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Abstract

Knowledge of the evolution of Spanish fluvial networks has improved during recent years as more river systems have been studied and
more geochronological data has become available. However, the chronological framework is a major issue as the range of applications is
limited by methodological constraints and spatial coverage is sparse. Integration of ‘absolute’ dating methods with biostratigraphy and
palacomagnetism permits the recent evolution of these river systems to be reviewed. The timing of incision from the Late Neogene to the
present varies between the major Iberian fluvial systems, depending on the substrata and tectonic settings. Early Pleistocene and older
fluvial sequences in the core areas of the Iberian Peninsula provide a more extensive record of fluvial evolution and are better preserved
than the terrace flights in the coastal lowlands. Middle Pleistocene sequences are well developed in most of the major river systems in
Iberia, particularly those of the Tajo, Guadalquivir and Aguas River, and frequently represent the principal climatic cycles of that
period, although tectonic and sea-level effects can also be seen. For Late Pleistocene to Holocene times, the scheme becomes more
complex. Our review suggests that each river system has responded differently to local and regional climate control, glacial and
periglacial processes in headwaters in high mountain areas, glacio-eustatic sea-level changes and local and regional tectonic patterns.

1. Introduction

The Iberian Peninsula is located in a very particular area of
the world. It is the bridge between the Atlantic and
Mediterranean domains and also between Europe and Africa;
consequently, it is influenced by all these surrounding
environments. Additionally, its geodynamic position, between
the European, African and Atlantic plates, combined with its
complex Alpine tectonic history, leads to considerable
variation in lithological, structural and tectonic patterns from
area to area. As a result the Iberian Peninsula is characterized
by a high diversity of landscapes and geomorphic histories.

To the north, the Iberian Peninsula is bounded by the
Pyrenean and Cantabrian mountains, which are composed
of Mesozoic-Cainozoic rocks in the east and Palacozoic
rocks in the west. To the south, the Betic Range, composed
of Palaeozoic, Mesozoic and Cainozoic rocks, forms its
boundary. The western half of the peninsula is mostly

composed of Palacozoic rocks deformed during the
Hercynian Orogeny and has relatively smooth and old
landscapes (except for the Atlantic border), whereas the
eastern half is mainly formed by Mesozoic rocks uplifted
during the Alpine Orogeny and thus shows more youthful
landscapes. Among these Hercynian and Alpine ranges
there are Cainozoic basins that form much of the Spanish
landscape and are characterized by hilly and smooth
terrain sculptured by the fluvial network. The present-day
Spanish fluvial network comprises six main fluvial basins
(Ebro, Tajo, Guadiana, Guadalquivir, Jucar and Segura),
most of their courses draining the Cainozoic basins, plus a
high number of small fluvial systems developed in relation
to the young coastal mountains like the Cantabrian (in the
north) and the Betic (in the southeast).

The study of Spanish river terrace sequences began over
two centuries ago. In 1799, Joseph Louis Proust described
erosion and sedimentation processes and explained the
development of the terraces of several rivers (Proust,
1799). Since the beginning of the 20th century, studies on
fluvial geomorphology were substantially consolidated and



integrated with glacial geomorphology (e.g. Nussbaum,
1946). During this period Hernandez-Pacheco (1928) was
the first to review of the principal rivers of Spain and their
fluvial terraces. Since the Sth INQUA Congress in Madrid
and Barcelona in 1957, the number of studies of fluvial
chronosequences increased, as did the complexity of the
methodology used. Thus research on fluvial terraces and
landscapes became one of the most important topics in
Spanish geomorphology. According to the report of Garcia
Ruiz (2001), some 193 papers were published between 1941
and 1998 on fluvial terraces and ‘glacis’.

Despite these many publications, knowledge of recent
fluvial systems is still fragmentary. For this reason, in
this study we shall concentrate the five major basins:
Ebro, Tajo, Guadalquivir, Guadiana and Duero. Addi-
tionally, we shall include data from the medium-sized River
Aguas in SE Spain, due to the extensive chronological
datasets available from that system. We shall exclude those
systems in Iberia that have experienced basin infill and
progressive accumulation during the Quaternary (e.g. the
Guadix-Baza basin) and those river systems for which there
are no published chronological data (Ter, Llobregat, etc.).
We shall also exclude transitional fluvio-marine deposits
such as in the Ebro delta (Somoza et al., 1998; Maestro
et al., 2002) or on the SW Spanish continental shelf, in
relation to the Guadiana and Guadalquivir estuaries
(Dabrio et al., 1999, 2000; Hernandez Molina et al.,
2002; Boski et al., 2002; Fernandez-Salas et al., 2003; Lobo
et al., 2004).

We concentrate on chronological information and refer
readers to original sources for other features like geological
setting, sedimentological, archaeological or palacontologi-
cal information. Our purpose is to compile all the available

chronological data for the long-term evolution of the
selected fluvial systems and make an overall comparison
between systems rather than documenting the detailed
evolution of each basin. In dealing with archaeological
sites, we always consider artefacts found within the terrace
deposits and not, unless explicitly stated, those found upon
their surfaces. The main geomorphological features of the
fluvial basins and their surrounding mountain ranges can
be found in regional syntheses like that coordinated by
Gutiérrez-Elorza (1994), whereas geological information
can be found in syntheses like those of Friend and Dabrio
(1996), Gibbons and Moreno (2002) and Vera (2004).

2. The Ebro drainage basin

Modern work on the evolution of the Ebro drainage
network (Fig. 1) started with studies of the Cinca, Segre
and Noguera-Pallaresa rivers in the 1980s. Research by
Sancho (1988), Pefia (1988) and Pefia and Sancho (1988)
correlated the terrace sequences of those rivers and
provided a chronology based on archaeological criteria.
Studies of the Ebro itself have been few and have provided
sparse chronological control (Gutiérrez-Elorza and Peiia,
1994). It was not until the 1990s that more chronological
data was provided for some sequences in the Ebro basin,
using 'C, palacomagnetism and OSL (Macklin and
Passmore, 1995; Fuller et al., 1998; Sancho et al., 2003;
Pena et al., 2004a, b).

Other studies have concentrated on the Late Pleistoce-
ne Holocene, like those of the Huerva River sequence
(Andres et al., 2002; Pefia et al., 2004c) and the regional
synthesis of valley fill and slope sequences in the Ebro
Basin (Gutiérrez-Florza and Pefia, 1998). These papers
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Table 1

Terrace sequences for the Ebre River tributaries with indicatien ef flights, paleemagnetic data and ages
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focus on the influence of human impact on sedimentation
rates. In addition, there have been dating studies of
travertine deposits related to the fluvial courses in the
Ebro basin or nearby areas (Torres et al., 1995; Pefia et al.,
2000; Lozano et al., 2004) spanning ~212 6 ka.

Amongst all the dated sequences, the longest records are
those of the Gallego, Cinca and Guadalope rivers (Table 1,
Fig. 2).

