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Abstract

Palaeoflood hydrology of the Tagus River (Central Spain) was reconstructed from slackwater deposits and palaecostage indicators
in two canyon reaches located at El Puente del Arzobispo in the central part of the catchment (35,000 km? in drainage area) and in
Alcantara, at the lower part of the catchment (52,000 km? in drainage area) near the Portuguese border. The palaeoflood record,
with more than 80 flood events, shows clusters of floods at specific periods from 9440 to 9210 '“C yr BP (8540-8110 BC), 8500 to
8000 4C yr BP (7500-7000 BC), ~6750 '*C yr BP (~ 5000 BC), 1200 to 950 '*C yr BP (AD 785-1205), ~410 '*C yr BP (AD 1450
1500), 170 to 80 *C yr BP (AD 1670-1950). The largest flood(s) occurred during the periods 9440 to 9210 *C yr BP, ~6750 '“C yr
BP and 1200 to 950 '*C yr BP reaching minimum discharge estimates of between 4000 and 4100 m? s—' in the El Puente del
Arzobispo reach and 13,700-15,000 m? s~! in the Alcantara reach. These periods with increased flood magnitude and/or frequency
in the Tagus River are strongly related to increased moisture influx and winter precipitation in the Iberian Peninsula, especially in
the western zone. Proxy records sensitive to winter precipitation such as lake levels and vegetation changes (indicated by pollen
records) are in good agreement with the clusters of floods found in the Tagus River. This flood variability seems to correspond to

changes in the prevailing atmospheric circulation pattern affecting the Iberian Peninsula.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

During the 20th Century, most of Europe has
experienced a temperature increase of about 0.8°C on
average (IPCC, 2001), and even larger over the Iberian
Peninsula (Onate and Pou, 1996). Global circulation
model (GCM) projections for the future, applied to
regions such as Europe, are still too uncertain to draw
all but highly tentative conclusions predicting changes
on rainfall patterns. There is also an open debate over
changes in the frequency of future floods. For a scenario
of increased rainfall during periods when soils are
saturated (i.e. winter and spring) along with earlier
snowmelt, the frequency and severity of floods might be
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increased, especially in large river basins of Central-
Western Europe in winter (IPCC, 1996). Expected
increased temperatures in summer could lead to higher
local precipitation extremes and associated flood risks in
small catchments. Other scenarios can be predicted for
different regions such as the Mediterranean, indicating
that the flood response to global warming based
exclusively on GCMs is still far from well understood.
Some insight into flood—climate relations is provided
by past flood data, both from palacoflood and historical
flood records. Historical information provides a catalo-
gue of the largest floods occurring during periods of
settlement (Benito et al., 1996, 2003b; Barriendos and
Martin-Vide, 1998), while palacoflood investigations
based on geological indicators can document the
magnitude of these large floods over a certain period
of time (from decades to millennia). Thus, the length of
the extreme flood record is not limited to the few dozen


https://www.researchgate.net/publication/240324319_Temperature_Variations_in_Spain_Since_1901_a_Preliminary_Analysis?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==

1738 G. Benito et al. | Quaternary Science Reviews 22 (2003) 1737-1756

years of the conventional (instrumental) record, but may
be extended to cover thousands of years.

Stadial and interstadial periods of the Late Pleisto-
cene show some of the most significant rapid climatic
change events (such as the Younger Dryas, with a mean
summer temperature 8°C cooler than the present),
with transitions occurring over very short time spans
(on the decade to century time scale; Allen et al., 1996).
For the Holocene, multiple scenarios of climate
change have been defined and include temperature
changes of +2°C with respect to present temperatures,
and mean precipitation changes of some 20% (Knox,
1993). It is true that there are still many doubts as to
how these changes occurred and to their spacio-
temporal effects on the magnitude and frequency of
floods. However, it is clear that using past climatic
scenarios is a viable option in understanding the
potential disruptions of the water cycle during future
global climatic change.

It has been established that floods are highly sensitive
to even modest changes in climate (Knox, 1993, 2000;
Ely, 1997). Palacoflood studies are based on event-
related records that represent an immediate response to
a climate-related extreme (intense precipitation over
extensive zones), which can be quantified in terms of
magnitude and frequency. Indeed, traditional methods
of analysing Holocene climatic change such as the use of
pollen records, may show low sensitivity to short
duration climatic change. Even in the case of lake level
variability, hydrologic responses and their responsible
climatic change may not be contemporary. Palacoflood
records cannot be considered a proxy-record but may be
taken as real evidence for the occurrence of an
individual hydrological event. In large river catchments
such as that of the Tagus River (80,000 km?), high
precipitation for weeks or even months is required to
produce a flood event and raise the stage up to 35m
higher than normal, producing peak discharges up to 50
times the mean. Clusters of floods over certain periods
of the Late Pleistocene—Holocene are likely to be linked
to regional and global climatic variation over the last
15,000 years.

Palaeohydrological analysis permits the identification
of periods showing a greater frequency of a particular
behaviour, or pattern, of global circulation of the
atmosphere and, in some way, allows the estimation of
the size of these anomalies over time (Hirschboeck,
1991). Relationships between changes in climate and
flood frequency have been established for certain areas
including southwestern USA, Australia, China and
South Africa (Knox, 1985, 1993, 2000; Baker, 1987,
Pickup et al., 1988; Ely et al., 1993; Ely, 1997). As for
climate, the hydrologic response to changes in global
circulation shows regional variation and may have
considerable impact on this scale. Past regional and
global spatial and temporal patterns of flooding show

how past climatic changes provoked strong in-phase or
out-of-phase relations between regions as well as a
diachronous response across regions (Knox, 2000).
Distribution patterns corresponding to either in-phase
or out-of-phase situations similarly suggest that these
alterations in atmospheric circulation play a significant
role on the global scale. As we continue to understand
more about the patterns of climatic change for the
different regions in the world, we will improve our
understanding of potential responses of extreme events
to the different forecasted scenarios of global warming
models.

This paper deals with the application and develop-
ment of new methodologies for the reconstruction of the
high-magnitude flood record of the Tagus Basin over the
last 15,000 yr. The main objectives are: (1) reconstruc-
tion of the catalogue of major flood events using the
stratigraphic record of slackwater flood deposits, (2)
study of palaeoflood hydraulics associated with these
floods with estimation of flood peak discharges, (3)
analysis of palaeoclimatic conditions related to the
palacoflood periods derived from palynological data
and other proxy-records of the Iberian Peninsula and
northern Africa, and (4) evaluation of relations between
climatic variability and changes in flood frequency and
magnitude. These flood clusters identified for some
periods of the Late Pleistocene and Holocene can be
linked to climatic and/or environmental changes on the
regional and global scale.

2. Study areas

The Tagus River drains the central part of the Spanish
Plateau (Meseta), with an E-W elongated basin with
headwaters in the Iberian Range and its mouth into the
Atlantic Ocean in Lisbon (Fig. 1). It is the longest river
of the Iberian Peninsula (1200 km) and the third largest
in catchment area (81,947 km?). The Tagus Basin is
limited by the Central Range to the north, the Iberian
Range to the east and the Toledo Mountains to the
south. In the area limited by these mountain ranges and
in the first 300 km of its course, the Tagus crosses a
tectonic depression filled by continental Tertiary sand-
stones, shales, marls, gypsum and limestones. Here, the
river has developed a complete sequence of terrace
surfaces and a wide floodplain. From Talavera de la
Reina to Santarem (entrance of the Lisbon estuary), the
Tagus River has incised into the bedrock composed of
Palacozoic rocks (granite, slate, schist, quartzite),
forming a series of deep gorges.

