28
Tres Ventas 83.80 14.28 0.05 5554 2000 840 433 5 2 36.3 4 <1 <5 31 <13 28 50
Pepita 8230 145 0.03 1056 630 460 663 30 2 27.6 2 <1 <5 11 63 115 23
Mean 84.01 14.37 0.08 2022 809 436 184 22 4 28.7 4 2 13 20 6.3 59 28
Standard deviation 217 052 0.05 2126 657 248 238 16 2 11.1 5 1 4 9 0.0 38 11
Type E deposits
Cerro Verde 80.50 14.77 0.15 39 3100 850 130 43 46 33 2 3 8 13 42.0 <21 48
Diogenes 82.40 14.22 0.58 64 4900 1900 39 195 154 2.6 2 17 18 <7 76.0 <36 <18
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Diodgenes

El Campillo

El Horcajo

Emperatriz

Felisa

Fonografo 2°

La Boticaria

La Boticaria

La Fama

La Fortuna

La Gitana

La Jarosa

La Petaca

La Romanilla

La Salvadora

La Veredilla

La Victoria

Maria Aurora

Pje. Canadahonda(836-55)
Pje. Canadahonda(836-57)
Pje. Canadahonda(836-58)
Pje. Encinarejo (836-59)
Pje. Encinarejo (836-66)
Pje. Moroteras (835-116)
Quinto del Rio

Rica Nueva

San José

San Quintin (D. Raimundo)
San Quintin (San Froilan)
San Serafin

Santa Barbara

Santa Rosa

Santa Teodora
Villagutiérrez (Alberto)
Villagutiérrez (Buenpento,)
Villalba

Mean
Standard deviation

82.80
84.30
80.20
83.70
83.00
84.00
84.70
85.40
85.00
80.00
84.40
85.40
81.40
81.50
80.70
85.10
84.90
83.50
84.70
83.50
84.10
81.90
84.50
85.10
85.80
84.30
84.60
85.50
82.00
78.50
84.40
85.00
80.90
81.40
86.30
83.70

83.40
1.91

15.06
12.57
11.80
11.70
13.81
12.26
14.87
15.16
13.24
14.87
14.01
13.85
15.25
14.22
13.75
13.72
14.77
14.77
14.58
12.28
12.57
12.95
14.49
15.45
14.01
14.29
14.77
14.68
14.50
12.47
14.68
14.97
14.39
14.03
14.68
13.33

13.99
1.02

0.23
<0.02
1.21
<0.02
0.13
0.22
0.11
0.10
<0.04
0.12
0.33
0.03
<0.02
0.12
0.13
0.05
0.29
0.30
0.08
<0.02
0.10
0.07
<0.05
<0.01
0.05
0.05
<0.05
0.10
0.16
1.37
0.02
<0.08
<0.02
0.88
<0.05
<0.02

0.27
0.35

120
2
81
52
71
40

119
761
60
31
36
123
61
106
44
51
133
107
47
50
65
49
83
19
24
790
454
437

3328

21
765
52
130
369
40
94

235
557

7600
1400
3400
1400
3300
2900
2600
2000
2800

740
4300

930

540
2100
4200
1900
4700
2100

770
2100
3100
2000
2900

540

520

890
3400
2500
3300
3000
1500
5200
1000
4900
3400
1400

2614
1571

2300
170
2800
170
340
270
320
230
290
76
430
160
140
300
1300
200
3400
110
56
180
430
270
450
130
150
140
240
1200
1400
2300
220
2000
110
3700
2000
110

812
1008

293
74
289
23
796
96
290
255
1878
69
2423
50
492
259
489
201
1139
20
26
429
1558
320
1856
22
164
91
205
240
507
283
50
99
46
1249
21
552

448
596

132

269

NS}

14
11
16

15

49

50
91

10

21

16

12

12

142

14

111

36

11
16

32
54

33
3.1
22
1.2
1.0
33
3.6
7.3
2.9
22
2.5
0.9
1.8
1.5
1.1
33
5.4
3.0
2.4
6.4
2.9
6.4
3.6
3.0
4.9
5.6
5.6
8.1
27.6
1.7
19.2
2.8
35
4.0
5.8
3.7

4.5
4.9

116
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<1
19
<1
2

<5

8
<5
<5

13
<5
<5
<5

14

10

18
<5

<5
61
<5
<5
<5
<5
<5

<5
<5
<5

<5

<5

8
<5
952
<5
12

65
222

<11

<5.7
<0.9
<23
<1.1
<1.8
<23
<19
<13
<1.7
<0.7
<24
6.6
<0.6
<1.2
160.0
<1.2
0.8
<1.7
<0.7
<1.3
<23
<1.9
<1.7
<0.5
<0.5
<0.8
<22
<1.1
<22
170.0
<1.1
<3.9
<0.8
290.0
15.0
<0.8

