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The Sierra de Atapuerca is an anticlinal ridge of Mesozoic carbonate rocks on the NW edge of the Iberian
Chain (Northern Spain, Burgos), surrounded by subhorizontal continental sediments of the NE Duero
Cenozoic Basin under endorheic conditions. The shift to exorheic conditions in the Duero Basin lead to the
onset of an episodic downcutting phase and the development of the Atapuerca multilevel cave system,
containing several sites from the Early and Middle Pleistocene. In this work, we have reconstructed the
Pleistocene palaeogeographical evolution of the SW flank of the Sierra de Atapuerca, where these
archaeological sites are located. The study is based on a detailed geomorphological and geological analysis,
combined with Global Navigation Satellite System (GNSS) and 3D LiDAR data, and GIS modeling. These
techniques have been applied to analyse the small valleys and the interfluve on the SW flank of the SW
Sierra de Atapuerca. The results were combined with the regional base levels recorded by fluvial terraces
and the chronostratigraphic sequences of the Sierra deAtapuerca sites. These reconstructions have allowed
us tomodel the palaeogeographical evolution in the nearby area of the cave sites during the EarlyeMiddle
Pleistocene, coupling themain formation phases of the siteswith the local physical landscape changes that
occurred outside the caves. Surface processes are defined by incision phases entailing mitigate knickpoint
recession and slope retreatment, and local aggradational phases associated with caves opened and
captured by fluvial incision. This reconstruction provides the local physical palaeogeographical habitats
developed during the Pleistocene hominid occupation of the Sierra de Atapuerca.

© 2015 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Palaeogeographical studies are essential to understand the set-
tlement and mobility of human groups since they provide valuable
information about site formation processes and past physical
landscapes (Miraz�on, 2010; Schattner, 2010; Lambeck et al., 2011).
Palaeogeographical models can be based on the sedimentological
interpretation of stratigraphic records (Stanistreet, 2012), the
analysis of relict landforms (Bonnet et al., 2001; Leverington et al.,
2002; Benito-Calvo et al., 2008), or the modeling of processes (Kooi
and Beaumont, 1994; García-Castellanos et al., 2003).
stigaci�on sobre la Evoluci�on
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o-Calvo).
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In this paper we carried out the palaeogeographical recon-
struction of the SW flank of the Sierra de Atapuerca through
landform correlation and modeling, in order to understand the
physical palaeohabitats and the landscape processes characterizing
this area during the formation of Early-Middle Pleistocene
archaeological sites. These sites contain Early to Middle Pleistocene
sequences with several human-bearing layers (Par�es and P�erez-
Gonz�alez, 1999; Carbonell et al., 2008; Arsuaga et al., 2014;
Bermúdez de Castro and Martín�on-Torres, 2014; Ortega et al.,
2014), which are preserved in allochthonous facies (P�erez-
Gonz�alez et al., 1999, 2001; Campa~na et al., 2015). The latter are
associated with cavity entrances belonging to a Pleistocene multi-
level endokarst system related to phreatic levels controlled by
fluvial incision (Ortega et al., 2013). The regional base levels were
modeled in preliminary investigations (Benito-Calvo et al., 2008).
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In the current work we deal with the palaeogeographical recon-
struction of the nearby area of the archaeological sites.

The SW flank of the Sierra de Atapuerca is characterized by small
valleys and hillslopes in the intervening interfluves, where the
entrances to the cavities containing the sites are located. These
landforms have been studied using a Geographical Information
Systems (GIS), high resolution spatial datasets (LiDAR, aerial pho-
tographs), and Global Navigation Satellite System (GNSS)
surveying. During this work, characteristics of knickpoints and
convex shapes identified in longitudinal profiles and hillslopes,
were interpreted as non-steady states related to past processes
(Loget and Van Den Driessche, 2009;Wegmann et al., 2011; Castillo
et al., 2012; Tsou et al., 2014). Through this studywe reconstruct the
palaeogeographical evolution of the area and the physical land-
scape inhabited by hominins found in the Sierra de Atapuerca sites.

2. Physical landscape framework

2.1. Geological context

The Sierra de Atapuerca (N42�21005.2900; W3�30039.2000;
WGS84) is situated in the north-east area of the Duero Depression
(north-central Iberian Peninsula), and belongs to the NW part of
the Iberian Chain (Fig. 1). In this area, the Sierra de Atapuerca is a
gentle anticlinal ridge (1085 m a.s.l.) surrounded by Cenozoic
continental sediments. This anticlinal ridge occurs in the SE part of
the Bureba Corridor, which is an intermountain depression
Fig. 1. Study area framework. A) Situation of the NE Duero Basin in the Iberian Peninsula.
Triassic; 3, Jurassic; 4, Cretaceous; 5, Oligocene-Early Miocene; 6, Miocene; 7, Pleistocene;
connecting the Ebro and Duero basins and bounded by the Canta-
brian and the Iberian ranges, to the north and south respectively
(Fig. 1).