Present-day mean discharge close to the river mouth
in Lisbon is 500 m? s~!, where the major contribution is
made by the tributaries draining the Central Range.
These open into the middle-low reaches of the Tagus.
Hydrologically, the Tagus River is characterised by
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Fig. 1. Main rivers in Spain, and location of the study areas within the Tagus Basin.

extreme seasonal and annual variability including severe
floods with peak discharges more than 30 times the
mean. The Tagus River regime is influenced by Atlantic
fronts which cross the Iberian Peninsula mostly during
winter. The eastern and northeastern tributaries have a
mixed hydrological regime from snowmelt and rain-
waters from the Iberian and eastern Central Range
areas, whereas the southern and northwestern tribu-
taries are dominated by rainwaters. General discharge
characteristics are: (1) maximum discharge from Feb-
ruary to March; (2) minimum discharge in August; (3) a
peak in December; and (4) a discharge reduction in
January.

The general climate characteristics of the Iberian
Peninsula, which also applies for the Tagus River Basin,
is characterised by clear seasonal and monthly varia-
bility (Capel, 1981). Summers are hot and dry and
winters are generally mild and relatively wet. This
regime is controlled by two main systems: the sub-
tropical anticyclone of the Azores during summer, and
the westerlies, associated with cold fronts, in winter.
Some major seasonal trends associated with the
frequency of a given circulation pattern may be
identified. In the Tagus River, flood producing events
are related to a low-pressure cell located southwest
of Ireland (Gran Sol) advecting cold fronts into
the western part of the Iberian Peninsula with W-E
and SW-NE directions. A blocked situation of this

low-pressure cell may give rise to persistent precipitation
and severe floods in the Tagus Basin (Capel, 1981).
Climatic variability through time has given rise to
changes in the frequency and severity of circulation
patterns producing floods (Benito et al., 1996, 2003b;
Barriendos and Martin-Vide, 1998). Therefore, the
understanding of the climatic trends and their positive
or negative flood signals related to magnitude and
frequency through time can be applied to the expected
flood response to future climatic changes.

The selected areas are located in a 350 km reach along
the central and lower parts of the catchment where the
Tagus River cuts through deep gorges. Currently, the
Tagus River is fully regulated by dams that have
inundated most of these gorges. The longest one is the
Alcantara reservoir, ca 130 km in length with a
maximum volume of 3162 millions of m3. This reservoir
sequence along the Tagus gorge restricts the analysis of
slackwater flood deposit sites. This palacoflood study
has been focused in two areas with different hydro-
logical and geomorphological characteristics. The
Puente del Arzobispo reach, on granitic bedrock, is ca
60 km downstream of Talavera de la Reina, covering an
upstream drainage basin of ca 35,000 km? (Fig. 1). The
Alcantara reach, on schist and slate rocks, is located
near the Portuguese border, ca 200 km downstream
from Talavera, and covers a catchment areca of
51,958 km? (Fig. 1).
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3. El Puente del Arzobispo

The Tagus River downstream of El Puente del
Arzobispo cuts through granitic rocks and develops
into a 125 m deep gorge. The remnants of eroded
Pleistocene soils, only 6 m above the present thalweg,
indicate that incision of the gorge during the Holocene
has been minor. Late Pleistocene and Holocene deposits
along the gorge are related to the flood dynamics and to
local slope processes. Sudden changes in water stage due
to flooding are frequent during winter covering the
centennial water mills located along the river. Flooding
has left a set of erosional and depositional features,
which allow reconstruction of the flood dynamics.

3.1. Flood geomorphology and stratigraphy

In the El Puente del Arzobispo gorge (Fig. 2),
depositional environments include areas of (1) channel
widening, (2) canyon expansion, (3) bedrock obstacles
and (4) lower reaches of tributaries that are subject to
back flooding (Benito et al., 2003a). Reduction of
velocity is drastic in these areas of ineffective flow (from
1.44m s in the main channel to 0.1-0.6 ms~! in
protected zones), resulting in rapid deposition of
suspended load. These types of sediments known as
slackwater deposits have been described by several
researchers (e.g. Bretz, 1929; Baker, 1973; Kochel et al.,
1982; Baker et al., 1983; O’Connor et al., 1994; Benito
et al., 1998, 2003a) as the most useful for the estimation
of palacoflood peak discharge.

Slackwater deposits in the El Puente del Arzobispo
gorge are preserved in thick, high-standing terraces or
“benches” along channel margins in canyon expansion
reaches (Fig. 3), and at tributary mouths. In marginal
zones with development during flood stages of more
energetic eddies, flood deposits are reworked preserving
a “ridge” morphology more typical of eddy bars.
Slackwater terraces or “‘benches” are documented in
other palacoflood studies (Patton et al., 1979; Kochel
et al., 1982; Ely and Baker, 1985) and they are developed
by standing or slow-moving water which allow a better
preservation of flood deposits through time.

Three terraces, each with multiple flood units, were
recognised in the study area (Fig. 2). There are two basic
assumptions explaining the formation and development
of these slackwater terraces (Baker, 1989; House et al.,
2002): (1) they are formed by vertical accretion of
slackwater sediments deposited by successive floods,
that constitute a rising threshold or local censoring level
over time, and (2) inset benches are formed when smaller
floods are unable to overtop the upper terrace surface.
Nevertheless, to understand the complete palacoflood
record preserved along the reach, some considerations
regarding the formation and geometry of the flood unit
sets within these terraces should be pointed out. Firstly,

each terrace containing slackwater flood deposits can be
formed by multiple overlapped fill insets, and therefore
the bench may contain a complex three-dimensional
architecture. In this case, the reconstruction of the
complete palacoflood record requires multiple cuts
showing both lateral and vertical relationships of the
flood units and of the multiple inserted sedimentary
bodies. This complex geometry is frequent in the older
flood bench studied in the El Puente del Arzobispo,
where excavated trenches located 15 m apart contain
very different flood stratigraphy and facies. We assume
that the absence of flood deposits representing certain
time spans may be related to a large stratigraphical
hiatus due to erosion of the benches near the main
channel. However, for uneroded sites with a complete
stratigraphic record, the absence of sediment deposited
during specific parts of the record results from there
being a lack of major floods.

3.2. Upper bench

The upper bench is located 17 m above the present
channel bottom (Fig. 3). A total of five trenches were cut
in this bench along the study reach (profiles 1.1-1.5;
Figs. 2 and 4). Profiles 1.3 and 1.5 (Figs. 2 and 4) are
4 m in thickness and they are composed of silt and fine-
medium sand units, with very diffuse contacts, brown to
yellow in colour, massive structure, extremely consoli-
dated. These profiles 1.3 and 1.5 are overlying granite
bedrock and the number of flood units is at least 13. The
deposition period for these flood units is well con-
strained in profile 1.5 (see Table 1) where a mollusc shell
was dated at the base of the profile to 9440+ 50 '*C yr
BP (BC 8540-8420) and a second one in the uppermost
flood unit to 9210450 "“C yr BP (BC 8250-8110),
showing that this flood bench was built up in a relatively
short time.

In a zone of channel expansion located in the
uppermost part of the study reach, bench 1 is well
developed and it extends for ca 200 m in length (Figs. 2
and 3). This slackwater flood deposit bench (Figs. 2 and
3) exhibits the most complex morpho-sedimentary
relations with several fill insets that complicate the
reconstruction of the palaecoflood record. Here, profiles
1.1 and 1.2 are about 20 m apart and they show a
stratigraphical record of the largest floods, which can be
extended back to the Late Pleistocene (Fig. 4). Profile
1.1 is about 8 m in thickness and contains at least 30
stacked flood units with some intercalated slope wash
deposits, mostly in the lower and upper part of the
profile. The lowest flood unit is 20 cm in thickness and it
is composed of medium to coarse sand with massive
structure. An extract of pollen from this unit was dated
to 14,090+100 "“C yr BP (AA-22452; BC 15,492-
14,439). This flood unit is a remnant of the Late
Pleistocene flood sequence deposited in this channel
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FLOW DIRECTION

Fig. 3. Downstream view of El Puente del Arzobispo gorge and flood deposits forming Bench 1 and Bench 3 at an expansion reach. The arrows show
the location of stratigraphic sections 1.1, 1.2 and 1.3.