95.1
102.9

<48
<7
<18
<7
<19
<27
<15
<8
28
<5
<19
<4
13
<9
<24
<8
<27
<17
<4
<8
<17
<14
<18
10
<2
<5
<16
<9
<21
<17
<7
<30
<6
<26
<19
24

19
9

<23
<5
<8
<5
<10
<7
<7
11
31
<3
<9

<3
<6
<11
<5
<14
22
<5
<5
<7
<6
<10
<3

<10
<5
<10
<7
<5
<14

<12
<10
<5

17
15

Samples were analyzed by ICP/MS and S by LECO at Actlabs laboratories (Canada).
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Table 5

Correlation matrix between trace elements in galena concentrates from the Alcudia Valley mineral field

Se

Au

As

Hg

Co

Sr

Cd

Mn

Cu

Ag

Sb

Zn

Fe

Pb

1.00000
11410

—.49811
—.04823

Pb
S

1.00000
—.42540

1.00000

Fe
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1.00000
—.35353

26818 —.19138

Zn

1.00000

46451

—.12128 —.09313

Sb

1.00000
07779
22774
.10044

71268
16175
40648

21688
72630 —.39527 —.14590 —.00945 —.09738 —.11691

71267 —.14709

13169

Ag —.18446 —.04993

Cu

1.00000

06263

.01599
.09922
24225

—.12050

1.00000
29866

.03510
30637

10789 —.06415

18672 —.08515

Mn —.19592

Ni

1.00000

—.25319

1.00000
—.12086 —.24174

26447 —.27878

.02024

Cd

1.00000

.00324 —.65747 —.13016 —.23296 —.07556 —.24415 —.04374 —.11845

44246

Sr

46475 —.25097 —.17584 1.00000

19372 64185

71391
61615
.01885
.51093
11852
.05265

.80750
27714
.00688
49142
.00126

48617 —.14868
77131

.03077

Co

.59662 1.00000

20341
70415

—.07974 —.08699

20868 —.05385 —.10581

71398

—.03621

—.16536 —.01849

Bi

1.00000

41856
.83790

34102 —.05088

24410 —.03051

34591
.00118

—.03038 —.07270 —.03389

—.58593 —.18613

Hg

.03437 1.00000

17968 —.28664 —.24044

32138 —.10771

.07349
75191

69061

As

1.00000
(715577 —.36156 1.00000

42588 —.10185
95634

55045 —.12005 —.11275

18829 —.09581

43446 —.26470
34996 —.05719

.04811

—.24906 —.01248 —.30344
—.22027

Au

90647

.27055

33578 —.17583

23171

.01513

Se

relation between the other elements could not be
interpreted as elements included in the galena frame-
work, because, as in the case of sphalerite, the corre-
lation indices between the “first category” trace
elements and the major elements (S and Pb) are low.

The characteristics of each type of deposit in rela-
tion to trace elements in galena are summarized as
follows: galena from type B deposits is relatively rich
in Bi, Hg and Se, and has some Au; galena from type
C deposits is rich in Ni and Se, with some Au; galena
from type D deposits is rich in Cd, Hg and Se, and its
Au content is the highest of all types; and galena from
type E is rich in Ag, Sb and Sr and does not contain
any Au.

Since the number of analyzed samples differs
greatly between ore types, it is not possible to com-
pare directly the data among them. In order to achieve
such a comparison, a weighted function was created to
allow us to obtain a comparable value for each type.
The weighted function for an element “e” from a
specific deposit type is:

Veweighted - [(Xeweighted) *10 — dz] *Re

Veyeighied 18 the weighted value obtained for the ele-
ment “e”. Xeyeighiea 18 the weighted average of ele-
ment “e”. d” is the standard deviation of element “e”.
Re is the representativeness of the element in the type
and is the quotient of the number of analyzed cases
above the detection limit and the total number of
cases. The Xeyeighiea is multiplied by 10 to avoid
obtaining negative values and to emphasize the aver-
age value. The average and standard deviations are
only taken into account for values above the detection
limits.

The values Veyecighiea Obtained with this function
are plotted in Fig. 8A and B. Both graphs enable
comparison of the behaviour of trace elements in the
vein ore types.