The main geological structure of the Sierra de Atapuerca is
described as a NNWeSSE overturned anticline (Pineda and Arce,
1997), faulted and breached in its NW part, where Jurassic and
Early Cretaceous rocks crop out (Fig. 2A; Benito-Calvo and P�erez-
Gonz�alez, 2015). These rocks are overlain by Late Cretaceous car-
bonates, mainly consisting of TuronianeLower Santonian lime-
stones and dolostones (Fig. 2A). Mesozoic formations were folded
during the Alpine orogeny, forming the overturned anticline. In the
SW limb of this anticline, Late Cretaceous limestones and dolo-
stones show a mean strike of N120

�
E and dips of 18e20

�
SW. The

main deformation phase occurred during the OligoceneeLower
Miocene, coinciding with the sedimentation of syn-orogenic con-
glomerates, sandstones and mudstones. During the Neogene,
sedimentation of alluvial and lacustrine deposits in Duero Basin
took place, represented by several subhorizontal units separated by
discontinuities (Armenteros et al., 2002; Alonso-Gavil�an et al.,
2004). The sequence commences with evaporitic and lacustrine
Early Miocene deposits, which are overlain by Middle Miocene al-
luvial facies topped by a limestone layer (including flint nodules) or
a relict palaeosoil. These sediments are overlain by lacustrine
sediments of Middle-Late Miocene age, whose carbonates at the
top (Lower P�aramo limestones) records an phase of major lacus-
trine expansion. These limestones forms the current top of the
Neogene sequence around the Sierra de Atapuerca, although
B) Location of the Sierra de Atapuerca in the NE Duero Basin. Legend: 1, Palaeozoic; 2,
8, Holocene; 9, Faults; 10, Drainage network; 11, Reservoir.
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Fig. 2. Geological and geomorphological features in the Sierra de Atapuerca (extracted from Benito-Calvo and P�erez-Gonz�alez, 2015). A) Geological map of the Sierra de Atapuerca
(ETRS89). Legend: 1, Limestones (Jurassic); 2, Siliciclastic detrital deposits (Early Cretaceous); 3, Limestones and dolostones (Late Cretaceous); 4, Breccias, conglomerates, sandstones
and siltstones (OligoceneeEarly Miocene); 5, Alluvial and lacustrine sediments (Miocene); 6, Fluvial terraces (T2eT13); 7, Floodplains and valley beds; 8, Cones; 9, Colluvial de-
posits; 10, Glacis; 11, Landslides; 12, Dolines; 13, Faults; 14, Anticline; 15, Drainage network; 16, Populations; 17; Roads; 18, Archaeological sites. B) Geomorphological map of the
SW flank of the Sierra de Atapuerca (ETRS89). Legend: 1, Limestones and dolostones (Late Cretaceous); 2, Conglomerates and breccias (OligoceneeEarly Miocene); 3, Marls and clays
(Early Miocene); 4, Clays, marls and sands (Middle Miocene); 5, Limestone layer (Middle Miocene); 6, Marls and limestones, local conglomerates in Cueva Mayor Valley (Late
Miocene); 7, Planation surfaces (SE1�SE4); 8, Tilted and exhumated platform (SD2); 9, Rock layers; 10, Structural scarps; 11, Structural platforms; 12, Fluvial terraces (Arlanz�on and
Pico Valleys), alluvial-colluvial terraces (Cueva Mayor and Propiedad Valleys); 13, Rock terraces; 14, Cones; 15, Valley beds; 16, Colluvial deposits (undifferentiated dumps in
Trinchera area); 17, Erosion glacis; 18, Dolines; 19, Quarries and trenches; 20, Contour lines (interval: 10 m); 21, Elevation (m a.s.l.); 22, Drainage network; 23, Trinchera; 24,
Archaeological sites (Gran Dolina, Galería, Sima del Elefante, Cueva Mayor).
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towards the north and the south a youngest unit crops out,
composed of Late Miocene red clays, marls and limestones (García
et al., 1997; Benito and P�erez-Gonz�alez, 2005), which represents
the youngest sediments of the Duero Neogene Basin. After this
endorheic infill (Late MioceneePliocene), the Duero Basin was
opened to the Atlantic Ocean, giving rise to the development of and
incisional fluvial network during the Quaternary.

2.2. Regional geomorphological landforms

The Sierra de Atapuerca and the surrounding areas are charac-
terized by a staircase landscape, comprising stepped planation
surfaces, developed during the Neogene endorheic conditions, and
fluvial terraces related to the episodic fluvial incision throughout
the Quaternary exorheic phase.

In the Sierra de Atapuerca, there are four planation surfaces
mainly cut across folded Mesozoic rocks (Zazo et al., 1983; P�erez-
Gonz�alez et al., 2001; Benito-Calvo and P�erez-Gonz�alez, 2007).
The oldest surface, SE1 (Upper OligoceneeLower Miocene), trun-
cates the hinge zone of the anticline, forming a plateau at the top of
the Sierra de Atapuerca (Fig. 2B). The more recent planation sur-
faces SE2, SE3 and SE4 were recognized as benches preserved on
the anticline limbs (Fig. 2B). SE2 developed during deposition of
Middle Miocene alluvial sediments, and ended in the Astaracian
due to an uplift event detected in the Sierra de Atapuerca (Benito-
Calvo and P�erez-Gonz�alez, 2007), while SE3 is altimetrically related
to culminant deposits of the Neogene Duero Basin, during the
extensional activity of the Late Miocene. The younger planation
surface (SE4) is scarcely preserved on the Sierra de Atapuerca, but is
widely represented in the Duero Basin, inset and carved into Late
Miocene (Benito-Calvo and P�erez-Gonz�alez, 2015).