Table 1

Numerical dates

Lab No. Profile No. Sample No. Material dated Flood unit Analysis Age (yr B.P.) +1o Calibrated age (10)*

El Puente delArzobispo

AA-22452 1.1 TA-53 Po 1 AMS 14,090+ 100 BC 15,492-14,439

Beta-098317 1.1 28.F8 (0] 7 AMS 8040+ 30 BC 7025-7000

GrA-3000 1.2 TA-11-2 Ch 12-13 AMS 9310+50 BC 8628-8476

GrA-3177 1.2 TA-12-1 Sg 20 AMS 8300+ 80 BC 7517-7184

GrA-3178 1.2 TA-12-2 Sg 17 AMS 8490 +80 BC 7587-7486

Beta-098317 1.2 TA-13.1 Sm 27 Conv 6740+ 60 BC 50554900

Beta-098314 1.5 24.3 Sm 1 AMS 9440+ 50 BC 8540-8420

Beta-098315 1.5 24.2 Sm 12 AMS 9210450 BC 8250-8110

Beta-87423 2.4 TA-6-1 Ch 5 AMS 410450 AD 1440-1505
AD 1595-1620

MAD-372 33 P 1-2 TL 354+47

MAD-372a 3.3 P 1-2 TL 378+55

Beta-87421 3.7 TA-4-2 Ch 1 AMS 170+ 50 AD 1665-1700, 17201820,
1855-1860, 1920-1950

GrA-1702 3.7 TA-4-3 Ch 3 AMS 165450 AD 1664-1697, 1726-1812,
1842-1875, 1918-1950

Beta-87422 3.7 TA-4-8 Ch 8 AMS 150+ 60 AD 1670-1950

GrA-1679 3.7 TA-4-8 Ch 8 AMS 80+ 50 AD 1693-1727, 1815-1859,
1860-1920

GrA-1678 3.10 TA-17-2 Ch 5 AMS 110+50 AD 1689-1731, 1811-1901,
1904-1926

Alcantara

Beta-119758 A2 ALC-B.3 Ch 4 AMS 990+ 50 AD 980-1175

Beta-119757 A2 ALC-B.2 Ch 6 AMS 940440 AD 1015-1205

Beta-119756 A2 ALC-B.1 Ch 8 AMS 410440 AD 1445-1495

Beta-119759 A4 ALC-E.1 Ch 2-3 AMS 1200440 AD 785-885

Note: P, pottery; Ch, charcoal; Sg, gastropod shell, Sm Mollusc shell; Po, Pollen extract O, organic sediment; Conv, radiometric standard; AMS,
accelerator mass spectrometry; TL, thermoluminiscence. Beta, Beta Analytic Inc., USA; AA, University of Arizona, NSF Arizona AMS Facility,
USA;GrA, Centrum voor Isotopen Onderzoek, Rijksuniversiteit Groningen, the Netherlands; MAD, Laboratorio de Geologia y Geoquimica,
Universidad Auténoma de Madrid, Spain.
*Based on Stuiver and Reimer, 1993.
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Fig. 4. Stratigraphic sections through Bench 1 (upper bench). Numbers on the left side of the profiles indicate individual flood units/events.
Correlations between sections are tentative. The locations of the sections are shown in Fig. 2.

expansion. The unit was eroded by subsequent flood(s)
that occurred previous to the deposition of the early
Holocene flood sequence. This stratigraphical hiatus is
represented in profile 1.1 by a slope deposit layer of
15 cm in thickness and composed of coarse sand and
pebble-size grus fragments which overlay the Late
Pleistocene flood unit.

The rest of the stratigraphical sequence for profile 1.1
can be separated in four sets. The lower set is overlying
the previously described Late Pleistocene flood unit and
slope deposit unit, and comprises five flood units (units
from 2 to 6, Fig. 4) consisting of sandy textures with a
small amount of clay-silt deposits where upwards fining
in grain size is common. Current ripples, large-scale
trough cross-bedding and parallel lamination are the
dominant sedimentary structures. This sequence culmi-
nates in a flood unit with high-energy sedimentary
structures (large-scale trough cross-bedding), which
probably corresponds with a very high-energy flood.

Organic matter percentage in these samples is low
(0.1-0.2), and carbonate percentage decreases progres-
sively upwards from 10.4 to 7.8. Most of the carbonate
is secondary, probably associated with incipient pedo-
genetic processes, and can be related either to the finer
textures that hinder the vertical movement of water or to
more arid climatic conditions during the exposure of
these flood sediments. Datable material could not be
found in this lower set in Section 1.1, although the
brown to yellow colour and the extreme consolidation
of some flood units are similar to those described in
profiles 1.2, 1.3 and 1.5, which have been dated to the
early Holocene.

The second set contains 10 successive fine to medium
sand graded rhythmites (units from 7 to 16) of 20-30 cm
in thickness. Some of these rhythmite couplets show
evidence for their deposition by separate flood events,
such as a distinct reddish colour and increase of the
organic matter of the silt beds. Most of these units are
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structureless although parallel lamination, presumably
formed as the result of migration of plane beds, may
occur in the sand layers. Organic matter varies between
0.1% and 0.2%, and within the couplets the lower
medium-sand bed contains higher organic content than
the upper bed. Carbonate content varies between 3.8%
and 8.8%, usually the lower couplet has a slightly higher
percentage and, in the set, progressively the upper
rhythmites contain a lower carbonate percentage. A
radiocarbon date from charcoal in the second rhythmite
(unit 8, column 1.1; Fig. 2) provided an age of
8040+30 “C yr BP (BC 7025-7000). We may speculate
that the other rhythmites were deposited within a short
time span or that they may correlate with units 13-17
(column 1.2; Fig. 2) in which radiocarbon dates (by
the AMS technique) on terrestrial gastropod shells
gave ages of 8490+80 and 8300+80 '“Cyr BP
(BC 7587-7486 and BC 7517-7184).

The third set shows at least eleven slackwater
sedimentation units (units 17-27; Fig. 4), 1243 cm in
thickness, dominated by silty sand and sandy silt
textures. Here, stratigraphical breaks are more difficult
to determine due to minor changes in texture and
massive structure. This set shows a notable increase in
the carbonate, which is close to 12% in most of the
units. Organic matter in the third set ranges from 0.13%
to 0.2%. These units did not contain any datable
material. However, in column 1.2, unit 27 includes a
river mollusc that was dated to 6740+ 60 “C yr BP (BC
5055-4900). The fourth set comprises at least three
floods (units from 28 to 30), with a dominant sandy silt
texture and massive structure. Most of the flood units
were affected by pedogenic processes after deposition,
which are reflected in the higher percentages of organic
matter (up to 0.6%) and carbonate content (around
10%). These pedogenetic processes may be due to the
longer time span between the occurrences of large flood
events. In profile 1.1, overlying the uppermost soil, a
pale-brown slackwater unit was deposited probably by a
historical flood (either AD 1876 or AD 1947).

In the stratigraphical profile 1.1, 62 samples were
taken for pollen analysis. Only units 1 and 3 contained
pollen, with up to a total of 15 taxons identified (Martin-
Arroyo and Ruiz-Zapata, 1996; Martin-Arroyo et al.,
1999). These samples showed an important development
of arboreal pollen, dominated by Pinus and Quercus-p,
contrasting with the poor content both quantitatively
and qualitatively of the herbaceous pollen (Asteroideae,
Chenopodiaceae, Lamiaceae, Plantago and Poaceae),
whilst the shrub pollen is represented by Juniperus and
Rosaceae. According to Martin-Arroyo et al. (1999),
this vegetation represents dry and cold conditions
prevailing during the late glacial (pollen content on unit
1, Section 1.1, was dated as 14,090+ 100 '“C yr BP),
similar to ones described in other parts of the Iberian
Peninsula. Other interesting data obtained by these

authors is the presence of quantified percentages of
Castanea (chestnut tree). Currently, this arboreal taxon
is located in humid and temperate zones of the western
part of the Iberian Peninsula, and it is likely related to
wetter and warmer conditions prevailing during the last
deglacial cycle along the Tagus valley.