2.1 Early Pleistocene

Data on Early Pleistocene Ebro Basin fluvial history are
scarce (Table 1, Fig. 2). However, magnetostratigraphy
allows the Early Pleistocene Middle Pleistocene boundary
in the Cinca River sequence to be placed between terraces
Qt2 (reverse polarity, Matuyama) and Qt3 (normal
polarity). From Qt3 to Qt6 all sampled terraces show
normal polarity (Brunhes). The proposed morphostrati-
graphical correlation of these terraces (McDonald et al.,
2003; Sancho et al., 2004; Peiia et al., 2004a,b) allows
extrapolation of this boundary to the Gallego River.
Benito et al. (1998a) attributed the + 120m terrace of the
Gallego River (in an intermediate position between the Qt3
and Qt4 terraces, according to the stratigraphy of Sancho
et al., 2004, and Peiia et al., 2004a) to the Matuyama chron
and the +40 S0m terrace to the Brunhes chron.

Estimates for the age of soils related to the +115 120m
terrace (intermediate between Qt3 and Qt2) of the Cinca

River by Lewis et al. (1999) and Sancho et al. (2000), and
those of McDonald et al. (2003) for the soils of the Qt3
terrace, all agree in placing the Matuyama/Brunhes
boundary between the Cinca Qt2 and Qt3 terraces.
Consequently, Gallego terrace Qt2 (Pefia et al., 2004a;
Sancho et al., 2004) and Cinca Qtl to Qt2 (Sancho et al.,
2004; Pena et al., 2004a,b) must be of Early Pleistocene
age. On this basis, the magnetic reversed field found by
Benito et al. (1998a) in their +120m terrace (in an
intermediate position between the Qt3 and Qt4 terraces)
should be reinterpreted as the Emperor subchron
(~420ka). The absence of chronological evidence forced
Macklin and Passmore (1995) to consider terraces T1 to TS
of the Guadalope River as Middle Pleistocene or older.

2.2. Middie Pleistecene

The Middle Pleistocene Ebro Basin sequence is better
constrained in time (Table 1, Fig. 2). The oldest terrace
from this period is the Qt3 terrace of the Cinca and Gallego
rivers, according to magnetostratigraphical data provided
by Sancho et al. (2004). But the oldest region-wide
preserved morphological level is the +100m terrace in
the Gallego (Qt4: Peila et al., 2004a; +75/+ 100 m terrace:
Benito et al., 1998a), equivalent to the +64 73 m terrace in
the Ebro valley (Zuidam et al., 1975; Soriano, 1986), the
+ 80 90m terrace of the Segre river (Pefla, 1988) and the
+ 85 90m (Pefia and Sancho, 1988) and + 91 m (Qt4, Pefia
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et al., 2004b; Sancho et al., 2004) terraces of the Cinca
River. The Middle Pleistocene age of these terraces is
derived from palacomagnetic data (Brunhes chron: Sancho
et al., 2004).

The Middle Pleistocene sequence of the Gallego River is
composed of three terraces in the upper reach (Fig. 2, Table
1; Qt3 QtS, +140 to +75m according to Pefa et al.,
2004a) and in the lower reach (T7 T9, from +70to +30m
according to Benito et al., 1998a). Chronological control is
provided by the correlation of Qt4 with the +64 73m
terrace of the Ebro (“‘Mindel-Riss interglacial’: Zuidam
et al, 1975) and the OSL age for the QtS terrace of
156 +22 148+ 7ka (Pefla et al., 2004a). Reinterpretation
of the magnetic reversed field, discussed above, at the
+120m Gallego terrace of Benito et al. (1998a) provides

an age of ~420ka (Emperor subchron). Chronological
constraints are provided for the Cinca River by the
ascription of terraces Qt3 QtS to the Brunhes chron
(Sancho et al., 2000) and by OSL ages of between 176 ka
and 180ka obtained from QtS (Pefia et al., 2004b; Sancho
et al., 2004; Fig. 2, Table 1). The first chronological
reference point for the Guadalope sequence is the
130+ 15ka to 183 +39/—37ka age for terrace T2 at Mas
de Las Matas (Fuller et al., 1998), which correlates with T6
at Castelseras (157 + 15/—14 ka: Fuller et al., 1998; Fig. 2,
Table 1). However, Macklin et al. (2002) considered only
the 183+ 39/—37ka age and placed this aggradation in
marine Oxygen Isotope Stage (MIS) 6 7.

The Middle to Late Pleistocene boundary is very well
constrained in the Guadalope and Cinca basins. In the



Guadalope, terrace T6 is dated to 157ka (Fuller et al.,
1998; Macklin et al., 2002) while the oldest age for T7 is
1224+ 17ka. In the Cinca basin, OSL dating places this
boundary between QtS (176 +14ka) and Qt6 (97+ 16ka)
(Peda et al., 2004b), whereas in the Gallego basin its
position is less well defined. The suite QtS Qt6 is
considered to be 180 83ka (McDonald et al., 2003) and
QtS is dated 156 148 ka (Pefa et al., 2004a). In addition,
the Qt7 level of the Gallego has been dated as 65 52ka
(McDonald et al., 2003) or 73 66ka (Pena et al., 2004a).

2.3 Late Pleistocene and Helocene

The Pleistocene Holocene boundary, like the Early
Pleistocene Middle Pleistocene boundary, is not well
placed (Table 1, Fig. 2). In the Guadalope sequence, the
youngest terrace (T11, +4m) corresponds to 18+ 5 ka and,
consequently, valley bottom deposits can span part of MIS
2 and MIS 1. In the Cinca, *C dates of the Qt9 terrace
point to a Late Pleistocene age (22 15 ka) while a single
OSL date reaches the base of the Holocene (11.14+4ka)
(Sancho et al., 2004). In addition, Pefia et al. (2004c) found
at least three incised levels of Holocene age (6015+ 7S yr
B.P.)) in the Huerva River and explained the fluvial
evolution of recent millennia in terms of climate and
human impact.

3. The Tajo (Tagus) drainage basiu

Fluvial sequences of the Tajo (Fig. 1) offer wider
possibilities for dating as, in contrast to the other basins,
they contain relatively frequent palaeontological remains.
Therefore, radiometric dating can be compared with
biostratigraphical data (Table 2, Fig. 3).

The classic sequences in the Tajo basin are those of the
Jarama, Henares and Manzanares rivers near their
confluence (Fig. 1). These sequences show the highest
number of terraces and are rich in palaeontological sites. In
addition, palaeomagnetic studies in the Tajo River, plus
the dating of travertine deposits related to the upper
Henares (Benito et al., 1998b), Trabeque, Escabas and
Guadiela rivers (Torres et al., 1994a), provide further
constraint on the chronology of the sequences. Pérez-
Gonzalez (1994) provided a summary of the geomorphol-
ogy and regional setting of the fluvial deposits of the Tajo
basin, while archaeological and palaeontological informa-
tion can be found in the work of Santonja and Pérez-
Gonzalez (2000 2001).

3.1. Early Pleistocene

The only data available to establish the Early Middle
Pleistocene boundary in the Tajo is defined near Toledo,
where Pinilla et al. (1995) placed the Matuyama/Brunhes
boundary at the + 60 terrace (Table 2, Fig. 3). Addition-
ally, Torres et al. (1994a) used aminochronology to date
the travertine of the + 90 terrace of the Trabeque-Escabas-

Guadiela rivers to 733+ 140ka, at the beginning of the
Bruhnes chron, and Silva et al. (1999) found remains of
M amvanuthus meridionalis (Early Pleistocene) in a terrace
equivalent to the + 80 85 terrace of the Manzanares River.
The wider recognition of this boundary can be achieved by
regional correlation of terraces.