During the Quaternary, exorheic fluvial downcutting dissected
the planation surfaces. The main fluvial courses of the region are
the Arlanz�on River, and its tributaries the Vena and Pico rivers
(Fig. 2B). In the main fluvial valley, a terrace sequence of 14 levels
has been recognized (Zazo et al., 1983; Benito-Calvo et al., 2008, in
press), which is composed of terraces with a thin veneer of channel
gravel deposits. Chronologies of terrace deposits available in Arnold
et al. (2013), Moreno et al. (2012) and Benito-Calvo et al. (2008) are
synthesized in Fig. 3. These dates place the terraces between T1
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(þ92e97 m) and T4 (þ60e65 m) in the Early Pleistocene, from T5
(þ50e58 m) to T11 (þ12e14 m) in the Middle Pleistocene, T12
(þ10e11 m) and T13 (þ5 m) in the Late Pleistocene, and T14
(þ2e3 m) tentatively in the Holocene. The chronologies suggest a
significant correlation between terrace deposits and cold Marine
Isotope Stages, and have allowed reconstructing the incision rate
evolution of the main valley (Benito-Calvo et al., 2015, Fig. 3).

In the Early and Middle Pleistocene, a multilevel endokarst
system developed in the Late Cretaceous limestones and dolo-
stones (Ortega Martínez, 2009). The system comprises three levels
of subhorizontal water-table controlled galleries with anti-
gravitative corrosion features, locally linked by vertical vadose
shafts (Ortega et al., 2013, 2014). The subhorizontal galleries appear
spatially and chronologically related to some of the Arlanz�on fluvial
terraces (Ortega et al., 2014, 2013; Benito-Calvo et al., 2015; Par�es
et al., 2015). The upper level developed in a position similar to the
base levels associated with the Lower P�aramo limestones, the SE4
planation surface and the fluvial terrace T2 (þ82e86 m) (Ortega
et al., 2013), which occur at a similar elevation near the Sierra de
Atapuerca (Benito-Calvo et al., 2015). The middle and lower cave
levels have been correlated to T3 (þ70e78 m) and to T4
(þ60e65 m)/T5 (þ50e54 m) respectively (Ortega Martínez, 2009;
Ortega et al., 2013). The karst passages developed during the rela-
tive short period of time corresponding to terrace aggradation,
while vadose entrenchments are related to prolonged incision
phases of the Arlanz�on River (Benito-Calvo et al., 2015). During the
Fig. 3. Sequence of Pleistocene fluvial terraces and incision rates in the Middle
Arlanz�on Valley, according to Benito-Calvo et al. (2015). Circle shape: ESR dates
(Moreno et al., 2012); Diamond shape: TT-OSL dates (Arnold et al., 2013); Square
shape: TL dates (Benito-Calvo et al., 2008). Magnetostratigraphic measures: N, normal
polarity; R, reversed polarity (Benito-Calvo et al., 2008). *Isotopic curve: Lisiecki and
Raymo (2005).
formation of subhorizontal passages, these galleries were fed from
the Arlanz�on waters, and emerged at springs in the Pico Valley
headwaters (Ortega et al., 2013). Fluvial downcutting progressively
changed galleries from phreatic to vadose conditions, starting the
allochthonous infilling of the caves through the entrances provided
by the old spring areas (P�erez-Gonz�alez et al., 2001, 1999). This
processes generated a series of accessible dry caves whose en-
trances were used by hominids from the Early Pleistocene (Ortega
et al., 2014). Currently these cave systems include key hominid-
bearing deposits in Europe, such as the Gran Dolina, Galería, Sima
del Elefante and Sima de los Huesos (Cueva Mayor) sites (Carbonell
et al., 2008; Arsuaga et al., 2014; Bermúdez de Castro and
Martín�on-Torres, 2014; Ortega et al., 2014).

Landscape evolution in the area is also recorded by landslides,
nested piedmonts and colluvial deposits (Benito Calvo, 2004;
Benito-Calvo and P�erez-Gonz�alez, 2015). Landslides are mainly
concentrated on the scarp carved by the Arlanz�on river on the
southern valley margin and in structural scarps of Middle Miocene
deposits. Nested piedmonts are mainly located in the Vena and Pico
Valleys. Colluvial deposits associated with terrace and piedmont
scarps include archaeological assemblages belonging to the Late
Pleistocene (Hundidero, HC and Fuente Mudarra sites; Navazo,
2006; Navazo et al., 2011; Navazo and Carbonell, 2014; Benito-
Calvo et al., 2015).

3. Methodology

Palaeogeographical analysis was applied to reconstruct the
physical environment of the Pleistocene sites, considering the
nearby framework of the SW flank of the Sierra de Atapuerca
anticline. These works were based on 1) detailed identification of
geomorphological and geological units, 2) correlation and recon-
struction of these features considering their relative position and
geometrical trends.