3.3. Middle bench

Inset within Bench 1, the intermediate deposit (Bench
2) is located 12 m above the channel bottom (Fig. 2).
The development of this terrace along the study reach is
very poor with a thickness ranging from 1 to 2 m. Its
stratigraphy was described in four sites. Bench 2 sections
contain between four and six slackwater sedimentation
units, dark brown in colour, composed of medium to
fine sand and silty sand. Massive beds are dominant
although parallel lamination and trough cross-bedding
are developed in some of the profiles. Unfortunately,
organic material suitable for dating was very scarce. An
age reference for this bench was obtained in the
slackwater flood deposits accumulated in a tributary
mouth (Fig. 5). These flood deposits are overlying the
tributary bed and granite bedrock and they are forming
two morphological scarps. In these deposits, two
trenches 20 m in length were dug from the tributary to
the slope, showing two fill insets within the upper bench
(Sections 1.6 and 2.4) and a single fill in the lower bench
(Section 3.6, Fig. 5). In an equivalent topographical
position to the intermediate bench 2, the second infill set
is ca 1.5 m in thickness and comprises six flood units,
which are composed of silt and fine sand, pale brown in
colour, with massive structure. Most contacts between
flood units are diffuse. Stone lines, buried soils, and
broken root marks were the main criteria for separating
different flood events. A charcoal sample collected in a
flood unit at the middle part of the profile (unit 5) gave
an age of 410+50 '“C yr BP (AD 1445-1495). Assum-
ing that this second infill is also chronologically
equivalent to bench 2, the intermediate slackwater
terrace of the El Puente del Arzobispo was formed
during historical times (15-17th Centuries).

3.4. Lower bench

The lower terrace (Bench 3) developed along the El
Puente del Arzobispo gorge, is either inset within Bench
1 (Fig. 3) and Bench 2 or attached directly to the
channel margins at bedrock protected sites (Fig. 2). This
is the most ubiquitous slackwater terrace developed
along the study reach. The top surface of Bench 3 along
this study reach is about 10 m above channel bottom.
Detailed stratigraphical profiles were described at 7 sites
(Fig. 2) where deposits ranged from 2 to Sm in
thickness containing between 7 and 19 slackwater
sedimentation units (Figs. 5 and 6). These slackwater
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sedimentation units are between 15 and 75cm in
thickness and they fine upwards from coarse sand to
silt with decreasing energy conditions. Sedimentary
structures range from upper high-energy parallel lami-
nation to large-scale planar or trough cross-bedding,
ripple lamination or massive intervals (Fig. 6). Strati-
graphical breaks separating individual floods are fre-
quently represented by fine drapes of silt and clay. In site
3.3 (Fig. 6), the slackwater Bench 3 overlies an
archaeological site with abundant remains of pottery
and bones. Two pottery pieces were dated by a
thermally stimulated luminescence (TL) technique as
378455 and 354447 yr ago. The archaeological site
predates the slackwater sedimentary sequence, although
some of these sediments are probably of a much later
age (19th and 20th Century). Flood sediments forming
Bench 3 along the gorge have a very loose consistency
and furthermore, in profile 3.9 with 13 stratigraphical

contacts (Fig. 6), the third uppermost flood unit
contained an aluminium paper fleck with 88% alumi-
nium oxide content (determined by scanning electron
microscopy with energy disperse X-rays) suggesting a
maximum age of around AD 1975 for these floods,
probably corresponding to the AD 1978 or 1979 floods.

Flood deposits forming the lower bench in the
tributary mouth (profiles 3.6 and 3.7; Fig. 5) provided
further details on the chronology of Bench 3, although
its greater consolidation may indicate an older age.
Profiles 3.6 and 3.7 are located on the left and right sides
of the tributary mouth (Fig. 5). Profile 3.7 provides
evidence of at least 16 floods. Slackwater deposit units
are composed of fine sand and silt texture occasionally
culminated by thin clay layers (drapes), forming upward
fining grain size sequences. Parallel lamination is the
dominant sedimentary structure, and rip-up clasts, flaser
and lenticular structures, and lines of charcoal flakes can
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be observed in some units. Most of the contacts between
units are sharp and frequently slightly erosive with clast
accumulations at the bottom of the units. Charcoal
material from the lower part of the profile indicate
absolute ages of 170+50 “C yr BP (AD 1665-1950)
and 165+50 '“C yr BP (AD 1664-1950), and at the
middle part deposits were dated as 150+ 60 '“C yr BP
(1670-1950) and 80450 '“C yr BP (AD 1693-1920). A
50-cm thick accumulation of boulders (23 cm in
diameter), gravels and pebbles with chaotic structure
at the top of the slackwater units were caused by mining
activities located upslope operating at the beginning of
the 20th Century. Another profile within the tributary
mouth (profile 3.10; Fig. 2) shows five flood units
overlying an older flood deposit yellowish in colour.
These units are 10-20 cm in thickness, and are
composed of silt and fine sand with parallel lamination
or massive structure. A charcoal flake collected in the
second youngest flood unit in the profile was dated by
AMS to 110450 “C yr BP (AD 1689-1926).

The pollen study of 15 samples from profile 3.3
showed two groups, which are separated by a middle
sterile layers (Martin-Arroyo and Ruiz-Zapata, 1996).
In this profile, no major changes in vegetation during
the time scale represented on the diagram were detected.
Quercus P., Olea and Pinus are the three principal
components of the arboreal pollen, Juniperus, Ericaceae
and Cistaceae, the shrub pollen, and Cichoroideae and
Asteroideae, the herbaceous pollen. Flood unit 1 (profile
3.3) contains up to 60% of arboreal pollen, whereas in
flood unit 3 the levels of Quercus p. pollen fell below 5%,
whilst the herbaceous pollen, namely Cichoriaceae,
Poaceae and Chenopodiaceae, increased. In the upper
zone (from unit 10 to 19), the same pollen elements were
found, although distributed differently and with more
shrub pollen, indicating a landscape covered in heath
dotted with trees. The vegetation changes indicated by
the pollen content can be interpreted as the results of
human intervention and for the manufacture of charcoal
(Martin-Arroyo and Ruiz-Zapata, 1996).
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3.5. Discharge estimation

The discharge estimations associated with the slack-
water flood deposits at El Puente del Arzobispo were
calculated using the US Army Corps of Engineers River
Analysis System computer program-HECRAS (Hydro-
logic Engineering Center, 1995). The computation
procedure is based on the solution of the one-dimen-
sional energy equation, derived from the Bernoulli
equation, for steady gradually varied flow. Palacoflood
discharge reconstruction was based on the calculation of
the step-backwater profile which best matches geological
evidence of the flood stage.

Fifty-four cross-sections about 25 m apart were
obtained from field survey using an electronic distance
meter (EDM) along a 1500 m reach where the strati-
graphical sections are located. The accuracy of the
discharge estimations depends on stability of the cross-
section geometry through time. In stable, bedrock-
confined channels, such as in the studied reaches,
channel geometry at maximum stage is known or can
be approximated because major changes apparently
have not occurred over the last several thousand of
years. Here, the step-back water calculations, together
with the geologic references of flow stages, provide
precise discharge estimates. It was assumed for the
calculations that flow was subcritical along the modelled
reach. Manning’s n values of 0.03 and 0.045 over the
valley floor and margins, respectively, were assigned. A
sensitivity test performed on the model shows that for a
25% variation in roughness values, an error of 4% was
introduced into the discharge results. The selection of
the boundary conditions was more critical for the
discharge results. Additional cross-sections were ob-
tained from a map 1:5000 in scale in order to set up the
appropriate boundary conditions. After running the
model along a reach of 25 km in length, critical flow was
found in one cross-section that was located 3.5 km
downstream of the study reach.