There are no dates for the uppermost terraces except the
results of Torres et al. (1994b), who found a deposit with
reversed polarity within fluvio-karstic sediments that they
correlate with the Jarama terraces, without mention of the
precise Jarama level. They attribute the unit to the Gauss-
Matuyama transition. However, the absence of continuity
in magnetic measurements below and the lack of magnetic
studies in the uppermost deposits raise questions about the
ascription of this level to the Gauss chron or to any of the
Matuyama subchrons (Jaramillo, Olduvai).

In any case, the Early Pleistocene (or older) sequence is
made up of 12 (Henares) to 2 (Manzanares) terrace levels,
with a height range of 134m in the case of the Henares
River sequence.

3.2. Middile Pleistocene

Middle Pleistocene sequences are the richest in chron-
ological markers due to the abundance of palaecontological
sites (Table 2, Fig. 3). However, the Middle Pleistocene
Late Pleistocene boundary is somewhat poorly defined.
Dating of travertines in the +30m terrace of the
Trabeque-Escabas-Guadiela rivers (Torres et al., 1994a)
and the +18 20m terrace of the upper Henares River
(Benito et al., 1998b) provides ages ranging from 156 + 8 to
90.9+5.4ka and 135+12 to 103+8ka, respectively.
Luminescence samples from the + 20 m terrace of the Tajo
River at Talavera de la Reina have dated this terrace as
Late Pleistocene (Santonja and Pérez-Gonzalez, 1997).
Consequently, we place the Middle Pleistocene Late
Pleistocene boundary at the bottom of the T19 terrace
(Fig. 3) and, therefore, the Middle Pleistocene sequence
comprises six terrace levels.

Other chronological reference points include U/U and
Th/U dating of travertine samples of the +40 45, +30 35
and +20 25m levels of the upper Henares River as
>350ka, 444+70ka and 202+ 58 to 243 +18ka respec-
tively (Benito et al., 1998b). Mammal associations also
provide ages for the +40 42m terrace of the Jarama
River, the +25 30m terrace of the Manzanares River, and
the +40 45m and + 30m terraces of the Tajo at Talavera
de la Reina as 350 300ka, MIS 13 11 and 550 130ka
respectively (Pérez-Gonzalez, 1994; Sesé¢ and Soto, 2000;
Santonja and Pérez-Gonzalez, 2000 2001). Of these data,
only the 350 300 ka date is doubtful, as it is younger than
the age provided for the Manzanares +25 30m (MIS
13 11) and Henares +30 3Sm (444ka) terraces, which
correlate with the +32m level of the Jarama (Table 2).

In addition to the comparison of ages obtained from
radiometric dating, correlation between river terraces is
achieved by means of elevation above the thalweg



Table 2

Terrace sequences for the Taje River and tributaries with indicatien ef flights, paleemagnetic and paleentelegical data and ages
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(Henares, Jarama and Manzanares rivers and Tajo and
Alagon rivers) (Table 2, Fig. 3) or by biostratigraphical
correlation (Santonja and Pérez-Gonzalez, 2000 2001).

3.3 Late Pleistocene and Helecene

As in the Ebro Basin, the Pleistocene Holocene bound-
ary is not clearly defined in the Tajo drainage system
(Table 2, Fig. 3). Torres et al. (1994a) dated the +20m
terrace of the Trabeque-Escabas-Guadiela rivers as
18.2+1.4 to 10.5+4.7ka (Th/U). Gladfelter (1971, 1972)
and Preece (1991) provided '*C ages between 9940+ 120
and 6210485 BP for the +4m terrace of the upper
Henares River. Therefore, the boundary can be placed in
terrace T21 or between T21 and T22. The latter option is
supported by the finding of Upper Palaeolithic lithic
industries at the top (El Sotillo site) of the +8m terrace
of the Manzanares River (Santonja and Pérez-Gonzalez,

2000 2001). Taking this as correct, the Late Pleistocene
sequence will be composed of 2 to 3 terraces (usually
lacking the intermediate) with a total height range of about
11 14m.

The Holocene record comprises 2 terraces near the valley
bottom. However, in some instances, Late Pleistocene
sequences have accumulated to considerable heights.
Benito et al. (2003) described slack-water deposits in the
Tajo River near El Puente del Arzobispo, where the
Holocene deposits rest upon Late Pleistocene
(14,090 +100yr B.P.) deposits at heights of +17m above
the present thalweg.

4. The Gnadalquivir drainage basin
The Guadalquivir River basin (Fig. 1) is characterized by

a very gentle profile in its lower reach. During glacial
periods fluvial deposition extended onto the present
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Fig. 3. Transverse terrace sectiens feor the Taje River and tributaries with chrenelegical references (after Pérez-Genzalez, 1994; Santenja and Pérez-

Genzalez, 1997, 2000-2001; Benite et al, 1998b; Silva et al., 1999).

continental shelf, while during interglacials the sea invaded
the lower river and coastal marshes developed. Conse-
quently, terrace sequences in the lowermost reach show just
Holocene deposits, whereas Middle to Late Pleistocene
terrace deposits are below present sea level, as can be seen
in the nearby Guadalete and Tinto-Odiel rivers (Dabrio
et al., 2000; Mediavilla et al., 2004). However, further
inland the sequences are complete (Table 3, Fig. 4).

4.1. Early Pleistocene

The starting reference for the present fluvial network
must be placed at the ‘Raifia’, a local term referring to high
and wide platforms paved with siliciclastic sediments that
surround the basin. Baena and Diaz del Olmo (1997) used
palacomagnetism to date the deposits that cover this
surface in the Cordoba area (the Rafia in Montoro) to
1.757 Ma (Matuyama/Olduvai) (Table 3, Fig. 4). Accepting
this age, and the correlation of the T4/TS boundary with
the Matuyama/Brunhes boundary, the Early Pleistocene
sequence is composed of four terraces with a height range
of about 60m (Table 3, Fig. 4). Another chronological
reference point is the presence of a normal subchron in the
T2 terrace, attributed by Baena and Diaz del Olmo (1994)
to the Jaramillo.

4.2, Middie Pleistecene

The Middle Pleistocene Late Pleistocene boundary must
be placed between T12 (80 ka in a soil on the surface of the
terrace) and T10 (180ka, Biwa I event) (Baena and Diaz
del Olmo, 1994; Table 3; Fig. 4). As a compromise, we have
chosen the top of the T11 terrace as the boundary (Table 3,
Fig. 4). Accordingly, the Middle Pleistocene sequence
comprises seven terraces (TS to T11) with a total height
range of 90 100m. A reversed subchron within the
Brunhes chron has been detected by Diaz del Olmo et al.
(1993) in the T10 terrace and interpreted by Baena and
Diaz del Olmo (1994) as the Biwa I event (=~ 180ka).

4.3. Late Pleistocene and Helocene

The Pleistocene Holocene boundary cannot be defined
in the fluvial sequences because from T13 downwards the
only available data are archaeological discoveries (Table 3,
Fig. 4). These are represented in the lowermost terrace by
post-Chalcolithic industries, while T13 and T14 show
middle Palaeolithic industries (Late Pleistocene). Diaz del
Olmo and Borja (1991) and Garcia Martinez et al. (1999)
defined a sequence from the Holocene comprising terraces
dated to 8 4ka, to Roman times, to the Middle Ages and
two 20th century terraces.