Identification of geomorphological and geological units was
performed through stereoscopic interpretation of georeferenced
digital anaglyphs, produced using aerial photographs of 25 cm
resolution (PNOA flight, IGN, Spanish National Geographic Insti-
tute), and fieldwork. In general, most landforms and geological
deposits were captured using LiDAR DEM data (PNOA, IGN), which
has 5m of resolution and horizontal and vertical accuracies of 1.4 m
and 0.5 m respectively. Nevertheless, the SW flank of the Sierra de
Atapuerca is partially covered by a dense Mediterranean forest,
where LiDAR data does not provide a precise data of the surface
topography. In this sector, additional topographic data was
collected using a GS15 Leica GNSS system, using Real Time Kine-
matic (RTK) techniques and the Castilla y Leon GNSS Network, in
order to obtain centimetric accuracies. Specifically, GNSS tech-
niques were applied to survey valley and slope topographical pro-
files, with a mean distance between points of 6 m. These profiles
were used to relate local geomorphological features with the
location of the archaeological sites and the regional landforms.
During this process, convexities in profiles and knickpoints were
especially useful. Knickpoints are related to disequilibrium and
non-steady states, usually associated with base level lowering,
bedrock litho-structural variations, bedload changes or anthropo-
genic modifications (Burbank and Anderson, 2001; Phillips and
Lutz, 2008; Loget and Van Den Driessche, 2009; Castillo et al.,
2012). Several estimators can be used to measure curvature and
detect convex shapes in profiles (Kerautret et al., 2008). In this
work, curvature measures were computed based on deviations
from a straight line (Langbein,1964; Laure, 2008), modified to focus
on local variations (Fig. 4). This method estimates curvature, Cv, as
the deviation between a point i and the straight line joining the
points situated before and after the point i. Points situated bellow
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Fig. 4. Method proposed for estimating the curvature (Cv) along the topographic
profiles surveyed using centimetric GNSS systems.
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the straight line represent concave shapes (negative values), and
points situated above the straight line represent convex shapes
(positive values). This method was calculated using a spreadsheet,
providing an easy and fast way to detect and quantify convexities
and concavities in the profiles.

Local geomorphological and geological features around the sites
were correlated with regional landforms, in order to reconstruct
the landscape palaeogeography. This reconstruction was carried
out interpolating the geometrical trends of correlated palae-
osurfaces or relit landforms (Bonnet et al., 2001; Leverington et al.,
2002; Benito-Calvo et al., 2008; Karampaglidis et al., 2011), by
means of statistical methods (polynomial equations and ordinary
kriging). Spatial analysis was performed using ArcGIS 10.2.1.

4. Results

Regional base levels in this area were already reconstructed in
Benito-Calvo et al. (2008). In this work, we focus on the evolution
recorded by the local landforms, which determine the immediate
landscape characteristics in the vicinity of the archaeological sites.
Local landforms include small valleys and interfluve hillslopes
where the cave entrances of the Sierra de Atapuerca sites are
located.

4.1. South-west small valleys of the Sierra de Atapuerca

The south-west limb of the Sierra de Atapuerca is drained
perpendicularly by small V-shaped valleys, carved from the upper
plateau (SE1 planation surface, 1080 m a.s.l.) and in the outcrops of
the Neogene sediments, where they converge with the main fluvial
courses (Arlanz�on River and its tributary, the Pico River). The two
small valleys where the known cave entrances are located are
Cueva Mayor and Propiedad valleys.

4.1.1. Cueva Mayor Valley
The cave entrance to the Cueva Mayor system is located at the

northern margin of the Cueva Mayor Valley, and this valley margin
is situated just above the Sima de los Huesos endokarst site. The
Cueva Mayor stream is incised into the Late Cretaceous carbonates,
and then into Miocene marls and clays (Figs. 2B and 5A). The upper
valley incises progressively the planation surfaces SE1�SE3, and
contains a local outcrop of a 6 m thick cemented clast-supported
conglomerate (Figs. 2B and 5B), which includes interbedded
micritic limestones with Miocene ostracoda (Ortega Martínez,
2009). On the other hand, the lower Cueva Mayor stream flows
into the Arlanz�on valley, forming several alluvial cones on the
terrace treads T10 toT13 (Fig. 2A and B), before joining the Arlanz�on
floodplain at 935 m a.s.l.

In the middle course, near the boundary between the Late
Cretaceous carbonates and the Miocene marls, the valley displays a
stepped northern margin, which is formed by several tread levels
interpreted as terraces (Fig. 2B). The two lower levels correspond to
rock-cut terraces developed on Miocene marls and clays, while an
upper third level contains colluvial and alluvial deposits (Fig. 5B
and C). The latter are composed of matrix-supported breccias with
angular clasts to the north, subvertical layers of poorly sorted sands,
and clast-supported conglomerates to the south, which reveals a
channel morphology with an apparent WSW-ENE strike parallel to
the valley (Fig. 5B and D). Between these deposits, a breccia of marls
and argillaceous limestones occurs, above a bedrock fracture
interpreted by electrical resistivity tomography (Fig. 5B; Ortega
et al., 2010). These terraces converge upstream, and are character-
ized by risers 3e4 m high, which can be recognized in the field
along the valley margin until they join with knickpoints preserved
on the valley longitudinal profile.

Longitudinal profile knickpoints were detected using curvature
and elevation changes (Fig. 5A1 and A2). Knickpoint sections
develop in different lithologies and most of them show a distri-
bution independent of significant lithological or structural changes
(Fig. 5A1). Knickpoints develops also in soft lithologies, such us
marls, clays and unconsolidated Quaternary deposits. Furthermore,
knickpoints are geometrically related to geomorphic records of past
base level changes (Loget and Van Den Driessche, 2009; Castillo
et al., 2012), joining with the risers of the mentioned Cueva
Mayor Valley terraces or with planation surface levels (Fig. 5A).