Discharge values associated with each slackwater
bench were estimated upon calculated water surface
profiles bracketing bench elevations at different sites
along the longitudinal profile (Fig. 7). Three discharge
values were used to characterise each flood bench
(Fig. 7), (1) the base of the flood bench; (2) the top
of the scarp of the flood bench; and (3) the highest end
point of the flood bench at the contact with the canyon
slope. It is apparent that the bench scarp may have been
reworked and lowered by slope wash erosion, and
therefore, discharge matching the scarp may be con-
sidered as conservative. On the other hand, the highest
end point of the flood bench, at the contact with the
canyon slope is frequently 2.5-3 m higher than the
bench scarp. Although some slope accumulation may be
present at this inner zone of the flood bench, these end
points indicate the maximum emplaced area of the flood
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Fig. 7. Calculated step-backwater surface profiles for different
discharges along the El Puente del Arzobispo gorge associated with
slackwater flood Bench 1 (A), Bench 2 (B) and Bench 3 (C).
Stratigraphic sections related to those benches and cross-section
locations are shown in Fig. 2.

flow. A similar criteria but applied to individual
slackwater flood deposit unit end points, was used by
Yang et al. (2000) to provide a better approximation to
the flood stage during peak discharge.

On the basis of calculated water-surface profiles along
the study reach, the early Holocene flood deposit
bench (in Section 1.5 at least 12 events between
9440+ 50 '*C yr BP and 9210+50 BP '“C yr BP; BC
8540-8110) is associated with minimum estimated
discharges of 1900 m?® s=! (base) 3000 m?® s=!' (scarp)
and 4000 m? s~! (highest end point) (Fig. 7A; Fig. 8).

The second set of flood units comprising 10 successive
fine sand-to-medium sand graded rhythmites in strati-
graphic Section 1.1 (one dated as 8040430 “C yr BP
and the correlated units in Section 1.2 dated as 8490+ 80


https://www.researchgate.net/publication/223047003_Sedimentary_records_of_large_Holocene_floods_from_the_middle_reaches_of_the_Yellow_River_China?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==

1748 G. Benito et al. | Quaternary Science Reviews 22 (2003) 1737-1756

Tigalmarmine — I I . [ [
(Morocco)
Isli (Morocco) I 1 ] I . [
Lagoa Comprida
(Portugal)
Banyoles __—————— I
(NE-Spain)
%\7 8_ X
g w.a 4000 12,0000 O
™ QO *
BER >0
o = 3000 9000 |O
E oJ + hiatus 8 2
O] * =@
Ec T 2000 6000 |2 @
509 — o 3
g 2 C w
£7 S 1000 3000 O
S a4
Archaeological ) Iron Bronze Eplpaleollthlc/
sequence | 1odern| Medieval |Roman| g Age  |CAicolithic Neolithic Mesolithic
Pollen . .
chronozone Sub-Atlantic Sub-Boreal Atlantic Boreal Preboreal | Y. Dryas
T T T T T T T T
Age  C-14 1 2 3 4 6 7 8 9 10
kyrBP cal. 1 2 3 4 5 6 7 .8 9 10 M 12

Lake level: [l Higher [ ] Lower

[ ] similar to current

. Increasing trend -] Decreasing trend

Floods: [I] Discharge estimated in Puente del Arzobispo - [ 1% ] Discharge estimated in Alcantara

(discharge scale shown on left axis)

- No lower chronological
control

(discharge scale shown on right axis)

- No upper chronological
control

Fig. 8. Palaeoflood temporal distribution and discharge estimates of the Tagus River during the Holocene. Each bar represents a single flood event.
In the upper part, lake level changes from selected sites is shown. Lake Levels: Tigalmamine lake (Morocco) after Lamb et al., (1989); Isli lake
(Morocco) after Zeroual (1995); Lagoa Comprida (Portugal) after Van der Brink, L.M., Janssen, C.R., (1985); and Banyoles (NE-Spain) after Pérez
Obiol and Julia (1994), Roca and Julid (1997); Julia et al. (1998); and Valero-Garcés et al. (1998).

and 8300480 '“C yr BP; BC 7025-7000, BC 75877486
and BC 7517-7184) is associated with minimum
discharges between 1200 and 2200 m?® s~! (Fig. 8).
There is no field evidence to provide an upper range of
discharge estimates for these flood units. In Sections 1.1
and 1.2 the third fill set (at least 11 flood units)
containing a dating at the upper portion of this set of
6740+ 60 “C yr BP (BC 5055-4900) matched with
discharge estimates between 2200 and 2600 m> s~!
(Fig. 8). The upper and fourth fill set within Sections
1.1 and 1.2 (at least three flood units) matches with
discharge estimates of 2600 m® s~! (base), 3100 m? s~!
(scarp), and 4200 m® s~! (end point). Unfortunately, the
lack of organic material avoided numerical dating of
these flood units which comprise the largest flood that
occurred in the Tagus River during the last 4000 yr.
Information on historical floods indicate that this
palaeoflood record should include the AD 1876 flood
and AD 1947 flood, the latter flood having at least
reached the bench scarp.

The slackwater Bench 2 comprising between four and
six sedimentary units was associated with an estimated
minimum  discharge of 1000 m? s™! (base) to
2000 m* s~! (top) (Fig. 7B; Fig. 8). In fact, flood unit

five in stratigraphic Section 2.4 and dated as
410450 "“C yr BP (AD 1445-1495) matches with a
water surface profile of 2000 m?® s~!.

The slackwater Bench 3, comprising upto 19 flood
units, has an associated maximum age of 378 +55, and
includes the most recent floods (AD 1978, 1979, 1984
and 1989). Flood discharges are bracketed by minimum
values that range between 400 and 1200 m®s~! in
Section 3.3 (Fig. 7C). However, flood deposits forming
the lower bench in the tributary mouth (profiles 3.6 and
3.7) include at least 16 floods having occurred since AD
1664 and whose minimum discharge magnitudes range
between 800 and 1600 m? s~!.

The nearest gauge record to El Puente del Arzobispo
is that of Talavera de la Reina, approximately 60 km
upstream of the study reach. The peak discharge record
is incomplete and includes the periods 1942-1949 and
1971-1990. During these periods only two floods
exceeded 1500 m* s=! and four floods surpassed
1000 m? s~!. The largest flood during this instrumental
period occurred in March 1947. Reported peak dis-
charge inferred by rating curve extrapolation was
7320 m? s~'or approximately four times that of the
second largest recorded flood. The field data suggest
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that the 1947 discharge values were overestimated. The
water surface elevation was documented on marks on
the walls of buildings at El Puente del Arzobispo.
According to these marks the 1947 flood discharge more
likely was between 2500 and 3000 m> s~!.

Currently, the Tagus River is fully regulated by dams
that have inundated most of the channel and floodplain
areas downstream of Talavera de la Reina (central part
of the basin) to the Portuguese border. The Azutan dam,
approximately 15 km upstream of El Puente del
Arzobispo was built in 1969 for hydroelectric purposes.
The spillway was designed for flood control with a
discharge capacity of 6000 m* s~!. According to our
study, the Azutan dam spillway is clearly over dimen-
sioned for any flood that has occurred in the last
10,000 yr.

4. Alcantara

Alcantara reach is located 10 km upstream of the
Portuguese border, and ca 170 km downstream from FEl
Puente del Arzobispo, covering a catchment area of
51,958 km?. Here, the Tagus River flows through a
500 m-wide constricted segment incised ca 150 m into
schist and slates. The physiography of the Tagus River
valley is characterised by steep slopes and development
of rock-cut terraces in which the river has cut a 100 m

wide low-flow channel. In the study reach, water is
regulated by the Cedillo dam, built in 1975, and located
ca 50 km downstream. The reservoir water level
constrains the potential location of the slackwater sites.

4.1. Flood geomorphology and stratigraphy

In the Alcantara gorge, recent flood deposits mantle
the rock-cut terraces (Fig. 9). Erosional and depositional
evidence of high-magnitude flood stages is ubiquitous
along the gorge. The most abundant erosional features
are scoured surfaces carved on the bedrock sidewalls of
the gorge. In some reaches, distinct scour lines etched
into the hillslope, below which floods have removed
unconsolidated slope deposits that formerly overlaid the
bedrock. The slackwater flood deposits occur as (1)
narrow benches parallel to the river valley (site A.4; Fig.
9), (2) benches at the tributary mouths (sites A.1 to A.3;
Figs. 9 and 10) and (3) benches in the tributary valleys
several hundred metres upstream from the tributary
junction (profile A.5 in Fig. 9).