5. River Agnas

Since the pioneering work of Volk (1967) on the
Neogene geology and Quaternary geomorphic evolution
of the Vera basin, there has been a significant number of
studies of Quaternary river terrace sequences in the
Cenozoic basins of the Internal Zone of the Betic
Cordillera in Southeast Spain (Wenzens, 1992; Harvey
et al., 1995; Mather and Harvey, 1995; Schulte, 2002a;
Schulte et al., 2007; Stokes and Mather, 2003). In this
paper we focus predominantly on the sequence of the

Table 3
Terrace sequence for the Guadalquivir River and chrenelegical references
after Diaz del @lme et al. (1993) and Baena and Diaz del @lme (1994)

Diaz def Olmo et a. (1993), Baena & Diaz def Oimo (1994)
Sevila | Cordoba

H{m) | magnet. paleontol.
Hol. ll)p iy
evels
@ T14| +6-8 +10
Q
&8
5 2113 +13-14
@
o
T12| +26-29 | +30 I Elephas antiquus,
T11] +3540 +50 Esuus hydruntinus
» |T10 +45-65 +70 Biwa |
<
Q
é T9 | +73-75
2 | 18] +8085
é T7 | +95-100 Brunhes
=
T6 | +110-115] +100-110
T5) +139 +115
T4 +142
21— Matuyama
>3 +161-169
5 Sl—
w2112 +187 | Jaramillo
1 +200

The terrace cedes felloew the authers’ nemenclature.

Aguas, the most complete and best-dated fluvial chronose-
quence of Southeast Spain, and establish correlation with
the terrace sequence of the Antas River.

SE Spain is one of the most active seismic areas of the
Iberian Peninsula (Montenat et al., 1990; Braga et al.,
2003). As a consequence, long-term fluvial network
development has been significantly influenced by tectonics
and river capture. As in the Antas and Almanzora
catchments (Schulte, 2002a), river captures have produced
important changes to the Aguas drainage system, although
its chronology 1is still under debate (Harvey et al., 1995;
Kelly et al., 2000; Schulte, 2002a). Schulte (2002a)
presented detailed geomorphic mapping of the river
terraces from the middle (eastern Sorbas basin) to the
lower reach (southern Vera basin) of the River Aguas,
providing longitudinal profile data. This chronosequence
covers a flight of 19 levels, consisting of pediments, alluvial
fans, glacis, fluvial, travertine and marine terraces, that
extends from the Pliocene to the present (Table 4, Fig. S).

5.1. Pliecene and Early Pleistocene

The late Neogene uplift of the Betic Cordillera led to the
subsequent shift from marine to continental sedimentation
environments from the inner to the outer basins of the
Betic Internal Zone. Consequently, marine deposition
ceased in the Huercal Overa basin at the end of the
Messinian, in the Sorbas basin during the lower Pliocene
and in the Vera basin during the upper Pliocene (Montenat
et al., 1990).

The earliest morphological feature in the lower Aguas
catchment (southern Vera basin) that represents continen-
tal fluvial conditions is the pediment P1 at +101m above
the valley floor (Fig. S, Table 4). The chronological control
and possible correlation of sloping surfaces eroded in
limestone is difficult (Schulte, 2002a), whereas the relative
chronological control of the beginning of the fluvial
sequences of the Antas catchment and the upper Aguas
catchment is defined by the biostratigraphical records of
coastal plain sediments. In the central Vera basin the

Early Pleistocene Middle Pleistocene | Late Pleistocene Holocene
Jaramillo| Matuyama Brunhes | Biwa I | Brunhes
250 990 kyr 780 kyr 180 kyr
W g 3| Guadalquivir River
E 2002 ver| m 5 €| (aMer Diaz del Omo et al, 1993;
bw) +161-169 s Baena and Dfaz del Olmo, 1994)
E T4 75 o
D 450 M{ns-m gs
@ 2
2 83
g o
2 100 A =
s +3550 | T12
€ 50+ +2630 T13  T14
0 —

Fig. 4. Transverse terrace section for the Guadalquivir River and chrenelegical references (after Diaz del @lme et al, 1993; Baena and Diaz del ®lme,

199.4).



Table 4
Terrace sequence for the River Aguas with chrenelegical data and additienal dates frem the Almanzera and Antas rivers. The terrace cedes folloew the
eriginal names frem Schulte (2002a)

1 2
Schuite (2002a), Schulte & Julia {2001), Schulte f al. (1999) Rl Ll i B

Wenzens (1992)°
| v ] ¢ | ™o ] ost | um ut | “c? | ESR®
Aguas Anfas-Almanzora
Fl. terraces H4a-b 20th centu ry|
Fluvial terraces H3 43050 BP
2 +1-5 | +24 | 1040240 BP
Eog Fluvial terraces H2 1340450 BP
£ | Fluvial terraces H1 60302370 BP|
9.320.7
kyr
Fluvial terraces 16.7£1.6 kyr,
g Taa-d BAGIY R 215108 kyr
o
o
= . 54.741.8 kyr
o)
g travertine fo 71.841.8 kyr
Q
k! . 88.8+4/-3.8 kyr
= travertine 83120 kyr 84+4.714.5 kyr
Fluvial terrace T3 | +25 |+12-18
) 167.5+7/-6.6 kyr
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§ 169.3+9.3/-8.6 kyr
g Glacis G3 +35 |+19-26
& | Fluvial terrace T20
@ +4245] +21-30
= | Fluvial terrace T2a
= | Fuvial terace T1 | +55 | +27-37 |>421-505 kyr
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c 1471~
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B i
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Fig. 5. Transverse terrace sectien feor the River Aguas and chrenelegical references (after; Schulte et al., 2000; Schulte and Julia, 2001, and Schulte,
2002a). (*) ages frem marine terraces (Gey and Zaze, 1986; Wenzens, 1991), (**) ages frem Antas and Almanzera rivers (Heffmann, 1988; Wenzens,
1992).



alluvial fans (S1), the oldest fluvial deposits of the Antas
catchment, overlie the upper Pliocene delta deposits of the
Espiritu Santo Formation, whereas in the Sorbas basin the
earliest alluvial fan deposits (Moras Member) are inter-
bedded with the lower Pliocene coastal plain deposits of the
Zorreras Member (Mather and Harvey, 1995). During the
Pliocene, filling of the eastern Sorbas basin passed up into
the braid-plain and alluvial fan deposits of the Gochar
Formation, whereas uplift during Early Pleistocene led to
fluvial incision punctuated by river terrace aggradation.
The oldest fluvial terrace is designated by Mather and
Harvey (1995) and Harvey et al. (1995) as terrace A and
corresponds with terraces S1 and G1 of Schulte’s (2002a)
Aguas chronology.

The Early Pleistocene Middle Pleistocene boundary is
not precisely defined in the Aguas due to the lack of
palaeomagnetic records and precise radiometric dating.
Schulte and Julia (2001) used pedostratigraphical criteria
to establish a river terrace chronosequence in the southern
Vera basin and Harvey et al. (199S5) applied soil index
properties in the eastern Sorbas basin.