These evidences suggest that knickpoints represent upstream
edge of incision waves induces by base level falls (Phillips and Lutz,
2008). On karst terrains, knickpoints stranded and abandoned by
subterranean piracy have been described (Fabel et al., 1996), but in
Cueva Mayor Valley knickpoints also occur on impermeable marls
and clays (Figs. 6 and 7). These characteristics have been used to
propose a correlation between the knickpoints, the Cueva Mayor
Valley landforms and the Arlanz�on fluvial terraces (Fig. 5A). Such
correlation allows the reconstruction of the incision evolution of
the Cueva Mayor Valley. According to this correlation, Cueva Mayor
terraces developed between Arlanz�on levels T3 (þ82e86m) and T6
(þ44e46 m), and the alluvial-colluvial terrace would be coeval to
the formation of the Arlanz�on terrace T4 (þ60e67m), whose mean
age has been estimated at around 0.85 Ma by means of Electron
Spin Resonance (ESR) and reverse palaeomagnetic polarities
(Benito-Calvo et al., 2008; Moreno et al., 2012; Benito-Calvo et al.,
2015).

4.1.2. Propiedad Valley
Gran Dolina, Sima del Elefante and Galería cavities are located

next to the middle Propiedad Valley, just before reaching the out-
crops of Neogene sediments. The Upper Propiedad stream follows
an EeW direction (Fig. 2B), carved in Late Cretaceous limestones
and dolostones (Fig. 6A), and forming a valley incised around 40 m
below the planation surface SE2. Then, the valley converges with
the Valhondo and Pico Valleys on marl and clay bedrock (Neogene),
forming a broad confluence area. Here, the Propiedad stream flows
without any significant incision on alluvial-colluvial deposits and
on fluvial terrace (Figs. 2B and 6A1). The latter has been dated
around 360 ka (Arnold et al., 2013).

Landforms in the Propiedad Valley are mainly restricted to
erosion surface SE2 and a Pleistocene alluvial-colluvial infill located
in the Trinchera area, just upstream of the contact between the Late
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Fig. 5. Cueva Mayor Valley. A1) Cueva Mayor Valley longitudinal profile, geomorphological features and correlation with regional fluvial base levels. A2) Knickpoints identification
using longitudinal profile curvature estimation (Fig. 4): blue values represent elevation knickpoint in m a.s.l. B) Perpendicular geomorphological cross-section of the Cueva Mayor
Valley. C) and D) Quaternary deposits preserved in the north margin of the Cueva Mayor Valley. Legend: 1, Limestones and dolostones (Late Cretaceous); 2, Clays and marls (Middle
and Early Miocene); 3, Conglomerates (Late Miocene); 4, Breccia of marls and argillaceous limestones; 5, Matrix-supported breccia of red mud and limestones (Early Pleistocene?);
6, Mud and sands to the north, and channelised clast-supported conglomerates to the south (Early Pleistocene?); 7, Fault detected by geophysical ETR techniques (Ortega et al.,
2010); 8, Bed valley; 9, Cueva Mayor longitudinal profile; 10, Planation surfaces (SE1-SE4); 11, Structural platform on Miocene conglomerates; 12, Rock terraces; 13, Alluvial-
colluvial terraces; 14, Base levels of Arlanz�on fluvial terraces, reconstructed from downstream and upstream outcrops; 15, Base levels of Arlanz�on fluvial terraces preserved on
the valley transect; 16, Ballast of old railroad; 17, Tracks; 18, Knickpoints related to anthropogenic modifications (grey circle). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Propiedad Valley. A1) Propiedad Valley longitudinal profile, geomorphological features and correlation with regional fluvial base levels. A2) Knickpoints identification using
longitudinal profile curvatura estimation (Fig. 4): blue values represent elevation knickpoint in m a.s.l. B) Perpendicular geomorphological cross-section of the south margin of the
Propiedad Valley. C) Pleistocene infill preserved in the south margin of the Propiedad Valley (modified from Benito Calvo, 2004). Legend: 1, Limestones and dolostones (Late
Cretaceous); 2, Clays and marls (Middle and Early Miocene); 3, Alluvial-colluvial valley infill (Early Pleistocene?); 4, Pico Valley fluvial terrace, 0,36 Ma (Arnold et al., 2013); 5,
Propiedad Valley longitudinal profile; 6, Planation surfaces (SE1-SE4); 7, Alluvial-colluvial terrace (Early Pleistocene?); 8, Base levels of Arlanz�on fluvial terraces, reconstructed from
downstream and upstream outcrops; 9, Base levels of Arlanz�on fluvial terraces, preserved on the valley transect; 10, Red muds and breccias of the lower Sima del Elefante site unit
(Early Pleistocene); 11, Light coloured alluvial sands, muds and conglomerates (Early-Middle Pleistocene); 12, Reworked white marls and clays; 13, Early-Middle Pleistocene
boundary in the Sima del Elefante site sedimentary infill (Carbonell et al., 2008); 14, Red-brown breccias (Middle Pleistocene); 15, Terra rossa soils; 16, Tracks; 17, Railroad trench
and quarries; 18, Knickpoints related to anthropogenic modifications (grey circle); 19, Projected position of the current entrances observed in Trinchera to the sites Sima del Elefante
(E), Gran Dolina (D) y Galería (G). Stratigraphical section of Sima del Elefante site modified from Huguet (2007). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 7. Slope profiles of the SW flank of the Sierra de Atapuerca. A) Sima del Elefante site profile. B) Galería site profile. C) Gran Dolina site profile. Legend: 1, Limestones and
dolostones (Late Cretaceous); 2, Clays and marls (Middle and Early Miocene); 3, Caves, projected on the profile; 4, Alluvial-colluvial deposist; 5, Clays and silts authoctonous facies;
6, Fluvial metamorphic gravels; 7, Pico Valley fluvial terrace, 0.36 Ma (Arnold et al., 2013); 8; Early-Middle Pleistocene boundary; 9, Slope profile; 10, Convex slope breaks identified
using elevation and curvature changes (Fig. 4); 11, Base levels of Arlanz�on fluvial terraces, reconstructed from downstream and upstream outcrops; 12, Base levels of Arlanz�on fluvial
terraces, preserved on the valley transect; 13, Pleistocene karstic springs; 14, Railroad trench; 15, Tracks; 16, Dump; 17, Quarries; 18, Knickpoints related to anthropogenic
modifications (grey circle).
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Cretaceous carbonates and the Miocene mars and clays (Fig. 6A1).
Alluvial-colluvial deposits show a minimum exposed thickness of
10 m, and the total has been estimated at 20e24 m by means of
electrical resistivity tomography (Ortega et al., 2010). The exposed
sequence is composed of several units separated by sharp discon-
tinuities (Benito Calvo, 2004, Fig. 6B and C). Towards the north, the
lowest part of the exposed sequence consists mainly of bedded and
poorly sorted carbonated sands, and conglomerates filling
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palaeochannels. Toward the south, there are white marls and clays,
resedimented from Neogene outcrops situated upstream. This
white unit is incised by a last unit of conglomerate channels. Similar
facies have been detected in caves located in the southernmargin of
the valley (Fig. 6B), such as conglomerate channels filling small
cavities or Sima del Elefante site units. At this site, allochthonous
water-laid facies of light coloured sands and conglomerates have
been described in units TE15eTE17 coming from Propiedad Valley
(Rosas et al., 2006, Fig. 6B). Within this Sima del Elefante site
infilling phase, a palaeomagnetic change was detected between
units TE16eTE17 (Fig. 6B), associated with the BrunheseMatuyama
reversal change (0.78 Ma, Par�es et al., 2006). TE17 has yielded TT-
OSL dates between 0.8 and 0.9 Ma for TE16, while TE17 shows
probable luminescence ages around 0.72e0.78 Ma (Arnold et al.,
2015).