In the main valley, high-level flood deposits form
narrow benches. Some of then are only visible by on-site
observation. The thickness of these deposits varies from
1 to > 5 m. A trench dug in a high bench (profile A.4;
Figs. 9 and 11) shows at least four flood units composed
of medium to fine sand and silt beds with dominantly
massive structure. Contacts between units are clearly

SLACKWATER
FLOOD DEPOSITS

RECENT FLOOD
DEPOSITS

ROCK-CUT TERRACE
S omoarr
CROSS - SECTION

STRATIGRAPHIC
SECTIONS

&~ FLOW DIRECTION

Fig. 9. Location of the slackwater flood deposits along the Alcantara gorge and the stratigraphic sections A.1, A.2, A.3 described in Fig. 11. The

cross-sections were used for the hydraulic calculations.
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delineated by colour and textural changes, wash-slope
material on top of the units, truncated bioturbation and
root marks. Charcoal found in a slope deposit in the
middle part of the stratigraphical profile was dated as
1200+40 #C yr BP (AD 785-885), indicating that at
least three extremely large floods have occurred since the
ninth century.

The most prominent flood deposits are located in the
tributary valleys, both in the tributary mouth and in the
upstream part of the valleys, which are backflooded
during Tagus River floods. The most spectacular
deposition occurred at the confluence of two tributary
streams ca 200 m from the main Tagus River channel
(Fig. 10). The geometry of this setting is perfect for the
deposition of slackwater deposits. In the first 100 m,
near the confluence, the tributary channel flows through
a constricted reach closely bounded by stepped cliffs,
opening up in the following 100 m reach with an
amphitheatre-like shape (Figs. 9 and 10). During floods,
this very low energy backflooded environment favours
deposition of very fine and fine sand, silt and even clay
sediments. The study of these slackwater flood deposits
is complicated because the flood units are not stacked
horizontally and they do not form vertical arranged
benches, such as in the El Puente del Arzobispo. Here, a
rounded-mound of flood deposits attached to the valley

slope was formed by the semiconcentric accretion of
successive layered flood deposits. Several trenches were
dug by hand at different parts of the 21 m-high flood
deposits in order to obtain the most complete strati-
graphy possible. The best profile (A.2) (Fig. 11) shows at
least 16 flood units with subtle contacts between flood
units. Flood units range from 6 to 45 cm in thickness
and are composed of fining-upward sequences formed
by the combination of one or more of the following
subunits: very fine sand with parallel lamination,
structureless silt, and clay textures affected by cracks.
High bioturbation due to roots, annelids and arthro-
pods is ubiquitous throughout the stratigraphical
profile. The lower part of the profile was bracketed by
radiocarbon ages of 990+ 50 '“C yr BP (flood unit 4;
AD 980-1175) and 940440 “C yr BP (flood unit 6; AD
1015-1205), and in the middle part a charcoal sample
was dated as 410 +40 '“C yr BP (flood unit 8; AD 1445
1495). In a 1.8 m thick section located near the slope
(profile A.1), at least four flood units (8-26 cm in
thickness) were described, which are composed of silt
and clay textures with very thin parallel lamination
frequently affected by bioturbation due to annelids and
arthropods. These fine-grained flood deposits are
separated in some units by 15-50 cm thick colluvial
units composed of sand and scattered pebble-sized

Fig. 10. Uptributary view of the slackwater flood deposits at Alcantara. Arrows show the uppermost part of flood deposits which correspond to
minimum peak discharges of 11,000 m? s=!. A boat, 4 m in length, is circle for scale.
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flood units/events. The location of the sections are illustrated in Fig. 9.

fragments. Datable material was not found in the
section.

4.2. Discharge estimation

Ten cross-sections along a reach of 1400 m in length
were obtained by field survey using an EDM surveyor
and an echosounder. These cross-sections were then
used in the HEC-RAS model to estimate palacoflood
discharges that were assumed to have involved sub-
critical hydraulic flow. In order to reduce uncertainties
during the selection of the boundary conditions for
downstream cross-sections, 23 additional cross-sections
were measured from topographic maps 1:5000 in scale
(5 m contour intervals) along a reach of 5 km down-
stream of the surveyed cross-sections. Discharges were
estimated for Manning’s n values between 0.03 over the
valley floor and 0.04 over the margins. For a 15%

variation in roughness value, an error of 3-5% was
introduced in the discharge results. Uncertainties of up
to 15% on the discharge results were introduced by the
boundary conditions selected for the steady flow
modelling in the initial cross-section (most downstream
cross-section for subcritical flow). The model was run
assuming critical flow conditions on the first cross-
section located in the entrance to an extremely narrow
reach 5 km downstream of the studied reach. However,
it is possible that the hydraulic control section can be
located farther downstream within the Portuguese part
of the Tagus River.

On the basis of calculated water-surface profiles along
the study reach, the highest elevation for geological
evidence of former floods (located in cross-section 9) is
associated with a minimum discharge of 15,000 m?® s~
The step-backwater calculations show a minimum peak
discharge for profile A.4 (cross-section 4; water depth of



1752 G. Benito et al. | Quaternary Science Reviews 22 (2003) 1737-1756

30 m) of 12,000 m® s~!, indicating that at least 34
floods over this magnitude occurred after AD 785-885.
Other narrow flood deposit benches along the
gorge provided minimum discharges of 13,700 m? s!
(cross-section 7), 11,200 m? s~! (cross-section 6), and
10,100 m? s=! (cross-section 5). The location of these
flood deposits along straight reaches of the gorge, and
attached to its margins, is not the optimum for sediment
preservation. Therefore, these deposits attached to the
gorge margins are expected to be periodically flushed
out by very extreme floods (occupying these margins as
effective flow areas) and replaced by sediments left by
smaller magnitude floods. These flood erosional-deposi-
tional dynamics may explain the limited stratigraphy
and the short-time framework covered by the flood
deposits at Alcantara, compared to the long flood
record found in the channel expansion environments of
El Puente del Arzobispo where erosion by extreme
floods is less likely.

During large floods, the rise in water stage of 30—
36 m, as evidenced by the flood deposits, produced
extensive backflooding of the tributaries affecting areas
several hundred metres upstream of their junctions with
the Tagus River. In these backflooded environments, the
slackwater conditions favour deposition of relatively
complete flood histories such as in sites A.1 to A.3 (Figs.
9 and 11). Here, the highest part of the slackwater
sediments matches a water surface profile of
11,000 m* s=! (cross-section 8). Stratigraphic section
A.2, comprising at least 16 flood units, is associated with
minimum discharges of 4100 to 6000 m® s~! , with at
least four floods occurring after AD 980-1175, two
floods after AD 1015-1205, and nine floods after AD
1445-1495. In the same tributary, Section A.1, with at
least four flood units, and Section A.3 with at least 11
flood units, are associated with minimum discharges of
5600 and 3400 m> s~!, respectively.

The past flood record in this reach can be supple-
mented using evidence associated with landmarks and
documents connected with the Alcantara Roman bridge,
located ca 6 km upstream of the study reach. This bridge
is an impressive civil engineering work built in AD 103.
The bridge is ca 200 m in length and 7 m in width with
two central arches having respective openings of 28.8
and 27.4 m in height, and supported by two lateral
arches with openings of 21.9 and 13.8 m in height. In
Alcantara, the largest floods during the last 200 years
were recorded in AD 1876, 1941, 1947 and 1856 in
which the exact water stages are known. Application of
these stages in the HEC-RAS model provides peak
discharge estimates of 14,800, 13,700, 11,800 and
10,500 m? s~ !, respectively (Benito et al., 2003b). The
HEC-RAS modelling was calibrated for the 1989 and
1996 floods, using discharge data recorded in the
Alcantara dam and the water stages recorded in photos
and videos at different times. Other important floods

occurred in 1912 and 1989 when estimated respective
peak discharges were 3800 and 7500 m? s~!.