The Quaternary soil chronosequence observed on the
River Aguas terraces shows an increasing soil development
with older terrace age. Schulte and Julia (2001) attributed
the well-developed red Mediterranean soils (rhodoxeralfs)
on the alluvial fans S1 (+74 m) and S2 (+60 m) and on the
glacis G1 (+40m) and G2 (+38m) to the Early
Pleistocene, whereas the less-developed reddish Mediterra-
nean soils (haploxeralfs) are assumed to indicate Middle
and Late Pleistocene ages. The formation of rhodoxeralfs
can be ascribed to more favourable climatic conditions
(seasonally hot/dry and more humid) during the early
Pleistocene, as shown by Mediterranean oxygen isotope
records (Vergnaud Grazzini et al., 1990) and palaeoecolo-
gic studies of a Plio-Pleistocene lacustrine sequence of the
nearby Baza basin (Anadoén et al., 1994). However, relative
pedostratigraphical criteria such as ‘redness rating’ (Tor-
rent et al., 1980) and development of calcic and petrocalcic
horizons show important local and regional variability in
southeast Spain and should therefore be interpreted with
caution (Schulte and Julia, 2001; Schulte, 2002a).

Several radiometric ages were obtained from fluvial
deposits of the Vera basin that were previously assumed to
be Early Pleistocene. However, the resultant ages fail to
provide a precise chronology. In the case of the U/Th
dating of two interfingering travertines in terraces (glacis)
G1 and G2 (Schulte, 2002a), the data show minimum ages
of >350ka, whereas ESR dating of interbedded travertines
in the Almanzora catchment (2358ka and 1725 1471 ka)
represents only crude age estimates (Wenzens, 1992).

During the Early Pleistocene the proto-River Aguas still
drained the eastern Sorbas basin to the south, crossing
the Sierra Alhamilla-Cabrera, and the fluvial system
of the southern Vera basin was controlled by the Jauto
River, as indicated by changes in lithology and thickness of
river terrace deposits upstream and downstream of the
Jauto Aguas confluence (Schulte, 2002a).

5.2. Middle Pleistocene

The HT terrace ( +80m) was formed only in the upper
reach of the Aguas (Schulte, 2002a) and represents the last
fluvial terrace before river capture of the proto-Aguas by a
tributary of the Jauto. Subsequently the Aguas drained to
the Vera basin in the east (Harvey et al., 1995). This
capture event is marked by the change in the middle reach
of the Aguas from a wide valley with gentle slopes to a
narrow steeply incised valley.

However, the chronology of the river capture and the
subsequent aggradational terraces is a contentious issue, as
a result of difficulties in accurate dating and interpretation.
Based on the correlation of calcrete development and
quantitative soil characteristics expressed by the ‘Harden
Index” (Harden, 1982) with soil chronosequences of
California (McFadden and Hendricks, 1985), Harvey
et al. (19995) interpreted the age of the HT terrace (their
terrace C) as > 100 ka, suggestive of MIS 6 S. Kelly et al.
(2000) undertook U-series dating on calcretes in the upper
reach of the Aguas, obtaining ages of 91+11 and
80+17ka from a massive calcrete developed in the HT
terrace. We would argue, however, that determination of
the chronology of river terraces by dating calcretes is
questionable because of complexities of the polygenetic
processes of calcium carbonate mobilization and deposi-
tion, as has been reported from many soils in the semi-arid
Mediterranean basin (Bronger et al., 1992; Yaalon, 1997,
Kelly et al., 2000). Moreover, even accurate dating of these
processes provides only minimum ages that can differ
greatly from the timing of original terrace aggradation.

In semi-arid southeast Spain, increased intensity of
pedogenic processes, groundwater circulation and other
factors can result from specific palaeoclimatic conditions.
Several ages between 9600 and 8430yr B.P., obtained by
U/Th dating of carbonate-cemented horizons and pedo-
genic calcrete nodules (Candy et al., 2004), by AMS dating
of pollen concentrations extracted from the coarse-grained
sediments of the lower Aguas terraces (Schulte, 2002b) and
by U/Th dating of a travertine in the Antas valley (Schulte,
2002a), could be related to the more humid climatic
conditions and the increased vegetation cover during the
Early Holocene rather than dating the aggradation of the
terraces that were sampled.

In the lower Aguas valley, chronological control of
morphological terrace features improves after MIS 6
(Table S, Fig. S). The braided river terrace T3 ( = terrace
D2 of Harvey et al., 1995), located between 12 and 18m
above the Aguas riverbed, corresponds, according to U/Th
dating of underlying travertine (167.5+6.8ka,
169.3+8.9ka), with MIS 6 S (Schulte, 2002a; Schulte
et al., 2007).

ERS data of a petrocalcic horizon developed on fluvial
terrace G3 of the proto-Antas and Almanzora river,
obtained by Wenzens (1991) in the Vera basin near the
coastline, provide an age estimate of 650 547ka, whereas
the Middle Pleistocene Late Pleistocene boundary here is



better defined by a marine terrace dated 115 88,
139 112 and 100+6.5 ka (Goy and Zazo, 1986; Wenzens,
1991).

5.3. Late Pleistocene and Helocene

In the Aguas and in its south-bank tributary, the
Rambla Ancha, the lowest terrace level T4 can be
subdivided into four fluvial terraces, located between 15
and 7m above the riverbed (Table 4, Fig. S; Schulte,
2002b). IRSL dates show an age of 21.5+0.8ka for the
oldest terrace, 77 of the Rambla Ancha, and 16.7+1.6ka
for the third lowest terrace, Tjy; (Schulte et al., 2000).
However, the late Pleistocene terraces T4a-d of the Aguas
post-date the incision that occurred after the final

Table 5
Terrace sequences for the Guadiana basin and chrenelegical references

Mazo et a., (1990), Rodriguez-Garcia(1998),|Santonja (1981),
Pérez-Gonzéafez (1994) Rendef et &. (1994) | Portero (1988)
Zancara Guadiana-Gigtiela Guadiana
H {m) | archeol, paleontol. | H({m) | TL, archeol. H {m)
Late ; Mousterian
Pleistoc | T1O| *23 | Mousteran § +12 {5 qa00y] 23
@ |19 +68 +6-9 +6-7
=8
25 |12 +89
=3
a | +10-12
Mammuthus
metidionalis,
Tg #1516 Bovidae ind. (Bos 314 +13:46
g or Bison)
§ E +18-20
i; i +28-30
& | T3 +30:35 +35-37
T2 +42-44
T +60-65

The terrace cede is prepesed here as the eriginal authers de net previde
terrace numbering.

travertine aggradation, at around 54.7+1.7ka (Schulte,
2002a).

The Holocene is represented by four terraces, formed,
except for the highest one, during historical times. The H1
terrace predates the Chalcolithic period (4950 4200 cal. yr
B.P.), whereas the younger terraces show dates from the
10th century onwards: (961 1034 cal. yr A.D. for terrace
H2, 1417 to 1611 cal. yr A.D. for terrace H3 and the end of
the 1940s (20th century) for terrace H4; Schulte, 2002b).