Propiedad Valley infill is currently terraced at 3e4 m above the
valley bed, forming a small gently sloping plain, which connects
upstream with a valley longitudinal profile knickpoint area pre-
served on the Late Cretaceous carbonates at 1009e1004 m a.s.l
(Fig. 6A1 and A2). On the other hand, the position and trend pro-
jection of this plain downstream suggest that is correlative to the
regional base level of terrace T4 (þ60e68 m), preserved in this
transect of the Arlanz�on valley at an elevation of 996 m a.s.l. Other
knickpoints preserved on the longitudinal profile correlate with
Arlanz�on terraces T2, T3, T5, and with the Pico fluvial terrace
(0.36 Ma, Arnold et al., 2013), equivalent to Arlanz�on level T8
(Benito-Calvo and P�erez-Gonz�alez, 2015; Fig. 6A). These correla-
tions also suggest that knickpoint formation along the longitudinal
profile was driven by base level changes, and allow the recon-
struction of the incision pattern developed by Propiedad Valley
during the Early and Middle Pleistocene.

In synthesis, the upper part of these small valleys in the SW
flank of the Sierra de Atapuerca contains barely incised Miocene
and Early and Middle Pleistocene landforms (erosion surfaces and
terraces, Fig. 2), which show upstream convergent longitudinal
profiles (Figs. 5 and 6). The geometrical trend of these landforms
profiles converge against the current valley longitudinal profiles
coinciding with knickpoints sections. Furthermore, in many cases
landforms connect directly with knickpoints. These relationships
suggest that knickpoints represent the edge of headwater erosion
formed during the incision of a base level (Phillips and Lutz, 2008;
Loget and Van Den Driessche, 2009; Castillo et al., 2012), being
abandoned during the subsequent base level fall in the main valley
(Arlanz�on valley). During this process, knickpoints can be prefer-
ably preserved on resistant lithologies. Nevertheless, in the study
area, knickpoints appear distributed independently of lithostruc-
tural controls. The abandonment and preservation of these knick-
points are probably due to a low erosional capacity in the
headwater area of these small tributaries. This process could be due
to subterranean flow piracy related to the Atapuerca endokarst
system (Fabel et al., 1996), but knickpoints have been also docu-
mented on soft and impermeable clays and marls, and detrital
Quaternary sediments. In this way, low erosional capacity during
base level falls could be mainly related to the limited drainage area
of these small tributary valleys (Foster and Kelsey, 2012), with
respect to the main valley. The relationship between knickpoints
and base levels also has been observed in other small tributaries
located in the Sierra de Atapuerca and the Arlanz�on watershed
(Benito-Calvo et al., 2008).