We estimate that elevations for the highest flood
deposits represent minimum discharges approximated at
about 15,000 m? s~!, and were produced by the AD
1876 flood and/or floods of similar magnitude. Section
A4, with minimum discharge estimate of 12,000 m? s~!,
may contain deposits from the AD 1876 and 1941
floods. At least two more floods of this magnitude
occurred since AD 785-885 according to the strati-
graphic record. Since AD 1856, at least five floods
exceeded 6000 m* s~!', which are probably included in
the upper part of Section A.2 where nine events post-
dated AD 1445-1495. It is also possible that the number
of floods exceeding 6000 m> s~! of discharge for the last
500 yr is greater than nine, but field exposures (after
digging) were not complete enough to obtain a complete
stratigraphic record.

5. Discussion

Slackwater flood deposits along the Tagus River
provide an excellent record of more than 80 floods that
have occurred during the last 10,000 yr. The palaeo-
flood record shows that extreme floods are not
randomly spaced in time but tend to cluster during
specific periods (Fig. 8). High-magnitude floods oc-
curred on the Tagus River from 9440 to 9210 '“C yr BP
(8540-8110 BC), 8500 to 8000 '*C yr BP (7500-7000
BC), ~6750 '*C yr BP (~ 5000 BC; based on one date
only), 1200 to 950 'Cyr BP (AD 785-1205),
~410 '“C yr BP (AD 1450-1500, based on two dates),
and 170 to 80 'C yr BP (AD 1670-1950). The largest
flood(s) occurred from 9440 to 9210 '“Cyr BP,
~6750 “C yr BP and 1200 to 950 '“C yr BP when
minimum discharges during these periods are estimated
to lie between 4000 and 4100 m? s~! in the El Puente del
Arzobispo reach (central part of the catchment;
35,000 km? in drainage area) and between 13,700 and
15,000 m? s~! in the Alcantara reach (lower part of the
catchment, 52,000 km? in drainage area). In contrast,
the periods 9210-8500 '“C yr BP (8110-7500 BC), 8000~
6750 '*C yr BP (7000-5000 BC), and 950 to 410 '*C yr
BP (AD 1205-1450) are characterised by relatively few
large floods. Periods with few or no palaecoflood deposits
do not necessarily indicate a total absence of floods, but
are probably times of lower magnitude, moderate floods
that did not exceed the threshold of preservation in the
depositional sites (Ely, 1997). However, due to the
possibility of post-flood erosion, the lack of dating
between 6750 '*C yr BP and 1200 “C yr BP (5000 BC to
AD 778) cannot be interpreted as a lack of occurrence of
large floods during this period in the present study area.

Most of the precipitation and flooding in large Iberian
river basins, such as the Tagus River, is associated with
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zonal flow lying between 35° and 45°N. General
features of present-day atmospheric circulation were
probably in existence by the mid- to late Holocene
(Knox, 1983). Since flooding is an important source of
water to natural systems, especially in the Iberian
Peninsula, periods with a higher frequency and/or
magnitude of floods wusually coincide with other
indicators of climate/environmental change, such as
pollen and lake level records.

Late Pleistocene and early Holocene atmospheric
circulation patterns were affected by changes leading to
combinations of dry/wet and cool/warm conditions
since the Last Glacial Maximum (LGM). During the
Younger Dryas (about 8°C cooler than today), the
large-scale atmospheric circulation regime was charac-
terised by the predominance of a high-pressure cell at
middle latitudes, which displaced storm tracks into very
low latitudes (Lamb, 1971). In northwestern Spain
(Allen et al., 1996), pollen-based palaeoclimatic recon-
structions indicate a dry and cool climate with strong
seasonality from 14,600 to 12,400 '“C yr BP and during
the Younger Dryas (10,700-9800 '“C yr BP). Lake levels
during the Younger Dryas period were very low in the
Iberian Peninsula, with pollen assemblages characterised
by mesic trees indicating a cold and dry climate (Pefialba
et al., 1997; Roca and Julia, 1997; Valero-Garcés and
Kelts, 1997; Julia et al., 1998; Wansard et al., 1998).
These cold and dry conditions could also affect the flood
frequency over the Iberian Atlantic basins, and it may
explain the lack of palaeoflood record in the Tagus
River during this period.

The climatic changes experienced immediately after
the Younger Dryas period are well represented in the
palaeoflood record with an anomalous number of very
large floods, at least 12 floods in ~400 yr, from 9440 to
9210 'C yr BP (BC 8540 to 8110; Fig. 8). Because of the
large size of the river catchment (ca 35,000 and
52,000 km?), years with occurrence of extreme floods
are usually related to anomalously wetter conditions.
This flood period can be interpreted as related to
westerly dominated hemispheric circulation with the
Azores High at lower latitudes and a low index zonal
circulation over the Atlantic. In Banyoles and Salines
lakes in NE Spain, periods of increased rainfall and
water balance have been correlated with the Belling-
Allerod and Preboreal periods (Roca and Julia, 1997;
Julia et al., 1998; Valero-Garcés et al., 1998; Wansard
et al., 1998). Lake level record and pollen analysis of
Laguna Comprida (Serra de Estrela, Portugal) showed
wetter conditions in the Preboreal suggesting an increase
in winter precipitation in the Atlantic side of the Iberian
Peninsula (Van der Brink and Janssen, 1985; Van der
Knaap and van Leeuwen, 1995).

The clusters of moderate floods from 8500 to 8000
14C yr BP (BC 7600-7000) coincide with high lake level
and forest development in the Iberian Peninsula and

Morocco (Fig. 8). In the Tigalmamine Lake, in the
Middle Atlas, Lamb et al. (1989) describe a marked
environmental change due to increased available moist-
ure at about 8500 yr "“C BP, interpreted from lake
water level rise, isotopic evidence for climatic change,
and a rise in the percentage of cedar pollen. In Morocco,
precipitation patterns are also associated with frontal
systems entering from the Atlantic, although the
persistence and intensity of these patterns depends on
the latitudinal location of the zonal flow. A pollen
record from Padul in southeast Spain, showed an
expansion of sclerophyllous oak forest towards
8000 “C yr BP which marks the onset of the hot and
humid Holocene optimum (Pons and Reille, 1988).

Unfortunately, the poor chronological control of the
middle and late Holocene palaeoflood record prevents
inferences to be made regarding the responses of floods
to climate change for some periods. One flood unit
dated as 6740 '*C yr BP (BC 5055-4900) is not enough
to indicate a flood period at that time. At a global scale,
the most prominent Holocene climatic event recognised
in the Greenland ice-core climate proxies, with approxi-
mately half the amplitude of the Younger Dryas,
occurred ca 7500 '“C yr BP (8000-8400 calendar years
BP; Alley et al., 1997). There is no evidence of extreme
floods during these dry periods in the Tagus River.

One of the most important changes in the pattern of
the Mediterranean and North African climatic circula-
tion was recorded at 4000 BP, although the effects of
these changes varied with the region. In the Middle
Atlas, Lamb et al. (1989) interpreted the arrival of cedar
at 4000 '*C yr BP as indicating an increase in moisture,
whereas palynological records from Tunisia (Ritchie,
1984), SE-Spain (Pons and Reille, 1988), and southern
Europe (Huntley and Birks, 1983) have been interpreted
as a return to dry conditions. These dry conditions seem
to prevail throughout the late Holocene in the Ebro
valley (Davis, 1994; Valero-Garcés et al., 2000). Another
change affecting the late Holocene palacohydrology is
the extensive deforestation produced after 2500 yr BP
(Burjachs et al., 1997; Ruiz-Zapata, 1999). This vegeta-
tion change may affect the flood peak hydrograph with
an increase in the peak discharges, although flood
occurrence would be still controlled by the persistence of
the frontal systems over the Peninsula and by the
amount of the rainfall. Indeed, there is evidence of large
floods during the last 3000 yr reaching peak discharges
of similar order of magnitude to the Preboreal floods,
although the chronological limitations do not allow for
further precision until the last 1500 yr.