6. The Guadiana basin

In the Guadiana River basin (Fig. 1) the very low
downstream gradients, in conjunction with subsidence,
favoured prolonged aggradation of Neogene fluviolacus-
trine deposits until 1.9 1.5 Ma, as showed by faunas found
in these deposits (Mazo et al., 1990; Mazo, 1999). The first
dated terrace levels correspond to the Fuensanta (+60m,
Jucar River) and El Provencio (+ 15 16 m, Zancara River)
fossil sites (Table 5, Fig. 6). Faunas from these sites provide
an age of around 1 Ma. In addition, the +1 2m terraces of
the Zancara and Guadiana rivers have been dated as
121.3+14.2ka by luminiscence (Rendell et al., 1994). The
resulting terrace sequence is composed of six FEarly
Pleistocene terraces, three Middle Pleistocene terraces and
one Late Pleistocene terrace, although the Early/Middle
Pleistocene boundary is not precisely defined.

Important deposits are those in the Las Tablas de
Daimiel, a fluvial wetland at the junction of the Guadiana
and Gigiiela Rivers. These deposits form a stack of fluvial
and palustrine/lacustrine sediments that extend from MIS
10 to the present day (Valdeolmillos, 2005).

7. The Duero basin

The Duero has the largest drainage basin in Spain
(Fig. 1), which is also the highest of the great basins. The
fluvial sequences of this basin have been studied from the
outset of such research but, curiously, there are no absolute

Early Pleistocene
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Fig. 6. Transverse terrace sectien fer the Guadiana River and chrenelegical references (after Santenja, 1981; Pertere, 1988; Maze ¢t al., 1990; Rendell et

al., 1994; Pérez-Genzalez, 1994; Redriguez Garcia, 1998).



ages for their deposits and, due to the scarcity and quality
of fossil sites, there are too few palaeontological remains to
provide a precise chronology for these sequences. On the
other hand, the relative abundance of archaeological sites
has led many authors to correlate the terrace sequences on
the basis of topographical position and cultural sequence
(Table 6; Fig. 7).

The only palaeontological references found in the basin
are the Tariego de Cerrato fossil site (in the +165m terrace
of the Pisuerga River), which yielded mammal fossils
belonging to the upper Turolian (upper Miocene) in the
first incised deposits found in that area (Santisteban et al.,
1997, Mediavilla, 2001), and the presence of elephant,
probably Elephas (Paiacelo xedern) antiquus, Equus, and
Bes in the +30m terrace of the Pisuerga near Valladolid
(Santonja and Pérez-Gonzalez, 1984), which places this
terrace in the Middle Pleistocene.

According to the classical correlation of terraces and
relative chronologies (Santonja and Pérez-Gonzalez, 1984,
1997), the Early Pleistocene sequence is composed of six,
the Middle Pleistocene of eight and the Late Pleistocene of

Table 6
Terrace sequences for the Duere River and tributaries
Santonja & Pérez-Gonzélez (1984),
Santonja & Pérez-Gonzalez (1997)
Duero fennaiin Pisuerga
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H (m) H (m) H (m)
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o TI6| +18-22 +18-20 +20
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In brackets: terraces net feund in the sectien but in the vicinity. Beld plus
underlined: sites with archaeelegical findings. (*): archaeelegical sites. (1):
mammal sites.

five terraces (Fig. 7; Table 6), while the lowermost terrace is
ascribed to the Holocene on the basis of regional criteria.

8. Discussion

Spanish Quaternary fluvial terrace sequences have
developed in a very wide range of topographical and
morphological conditions, under differing influences of
climate, tectonics and relation to sea level. However, key to
an understanding of these fluvial sequences is time control.
In fact, the dating control of these sequences is very
variable, due to (1) the characteristics of the dated
materials and (2) limitations of accuracy and range of
dating methods.

As a consequence of these factors, the stratigraphy of
different terrace sequences varies in relation to chronolo-
gical and spatial resolution. These aggradational terraces
are composed of coarse-grained siliciclastic sediments that,
due to hydrodynamic and diagenetic processes, are
generally unsuitable for the preservation of organic
remains (bones, shells, etc.), thus precluding biostratigra-
phy as a means for dating (with notable exceptions such as
the Tajo sequence). The accuracy of radiometric dating
techniques applied in fluvial environments varies according
to the presence of datable material, dating range, care in
sample selection, stratigraphical context, purity and
diagenetic contamination. In our opinion, radiocarbon
assay of organic material and U-series dating of travertine
are the most reliable standard dating methods to have been
applied to Spanish fluvial sequences. Effective time range is
one of the major constraints. The boundary of U-series
dating limits its utility to 350ka (around MIS 11). OSL
dating and aminochronology are experimental techniques
that remain of equivocal accuracy.

The final group of methods used are the ‘relative’ and
‘sequential’ ones, in which we can include palacomagnet-
ism, palaeontological (biostratigraphy), cultural (archae-
ological) and pedostratigraphical sequences. All of these
share the same feature: they provide only a succession of
events so, in order to use them as chronological references,
they need absolute dates to place them in the chronological
scale. In addition, there are assumptions in such methods
that must be clearly stated to validate their results. The
most important is the global validity, or otherwise, of the
observed changes, some of which might be of only local
influence and, therefore, of no value for correlation
purposes over large distances. In particular, such changes
might be diachronous and, as a consequence, provide only
a broad guide of age rather than a precise date.

As a consequence of all these factors, the present
discussion will be conditioned by the very inhomogeneous
availability of dates (see Fig. 8). We shall try to show the
main common features of these sequences in an attempt at
reconciliation of the existing chronological points of
reference. When the available data allow it, we shall relate
those records with the global Quaternary climatic (MIS)
record.
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Santisteban et al., 1997).
8.1. ‘When did incision begin?’

The Early Pleistocene and older terraces have fewer
dates or chronological reference points, but there is an
interesting question arising from the published records,
which is ‘how old is the beginning of incision in Spain?” or,
in other words, when did terrace sequences start to form?
The data from the sequences presented in this paper
provide some clues.

In the Vera basin, the end of basin filling followed
deposition of the biostratigraphically dated upper Pliocene
deltaic sediments. However, fluvial systems developed earlier
in the inner basins of the Betic System, as is indicated by the
positions of Miocene shorelines. In the case of the Aguas
and Antas river catchments, the first fluvial processes are
documented by pediments and alluvial fans located next to
the surrounding ranges, whereas the first fluvial system is
represented by the remnants of the G1 level.

A Piacenzian/Gelasian age is assigned to the uppermost
deposits in the Tajo basin, as a reverse/normal magnetic

transition here is attributed to the Matuyama/Gauss
boundary (Torres et al., 1994b). In this case, however,
the lack of geochronology makes this somewhat hypothe-
tical, as there are no criteria from which an Olduvai origin
for this change can be eliminated.

Palaeontological criteria provide ages of around
1.9 1.5Ma (Mazo, 1999) for the end of the Guadiana basin
infilling, around the Olduvai subchron. A similar age is
assigned, on the basis of palaeomagnetic criteria, to the Rafia
de Montoro (Baena and Diaz del Olmo, 1997), the starting
point of terrace incision by the Guadalquivir system.

Independent of the error margins of these ages, what
remains is that the start of fluvial incision in Spain was
diachronous between the various systems.

8.2. The Early Pleistocene and older fluvial record in the
Iberian Peninsula: a question of antiquity

Independent of the starting point of fluvial incision, the
Early Pleistocene and older fluvial sequences in Spain are
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Fig. 8 Stratigraphical pesitien ef the Quaternary terrace sequences of the Ebre, Taje and Guadiana basins and Guadalquivir and Aguas rivers.

well bounded, as the Early/Middle Pleistocene boundary
can be precisely located in almost all the basins reviewed
here (Fig. 8).