4.2. South-west hillslope of the Sierra de Atapuerca

In the study area, gravitational landforms are mainly restricted
to landslides and colluvial deposits associated with the Neogene
sediments (Fig. 2). Landslides are concentrated at the scarped
southern margin of the Arlanz�on Valley, and occur with a more
disperse pattern on the scarps of Neogene limestones (Fig. 1A).
Colluvial deposits are mainly derived from the scarps of deposi-
tional landforms (terraces and piedmonts). On the other hand,
gravitational landforms in the Sierra de Atapuerca are scarce, being
represented by some small colluvial and rockfall areas (Fig. 1B).
Slope retreat in the interfluve areas of the Sierra de Atapuerca was
already estimated at 0.04e0.27 m/ka, considering the retreat of the
slopes from the formation of the planation surfaces SE2 and SE3
until the present day (Benito-Calvo and P�erez-Gonz�alez, 2007;
Benito-Calvo et al., 2008).

In this work, we have analysed the slope pattern in the Sierra de
Atapuerca SW flank through the study of three GNSS slope profiles
passing along the archaeopalaeontological sites of Sima del Ele-
fante, Gran Dolina y Galería. In this area, the Sierra de Atapuerca
hillslope is moderately steep (15�), where several slope breaks can
be recognized (Fig. 7). Slope morphology is locally affected by hu-
man modifications carried out during historic times. Railroad
trench (Trinchera), quarries, dumps and tracks have modified the
hillside. These modifications are significant in the upper slope of
the Galería profile, and to a lesser degree in the Gran Dolina profile
(Fig. 7B and C), while in the Sima del Elefante profile they seem less
important (Fig. 7A). In the Sima del Elefante profile, several faint
convex slope breaks separating hillslope sections and unrelated to
anthropogenic alterations were observed at 1022, 1011, 997 and
988 m a.s.l. These slope breaks do not seem to be associated with
lithological changes or with significant structures. Although slope
breaks are very faint, their position suggests a spatial relationship
with fluvial terraces T2eT5, respectively (Fig. 7A). In the Gran
Dolina and Galería profiles, a similar correlation pattern could be
assumed, considering the areas unaffected by anthropic modifica-
tions (Fig. 7B and C). This spatial correspondence could indicate
that slope breaks represent phases of retreat in the slopes related to
knickpoint propagation and the fluvial incision during the lowering
of Pleistocene fluvial base levels (Wegmann et al., 2011; Tsou et al.,
2014). Slope failures caused by river incision have also been
observed in the main regional valley, the Arlanz�on valley (Benito-
Calvo and P�erez-Gonz�alez, 2015), and in other main valleys in
central areas of the Duero Basin (Yenes et al., 2015).

4.3. Landscape model

Fig. 8 shows the palaeogeographical models proposed for the
SW flank of the Sierra de Atapuerca. Palaeolandscape unit maps
have been modelled through the geostatistical interpolation of
relict landform topography using the ordinary kriging method
(Benito-Calvo et al., 2008). The latter was used to recreate the po-
sition of the fluvial base level for each period, which determines the
incision state of the valleys and the outcropping bedrock units. The
models show a gradual hierarchical organization of the fluvial
network driven by the Arlanz�on River downcutting, whose impli-
cations in the SW flank of the Sierra de Atapuerca are explained in
the next section.

5. Palaeogeographical evolution of the Sierra de Atapuerca
SW flank

The landscape of the Sierra de Atapuerca SW flank shows a
complex evolution, as reveal the relict palaeogeographical features
that can be traced back to the Neogene. This is not only indicated by
the presence of the Neogene deposits and planation surfaces
(Fig. 2B; Zazo et al., 1983; P�erez-Gonz�alez et al., 1999; Benito-Calvo
and P�erez-Gonz�alez, 2007), but also some characteristics suggest
the existence of the Propiedad and Cueva Mayor upper valleys from
the Miocene. First, the longitudinal profiles of these valleys display
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Fig. 8. Palaeogeographical evolution model for the SW flank of the Sierra de Atapuerca during the Early-Middle Pleistocene. A) Hillslope cross-section along Gran Dolina and Penal
sites. B) Palaeolandscape units. Legend: 1, Limestones and dolostones, locally flint nodules (Late Cretaceous); 2, Conglomerates (Oligocene-Early Miocene); 3, Marls and clays (Early-
Middle Miocene); 4, Limestones with flint nodules (Middle Miocene); 5, Conglomerates, marls and limestones (Upper Miocene); 6, Terraces (Pleistocene); 7, Endogenetic facies
(Early Pleistocene): 8, Gravitational and alluvial sediments; 9, Probable colluvial areas; 10, Alluvial floodplain and valley beds; 11; Inferred wetland; 12, Phreatic caves; 13, Phreatic
caves, located laterally; 14, Spring areas; 15, Karstification along fractures; 16, Karrens; 17, Incision and slope retreat; 18, Sedimentary inputs.
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knickpoints suggesting relict base levels related to the erosion
surfaces SE2�SE4 (Figs. 5A and 6A). Besides, these valleys were also
filled by Miocene deposits. Propiedad Valley includes Pleistocene
white marl and clay reworked deposits (1000e1005 m a.s.l., Fig. 6B
and C), which should have come from the erosion of Miocene
outcrops situated upstream; and Cueva Mayor Valley even displays
an outcrop of Miocene conglomerates (Ortega Martínez, 2009),
attached to its margin (Figs. 2B and 8). These conglomerates are
located under the uppermost surface of the endorheic Duero Basin
(SE3, Benito-Calvo and P�erez-Gonz�alez, 2007; Fig. 5A1 and A2), and
their base can be currently observed at 1023 m a.s.l. Such features
indicate that the upper rocky valleys, carved around 40 m into Late
Cretaceous carbonates, existed with similar current geometries
from the MiddleeLate Miocene, and were partially filled during the
aggradational phases of the Late Miocene endorheic units of the
Duero Basin. Later, these Neogene valleys were partially exhumed
during the first exorheic phases, in the Plio-Pleistocene (SE4).