The frequency and magnitude of floods increased
again between 1200 and 950 '*C yr BP (AD 785-1205;
Fig. 8). This palacoflood evidence is corroborated by
documentary sources of historical floods, especially
between AD 1150 and 1200 (Benito et al., 1996,
2003b). A sharp decrease in the frequency and


https://www.researchgate.net/publication/248288785_The_Holocene-and_Upper_Pleistocene_pollen_record_from_Padul_Granada_Spain_a_new_study?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/248288785_The_Holocene-and_Upper_Pleistocene_pollen_record_from_Padul_Granada_Spain_a_new_study?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/248288470_Climates_and_circulation_regimes_developed_over_the_Northern_hemisphere_during_and_since_the_last_Ice_Age?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/238383283_Termination_of_the_Last_Glaciation_in_the_Iberian_Peninsula_Inferred_from_the_Pollen_Sequence_of_Quintanar_de_la_Sierra?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/238383283_Termination_of_the_Last_Glaciation_in_the_Iberian_Peninsula_Inferred_from_the_Pollen_Sequence_of_Quintanar_de_la_Sierra?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/238553335_Holocene_climatic_instability_A_prominent_widespread_event_8200_yr_ago?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/245309414_An_Atlas_of_Past_and_Present_Pollen_Maps_for_Europe?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/248711555_Responses_of_river_systems_to_Holocene_climates?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/248058460_The_vegetation_and_climate_of_northwest_Iberia_over_the_last_14000_yr?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/291798805_Analyse_pollinique_de_sediments_holocenes_superieurs_des_hauts_plateaux_du_Maghreb_oriental?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==
https://www.researchgate.net/publication/291798805_Analyse_pollinique_de_sediments_holocenes_superieurs_des_hauts_plateaux_du_Maghreb_oriental?el=1_x_8&enrichId=rgreq-623e37f8df68af57d19b98b45d36e92e-XXX&enrichSource=Y292ZXJQYWdlOzIyMjA0NzMzOTtBUzozMDY5NTI1NTc1MzExMzZAMTQ1MDE5NDYwMDE4OA==

1754 G. Benito et al. | Quaternary Science Reviews 22 (2003) 1737-1756

magnitude of palaeofloods from 950-410 '*C yr BP (AD
1205-1450) may have some relationship to the climatic
signals prevailing in the western Mediterranean at the
end of the Medieval Warm Period, although the onset
and termination of this period is still in debate (Hughes
and Diaz, 1994).

For the last 500 yr, the palaeoflood record shows an
increase in frequency between AD 1650 and 1900 (170
and 80 '“C yr BP). This increase coincides with glacial
advances, high lake levels, and cooler and/or wetter
conditions at many sites around the globe during some
decades or all of the Little Ice Age (15th to mid-19th
centuries; Porter, 1986, Grove, 1988). During the
15-16th centuries, increases in lake levels and general
water table rise in the central Ebro valley have be
interpreted as the result of increased precipitation and
lower evaporation (Valero-Garcés et al., 2000), probably
related to the climatic conditions that prevailed during
some periods of the Little Ice Age. Palaeoflood
chronologies and historical flood records indicate an
anomalous concentration of floods during the second
half of the 19th century and first-half of the 20th
century, a period that also contains the largest floods
during the last 750 yr.

Long-term palaeoflood records using slackwater flood
deposits are not available in Europe. In Central Europe,
phases of a higher flood frequency are found from
overbank flood deposit records at about 8500-7700,
6500—-6000, 5200-4400, 3000-2600, 2200—-1800, 1000 and
400-100 yr BP (Starkel, 1991). The timing of at least
three of these periods roughly coincides with those of
this study. In the Negev Desert of Israel, Greenbaum
et al. (2000) identified in a palaeoflood record two
periods of higher frequency of large floods (1380-880 yr
BP and the last 60 yr) correlated with high Dead Sea
levels and wetter climate conditions, and two periods
with low flood frequency (1730-1380yr BP and
880-60 yr BP), which were correlated to low Dead Sea
levels and may be linked to a drier climate conditions.
Although these patterns are also found in the studied
sites, a higher variability in the flood clusters is recorded
in the Tagus River palacoflood and historical flood
records probably due to the type of flood-generating
events.

Several analyses of late Holocene flood chronologies
have been undertaken in the semiarid southwestern
United States (Ely and Baker, 1985; Webb et al., 1988;
Enzel, 1992; Ely et al., 1993; O’Connor et al., 1994; Ely,
1997) and in the Upper Mississippi Valley (Knox, 1985,
1993, 1999). Most of the southwestern United States
chronologies have been reconstructed from slackwater
flood deposits. In a regional synthesis, Ely (1997)
observed that the frequency of large floods increased
throughout the region from 5000 to 3600 '“C yr BP
(3800-2200 BC) and increased again after 2200 '*C yr
BP (400 BC) with a maximum in magnitude and

frequency of around AD 900-1100, and after AD
1400. In the SW United States, most of the severe
current floods are associated with winter storms and
tropical cyclones, and these are the most probable
causes of the palaecofloods over the last 5000 yr (Ely
et al., 1993; Ely, 1997). Despite the differences in the
flood-producing storms and geographical settings, the
latter two periods (AD 900-1100 and AD 1400) are
coincident with the most recent palacoflood periods
recorded in the Tagus River. In the Upper Mississippi
Valley and using an excellent record of overbank flood
deposits, Knox (1993) describes periods of small floods
from 5000 to 3300 cal yr BP (3050-1350 BC), and
periods of average increased flood magnitudes after
3300 cal yr BP, and even larger floods from AD 1250 to
1450 at the end of the Medieval Warm Period.
Comparison of these flood periods with the Tagus river
record is difficult due to the lack of chronologies
between 6000 and 1500 yr BP. In the case of the AD
1250-1450 flood period the flood signal is opposite from
the pattern found in the Tagus River, where there is no
evidence of a large number of exceptional floods.

6. Conclusions

The palaeoflood record of the Tagus River during the
Late Pleistocene and Holocene shows non-random
occurrence of large floods whose recurrence frequencies
appear to be associated with regional climatic/environ-
mental changes as interpreted from lake level variations
and pollen records. The largest flood(s) occurred from
9440 to 9210 *C yr BP (BC 8540-8110), ~6750 “C yr
BP (BC 5000) and 1200 to 950 '“C yr BP (785-1205)
and reached estimated minimum discharge magnitudes
of between 4000 and 4100 m®s~' in the El Puente
del Arzobispo reach (Central part of the catchment;
35,000 km? in drainage area) and 13,700-15,000 m3 s~
in the Alcantara reach (lower part of the catchment,
52,000 km® in drainage area). High frequency-lower
magnitude floods were recorded in the Tagus River from
8500 to 8000 '“C yr BP (7500-7000 BC), ~410 '“C yr
BP (AD 1450-1500), 170 to 80 '“C yr BP (AD 1670—
1950). The largest floods in the last 750 yr occurred
during the second-half of the 19th century and first-half
of the 20th century. In contrast, the periods 9210-8500
14C yr BP (8110-7500 BC), 8000-6750 '“C yr BP (7000
5000 BC), and 950-410 “C yr BP (AD 1205-1450) are
characterised by decreases in the record of large floods.

These periods with increased flood magnitude and/or
frequency in the Tagus River are strongly related to
increased moisture influx and winter precipitation in the
Iberian Peninsula. Proxy records sensitive to winter
precipitation such as lake levels and vegetation (through
pollen records) are in good agreement with the clusters
of floods found in the Tagus River, although floods may
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respond faster to a change in rainfall than lake levels or
vegetation.

Tagus River palaeoflood periods coincide with some
flood clusters found in various regions of the globe such
as central Europe, Isracl and SW United States, or with
low flood frequency periods of regions such as the upper
Mississippi valley. This suggests that alterations in the
global-scale climate system produce changes in flood
regime although signals in terms of magnitude and
frequency may vary between regions (Knox, 1993, 2000;
Ely, 1997). Further palaecoflood studies and more
detailed palacoflood chronologies are required to
provide an important source of information on the
immediate hydrological response, at the event scale, to
global changes in the atmospheric circulation patterns.
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