Palacomagnetic criteria allow this boundary to be
defined in the Ebro, Tajo and Guadalquivir basins. In the
Vera and Sorbas basins the boundary is derived from
pedostratigraphical data, whereas in the Guadiana basin a
combination of palaeontological (T6 terrace around 1 Ma)
and archaeological (a Middle Pleistocene age is assumed
for the T7 terrace on the basis of the presence of Acheulian
artefacts) criteria is used. Another chronological reference
point indicative of an Farly Pleistocene age is the

identification of the Jaramillo subchron in the Guadalgqui-
vir basin.

Taking into consideration the poorly dated and clearly
diachronous start of incision, the Early Pleistocene and
older sequence in Spain are composed of a variable number
of terraces that, in the absence of dates, are difficult to
correlate with one another or with global events such as the
marine Oxygen Isotope Stages.

Despite this, there are some facts worthy of mention.
Near-coastal sequences and those with profiles minimally
above sea level have lower numbers of Early Pleistocene
terraces: The Aguas has four (Fig. S, Table 4) and the



Guadalaquivir four (Fig. 4, Table 3), whereas further inland
a greater number of terraces is preserved; the Guadiana has
six (Fig. 6, Table S), the Duero six (Fig. 7, Table 6) and the
Tajo twelve (Fig. 3, Table 2).

This pattern may relate to the response of channel
adjustment to rapid Quaternary eustatic sea-level changes
of a range up to 130m in the coastal drainage networks,
as demonstrated in the Aguas catchment by Schulte
et al. (2007), and the moderate upstream effect of base-
level changes to the upper reaches of larger rivers
(Schumm, 1993).

Furthermore, enhanced erosive capabilities also occur in
upper river catchments, e.g. the Cinca and Gallego, where
headwater fluvial dynamics are controlled by climate
(shifting glacial and periglacial environments in the
Pyrenees during glacial/interglacial periods) and increased
tectonic uplift rates (McDonald et al., 2003; Jones et al.,
1999).

The Jaramillo magnetic event might be usable as a
regional marker, although with low confidence in its
definition, as there are criteria to identify this period in
the Guadalquivir and Guadiana basins. In the Tajo basin
this level can only be defined if we assume that the presence
of Mammuthus meriodionalis and pre-Acheulian artefacts
in the terraces can be used as a correlation tool. But there
are no criteria to assess its presence or absence in the Ebro
or SE basins.

8.3, Middle Pleistocene

Chronological reference points increase towards the end
of the Middle Pleistocene, as the first widely identified
palaeomagnetic boundary is the Matuyama/Brunhes; more
palaecomagnetic data are available and more OSL and Th/
U dates have been measured from more recent contexts
(Fig. 8).

Magnetostratigraphy and pedostratigraphical data, plus
an aminochronology date available for the Trabeque-
Escabas-Guadiela (733 ka: Torres et al., 1994a), allow the
first regional level to be placed approximately at the base of
the Middle Pleistocene, which corresponds to the T13
terrace of the Tajo River, in which Pinilla et al. (1995) were
able to identify the Matuyama/Brunhes boundary.
Furthermore, the pedostratigraphical data from Aguas
T1 and Antas G3, in SE-Spain, point to a Middle
Pleistocene age for subsequent levels. Tentatively, the T7
level of the Guadiana River can be assigned to the earliest
Middle Pleistocene. In the Ebro basin there are no criteria
to apply in the Guadalope system, in which one of the five
terrace levels below T6 perhaps corresponds with this age.
In the Cinca and Gallego rivers the Qt3 terrace, with the
first record of the Brunhes chron, is the equivalent point in
the sequence.

Except for the Tajo basin, where mammal data and
travertine dates provide ages from 550 to 202 ka, there are
no chronological reference points earlier than ~180 ka, in

the youngest Middle Pleistocene terraces. In the case of the
Guadiana basin, there are no Middle Pleistocene dates.

The youngest Middle Pleistocene ages recorded in
terrace sequences are from Aguas T3, from Ebro basin
T6 and QtS, which span 180 to around 100 ka, and from
T11 of the Guadalquivir, which is younger than 180ka
(post-Biwa I event). In the Tajo basin, Middle Pleistocene
sedimentation finished with the T18 terrace, which is
243 202ka in age.

Thus, the Middle Pleistocene terrace sequence 1is
represented by five to six terrace levels in the Aguas,
Guadalquivir and Tajo systems, probably related to the
influence of orbital forcing of climate cycles. However, the
Ebro and Guadiana basins have only three Middle
Pleistocene terraces. The difference in number of terraces
can perhaps be related to differentiatial tectonics, docu-
mented by river captures and diversions, different uplift
rates as well as to varying degrees of terrace preservation.

3.4. Late Pleistocene and Helecene

From the Middle Pleistocene Late Pleistocene boundary
onwards, the record is more complete but results from the
different basins vary considerably (Fig. 8). The sequences
of the rivers Cinca and Gallego, in the Ebro basin, show
the most detailed Late Quaternary record, due to a
stronger influence of climate on the river dynamics by
way of Pleistocene glacier and snow melt. However, the
early Late Pleistocene is well recognized in all the basins,
both in fluvial siliciclastic sediments and in travertine
sequences. From this point onwards there are dated
records only in the Aguas and Guadiana systems (traver-
tines) and in the Ebro basin. The end of the Late
Pleistocene is recognized in all the basins except the
Guadiana, where it is found only in the infilling sequences
of the Ruidera and Daimiel.

Upper Late Pleistocene Holocene terraces have been
identified in the Aguas (Schulte, 2002b), Tajo (Benito et al.,
2003) and Ebro (Andres et al., 2002). Possibly they exist in
the other basins but have not been identified or studied.
The Holocene is, evidently, present everywhere but detailed
studies are only available in the Ebro and the Aguas valley,
where at least four levels have been identified, ranging from
> S ka to present. Schulte (2003) published a chronostrati-
graphy of fluvial and alluvial processes of the last 1600
years for the Mediterranean Iberian Peninsula. He showed
the importance of climate change on the timing of
Holocene aggradation processes that occurred during the
Early Medieval Ice Advance and the Little Ice Age.

8.5. The Iberian Peninsula fluvial sequences in the global
recerd

Most of the international research on the relation
between climate and terrace development has been focused
on Middle Pleistocene to Holocene, probably due to the
scarcity of dates and sites available for earlier periods.



Nevertheless, there are some published records of terrace
sequences covering the whole Quaternary (Woldstedt,
1958; Bibus 1980; Rose et al., 2001; Tyracek, 2001; van
den Berg and van Hoof, 2001; Maddy et al., 2001, 2005) or
equivalent infill sequences (Nador et al., 2003).