First-category trace elements (Fig. 8A) show a
similar behavior in the three syntectonic deposit
types (B, C and D), except for Ni in type C deposits.
In the case of the post-tectonic (type E) deposits Zn,
Ni and Sr show different behavior than in the other
groups (Fig. 8A). In the case of the second category
trace elements the three types of syntectonic deposits
again show the same behavior, the tendency in the
case of B and D being practically the same. Again, the
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lOQ Veweighted

A

1 T T T
Zn Sb Ag

Cu

Mn Ni Cd Sr

trace elements 1% category

® galenatype-B
B galena type-D

A galena type-C
% galena type-E

IOg Veweighted

trace elements 2" category

@ galena type-B
B galena type-D

A galena type-C
» galena type-E

Fig. 8. Variation of Ve(weignieay Value calculated for the trace elements of galena concentrates of Alcudia Valley mineral field. Ve(yeightea) values
were calculated for each element taking into account the average weighting of the number of cases over the detection limit, the standard
deviation and a factor as a function of the representativeness of the element (see explanation in text).

type E deposits line is very different from the other
groups. In conclusion, Types B and D galena have
approximately the same behavior, and only type B is
rich in Cu. Both types of deposits are located in shear

zones and, according to Palero (1986, 1991), Delgado
et al. (1988) and Palero et al. (1992), were formed
during the shear development. The behavior of galena
from type C is close to types D and B except for Cd,
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Fig. 9. Variation of Ag, Sb, and As content in galena concentrates from type-E deposits located in the northern corridor (see Fig. 4) versus
distance to Fontanosas pluton and the sub-outcropping El Moto cupola.
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Ni, Bi and As. In both graphs galena from type E
differs significantly from other types, and could be
interpreted as having resulted from different condi-
tions of formation.

The existence of three silver corridors for type E
deposits suggests that the content of an element in
galena concentrates should be a function of the geo-
graphic position of the deposit relative to these corri-
dors. To investigate this, deposits of type E have been
plotted in UTM geographic coordinates and the axis
of each corridor has been calculated as the regression
straight line of these UTM points. In Figs. 9 and 10

the analytical data of galena concentrates from depos-
its within each corridor are plotted as a function of the
distance from the igneous rocks and from the axis of
the corridor.

For the northern corridor, the Ag and Sb contents
versus the distance to the Fontanosas pluton are
plotted in Fig. 9A and B. A gradual decrease is seen
as far as the San Quintin deposit followed by a rapid
fall to the end of the corridor. As is intimately related
to the vicinity of igneous rocks and is only detected in
the galena concentrate from the deposit close to the
granite stock (Fig. 9C).
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Fig. 10. Variation of Ag, and Sb content in galena concentrates from type E deposits located in the western corridor (see Fig. 4) versus the

distance to Los Pedroches Batholith.
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In the western corridor Ag and Sb are plotted
versus the distance from the Los Pedroches batholith
(Fig. 10). Both elements decrease in concentration
away from the granite, but the behavior of Ag is
somewhat different from the previous corridor in
that it decreases from the first to the third deposit
and then increases in the fourth (Fig. 10A). The
mineral associations in the first three have abundant
Ag-rich sulfosalts in the form of individual grains with
a fairly large grain size (freibergite, bournonite and
boulangerite) and, as the concentrates are of high
purity galena, the Ag content in galena is lower than
expected. By contrast, at El Horcajo, the fourth
deposit, only sulfosalts are present in very fine grain
size, usually in the form of micro-inclusions in galena.
Furthermore, microprobe testing shows that part of the
Ag is in the galena framework. Sb concentrations
(Fig. 10B) decrease progressively with very little
variation with the exception of the Quinto del Rio
deposit, which is so anomalous that it suggests that
either a sampling error occurred, or that it lies too far
from the axis of the corridor (see Fig. 4).

In the eastern corridor the results are inconclusive,
probably due to an inadequate number and distribu-
tion of samples. In this corridor galena concentrates
were obtained only from samples from the Diogenes
mine, located in the middle of the corridor, and other
samples came from the end of the corridor.

In conclusion, Ag in galena from type E deposits
shows the same type of zonation as Ag in the bulk ore.
This zonation has a regional character indicating that
type E deposits are related to the granitic intrusions, in
agreement with conclusions of Palero et al. (2003) and
Garcia de Medinabeitia (2003).

5. Discussion and conclusions

The Pb—Zn deposits of the Alcudia Valley mineral
field have a heterogeneous metallogeny, with five
different ore deposit types (Palero, 1991). These five
types reflect five mineralizing processes that can be
related to different stages of the Hercynian Orogeny
and could be distinguished as either pretectonic, syn-
tectonic or post-tectonic (Palero et al., 2003). Three of
the five mineralization types are syntectonic with vein
morphology. Each type is related to different hydro-
thermal processes during the Hercynian Orogeny. The

post-tectonic deposits are also veins and were eco-
nomically the most important. They were formed
during regional-scale hydrothermal circulation related
to cooling of the Hercynian granitoids (Palero et al.,
2003; Garcia de Medinabeitia, 2003).

In the Alcudia Valley, trace elements in sphalerite
concentrates provide an excellent tool to differentiate
among the five different types of ore deposits. Cd, Sb,
Ag, Cu and Co are the best elements to distinguish the
deposit types. In scatter diagrams of pairs of these five
elements, different deposit types plot separately (Figs.
5 and 6), and the separation between syntectonic and
post-tectonic deposits is very clear. In general, type E
deposits are characterized by a high trace element
content, especially Cd, Ag and Sb, and type C is
very poor in trace elements.

Trace elements in galena concentrates are also a
good guide for differentiating between deposit types.
As a general rule, type B galena concentrates are rich
in Cu, Bi, Hg and Se; type C in Se and Ni; type D in
Cd and Au; and type E in Ag, Sb, Sr and Ni. The
comparative analyses of the weighted data of trace
clements from galena (value Veyecighiea) indicate that
galena concentrates from type B and D are very
similar, galena concentrates from type C are close to
types B and D (except for Ni and Bi), and galena
concentrates from type E are quite different. Again the
difference between the syntectonic and post-tectonic
deposits is clear.

Statistical analysis of element correlations indicates
high values between Cd—Ag, Cd—Sb, Ag—Sb and In—
Sn in sphalerite and Se-Bi, Se-Hg, Sb—Co, As—Bi,
Fe—Ag, Fe-Bi, Sb—Ag, Ag—Co, Cu-Hg, Cu-Se and
As—Se in galena. Because these trace elements exhibit
low correlations with the major elements in sphalerite
(Zn and S) and galena (Pb and S), they are probably
present as micro-inclusions in the sulfides. The high
negative correlation between Zn and Fe in sphalerite
indicates their mutual substitution in the sphalerite
crystal lattice. The high positive correlation between
Zn and Cd in galena suggests that both elements are
present as sphalerite micro-inclusions in galena.

Ag in the bulk ores of type E deposits shows a
regional zonation, decreasing outward from the gran-
ite bodies in three corridors and decreasing outward
from the center of each corridor. The Ag distribution
coincides with the paragenetic zonation of type E
deposits (Palero and Martin-Izard, 1992; Palero et
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al., 2003). This zonation is also detectable in the trace
element contents in galena, being most clear in the
case of Ag, Sb and As, but can only be detected on a
broad scale and is not observable when only a few
deposits are studied.

The different patterns of trace elements in sphaler-
ite and galena are coincident with the classification of
deposit types and are probably a direct consequence of
different mineralizing processes. In this regard, Hall
and Heyl (1968) and Viets et al. (1992) reported
differences in trace element contents in Pb—Zn ores
from different mining districts, but all the deposits
studied belong to a single model, the Mississippi
Valley type. Hall and Heyl (1968) also found
poorly-defined zonation, particularly in Ag and Sb,
with regard to the supposed mineralizing focus (fee-
ders) in the Illinois—Kentucky district. Viets et al.
(1992) demonstrated a clear influence of the host
rocks in the mineralizing processes, with some trace
elements (Cu, Ga and Ge in sphalerite) characteristic
of that phenomenon.

Based on the genetic models established by Palero
et al. (2003) and the lead isotope data from Garcia de
Medinabeitia (2003), a relationship has been estab-
lished between trace element contents in galena and
sphalerite and the complexity and importance of the
hydrothermal systems that formed the deposits. Thus,
the most important hydrothermal phenomenon was
formation of the post-tectonic (type E) deposits, in
which sphalerite and galena are strongly enriched in
trace elements. Either granitoids or metasedimentary
rocks could be the source of the trace elements. The
regional zonation suggests that some elements, such
as As, came from the Hercynian granitoids (Stemprok,
1978 and Stone, 1982), and the physico-chemical
conditions such as temperature (higher close to the
igneous rocks) controlled the precipitation of some
elements like Ag or Sb.

Types B and D deposits are syntectonic and
directly related to the development and dynamics of
shear zones. It is interesting to note that Au, an ele-
ment typically mobilized into shear zones, was
detected in some of the galena concentrates from
these types of syntectonic deposit.

The main control in the formation of the Alcudia
Valley deposits was structural, but the development of
structures during orogenic activity was strongly con-
trolled by the lithostratigraphic units (see Fig. 3).

Consequently, the host rocks of the deposits exerted
a strong influence on the chemistry of these deposits
(Palero, 1991; Palero et al., 2003). In this respect,
sphalerite is more sensitive indicator than galena,
particularly using Cd and Cu, and allows the deposits
located in the Palacozoic and Precambrian rocks to be
differentiated geochemically.

In conclusion, the study carried out in the Alcudia
Valley mineral field suggests that trace element ana-
lyses of sphalerite and galena can be used as a tool to
differentiate various types of deposits in a region.
Sphalerite appears to be more useful for this purpose
than galena, but the latter may show regional distribu-
tion patterns that could be exploited as an aid in the
exploration of Zn—Pb mining districts.
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