One of the earliest and best documented terrace flights in
central Europe is the sequence in the Rhine (Woldstedt,
1958; Bibus, 1980) and, in particular, in the Middle Rhine,
where loess palaeosol stratigraphy, luminescence dating,
palaecomagnetism, tephrostratigraphy and potassium-ar-
gon dating have been carried out (Schirmer, 1990). Bibus
(1980) distinguished between three Pliocene and twelve
Pleistocene fluvial terraces and observed that the Early
Pleistocene terraces show a wide valley topography,
whereas the Middle Pleistocene units are represented by
narrow terraces. Tyracek (2001) presented a record from
the Bohemian massif, characterized by a high number of
terraces for the FEarly Pleistocene and earlier period
(3 Gelasian and 9 FEarly Pleistocene), while the Middle
and Late Pleistocene plus the Holocene are represented by
14 terraces in total. He explains the change from the ‘wide-
valley’ Gelasian-Early Pleistocene terraces to the incised
‘narrow-valley’ Middle Pleistocene to Holocene terraces as
due to the change from low-amplitude to high-amplitude
climatic cycles. Schaller et al. (2004) calculate, based on the
cosmogenically dated terrace sequence of the River Meuse
catchment, palaeoerosion rates of 25 30 mm/kyr for the
period from 1.3 to 0.7 Myr and 80mm/yr for the period
after 0.7Myr. They attribute this significant increase of
erosion not only to changes of climatic but also to tectonic
boundary conditions.

In the Iberian Peninsula this change from the ‘wide-
valley’ to the incised ‘narrow-valley’ terraces is recorded
only in some river systems. The Aguas, Antas (Schulte,
2002a) and Almanzora (Wenzens, 1992) river systems in
southeast Spain show extensive Early Pleistocene glacis
and terraces, whereas the Middle Pleistocene to Holocene
terraces are mostly confined to narrow terrace remnants.
The increase of incision is mainly a consequence of
equilibrium adoption of the channel profile and results
from tectonically controlled river piracy (Schulte, 2002a).
However, the frequency of terrace aggradation and channel
incision is triggered by the increased amplitude of climate
variability and sea-level changes (Schulte et al., 2007).

The morphological record from the Pyrenees differs
from this model. In the upper Cinca valley, phases of
terrace aggradation are attributed to pronounced glacial
outwash and upstream terrace level divergence to post-
tectonic erosional denudation and isostatic rebound of the
Pyrenees (McDonald et al., 2003). This outstanding Late
Pleistocene incision of the Cinca system is also reported to
a limited degree from the Gallego catchment. In the lower
reach of the River Gallego, channel response is influenced
by solution-induced subsidence (Benito et al., 1998).

The Quaternary incision aggradation cycles of the
sequences of the Jarama, Henares and Manzanares rivers
show little variance of incision rates (Pérez-Gonzalez,

1994). Furthermore, no narrowing of the Middle or Late
Pleistocene terrace can be observed, where downcutting
and terrace aggradation shift laterally. The outstanding
preservation of the most complete terrace sequences of the
Iberian Peninsula (23 terraces) and the number of Middle
and Late Pleistocene terraces (8 mayor terrace levels)
suggest that river response to climate is controlled by
eccentricity (~100 ka cycles) such as observed by the Meuse
terrace sequence (Veldkamp and van den Berg, 1993).
Regarding the Early Pleistocene river history of the
Jarama-Henares-Manzanares system, at the present stage
of chronological control it is not possible to attribute Early
Pleistocene terraces to specific orbital cycles e.g. the ~41 ka
cycles, as reported by Maddy et al. (2005) from the Gediz
river terrace sequence in western Turkey.

In conclusion, the Iberian records reviewed in this paper
reveal considerable complexity (Fig. 8). A highly variable
number of terraces for the Early Pleistocene and older
records would seem to indicate that the response to
climatic variations during this period was controlled by
local factors. For example, the rivers of the Tajo and
Guadiana basins were perhaps conditioned by pre-existing
Alpine faults, acting as lines of weakness and bringing
about areas of preferential incision, thus promoting the
development of high numbers of terraces along such lines.
On the opposite side, the very active sierra fronts in the
Betic system in south-eastern Spain may have promoted
the development of alluvial fans (a positive accumulation
form) and glacis. When the high-amplitude (100 ka)
climatic cycles began, at the ‘Mid-Pleistocene revolution’,
coinciding with the emergence of the large parts of the
basins and with changing, unstable sea-levels, significant
fluvial incision occurred and deep fluvial valleys formed for
the first time.

As for climatic control on aggradation, chronological
data do not allow inferences to be made from the Iberian
evidence before the late Middle Pleistocene, when there is
no preferential period of terrace formation and we can find
both glacial and interglacial terraces, depending on the
basin.

Peia et al. (2004a) related their terrace sequence to
Pyrenean glacial advances and concluded that the MIS 2
glacial episode (LGM) was not recorded in their study area
but that MIS 4 the most important glacial episode.
However, in the SE basins this period is not recorded to
the same extent and Schulte (2002b) reported that during
MIS 2 there was important incision in the lowermost
Aguas and Antas and near the coastline of the Vera basin,
with the development of braided terraces similar to those of
MIS 6 S. In this respect, it is worth mentioning that, for
this period only, the Ebro basin shows a complete
sequence, whereas in the other basins (Tajo, etc.) MIS 4
and 3 are not recorded.

A last point should not be underestimated. The apparent
asynchronous evolution of terrace formation in different
fluvial systems results partly from methodological pro-
blems and the interpretation of an increased number of



‘absolute’ dates. On the one hand these dates allow the
attribution of fluvial deposits to specific climatic periods;
on the other hand the precision of experimental dating
methods is sometimes overestimated and, in the case of
single dates, may result in erroneous conclusions. There-
fore, with respect to the scope of, for example, lumines-
cence dating, we need broader data sets for the future, with
checks available with reference to the applications of other
radiometric methods (multi-proxy approach).

9. Conclusions

Through time, there are changes in the Iberian fluvial
sequences (number of terraces for a period, possible
simultaneous episodes, etc.) that seem to point to global
constraints acting on these records (climate, glacio-eustasy,
geodynamics). In space, variability in number of terraces
and spatial patterns give rise to hypotheses about the local
setting of each basin (tectonic regime, distance to sea and
resulting noticeable influence of sea level changes, influence
by glacier oscillations, etc.).

For the Early Pleistocene and older sequences, it seems
that the location in relation to the coastline played an
important role, as those sequences located inland preserve
higher numbers of terraces than those located near sea
level. Nevertheless, the independent variables climate and
tectonics play their own role and the topographical
difference resulting from heights of inland and ‘coastal’
sections. The influence of sea-level changes, particularly
where the shelf is narrow, on river profiles and their
amplitudes should be taken into account.

For Middle Pleistocene times, some authors argue that
there were noticeable tectonic changes in the basins and
this could have caused differences in the number and
topographical distribution of terraces among basins. On
the other hand the higher amplitude of the climate shifts
may have caused more clear-cut triggering of accumulation
and erosion processes. Better time control will improve the
stratigraphical positioning of such events and the discri-
mination of those related to local basin effects and those
related to geodynamic behaviour of Iberia during this time.

Late Pleistocene to Holocene sequences show differences
between basins, but this could also be the result of the
increased density of records through better preservation
and the availability of dates.

The main future challenges are (a) to get a better
chronological control of the sequences by increasing the
number of geochronological data sets, (b) focusing on
specific boundaries and time windows and (c) the use of
multi-proxy approaches in the study of fluvial archives.
Precise geochronological control on the timing of changes
related to local and regional factors will provide a better
knowledge of global climate controls on Iberian river
systems and, therefore, a better wide-range comparison of
sequences that, in the present state of knowledge, can only
be sketched.
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