From the Plio-Pleistocene boundary to the oldest fluvial terraces
recognized in the surroundings (T2, þ82e86 m, Fig. 3), local base
levels did not change significantly. This caused the persistence of a
similar palaeogeography and a relative stable phreatic level (Figs. 6
and 7; Benito-Calvo et al., 2008; Benito-Calvo and P�erez-Gonz�alez,
2015), controlling the formation of the upper endokarst level in the
Torcas multilevel cave system of the Sierra de Atapuerca (Ortega
et al., 2013). Palaeohydrological evidence found in this endokarst
system indicate the presence of karst springs in the SW Sierra de
Atapuerca hillslopes (Ortega et al., 2014), which could have fed a
probable wetland area in such open valley confluence, located on
Miocene impermeable marls and clays (Fig. 8A and B). This prob-
able wetland area could have persisted during the phreatic phase of
the endokarst system, associated with the water table levels
controlled by terraces T2 (þ82e86 m) to T5 (þ50e58 m) from the
Early to initial Middle Pleistocene (Fig. 3).

During this interval, several processes occurred in the lime-
stone hillslope of the Sierra de Atapuerca, producing significant
palaeo-geographical changes in the area of the archaeological
sites. Firstly, the period represented for the terrace level T3
(þ70e78 m), should predate the formation of the oldest Trinchera
sites (Gran Dolina and Sima del Elefante sites, Fig. 8A), since
during that period: 1) the local base level in the SW flank for the
Sierra de Atapuerca would occupy a higher position than the site
entrances (Fig. 6A1 and 7, Benito Calvo, 2004), and 2) the phreatic
level of this terrace has been spatially associated with the for-
mation of the intermediate cave level where these sites are
located (Ortega et al., 2013). T3 deposition could represent a
relative short period of time probably encompassed between 1.13
and 1.22 (Benito-Calvo et al., 2015) or just older than 1.22 (Par�es
et al., 2015), according to the ages available for the fluvial
terrace T3 (1.14 ± 0.13 Ma; Moreno et al., 2012) and for the oldest
deposits found in Sima del Elefante site (TE7 and TE9 with
1.13 ± 0.18 and 1.22 ± 0.16 Ma, respectively, Carbonell et al., 2008).
All these ages have been described as statistically
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undistinguishable (Par�es et al., 2015), and are consistent with a
Matuyama chronology deduced from reversal palaeomagnetic
polarities measured in the endogenetic facies of the intermediate
cave level (Par�es et al., 2015).

Subsequent to T3 (þ70e78 m), Arlanz�on River incision reached
rates of 0.038 m/ka (Benito-Calvo et al., 2015). In response to this
base level drop (T3-T4 transition), the incision of the Pico River
began to form a valley separated from the Arlanz�on Valley (Fig. 8B).
On the other hand, longitudinal profile geometries observed in the
Propiedad and Cueva Mayor upper valleys suggest a slow adapta-
tion to this incision (Figs. 6 and 7). The knickpoint recession is
incomplete and entails a downstream mean incision rate of only
0.02 m/ka. The latter has been estimated using the vertical incision
(6e8 m) which occurred in these upper valleys between terrace T3
and terrace T4. Nevertheless, this general situation shows a certain
anomaly in determined areas where these valleys show a signifi-
cant over-incision. In the Propiedad Valley, a deep incision of >20m
was detected through electrical resistivity tomography (Ortega
et al., 2010), probably due to the fluvial incision, capture and
opening of previous caves or karstified areas. The valley incision
leads also to the vadose vertical entrenchment of the caves
belonging to the intermediate cave level, which developed guided
by previous limestone fractures (Fig. 8A), as described in Gran
Dolina and Sima del Elefante cavities (Ortega et al., 2013).
Regarding Cueva Mayor Valley, the incision occurred during the
T3eT4 transition is still unknown. However, cavities located under
the right margin of this valley (e.g. Cíclopes room) also show
phreatic morphologies belonging to the intermediate cave level
which suffered a subsequent vadose entrenchment as much as
14 m deep (Ortega et al., 2013). In general, during the peak of this
incision phase, the surficial palaeogeography of the SW flank of the
Sierra de Atapuerca was characterized by abundant vertical rock
cliffs and pits produced by this incision and the vadose karst
dissolution.

According to the features observed in the interfluve hillslopes
(Fig. 7), the knickpoint propagation during this incision phase also
led to a slope retreat phase (Wegmann et al., 2011; Tsou et al.,
2014), affecting the areas where the Trinchera sites are currently
located. This process eroded the roof of the shallowest and higher
cavities (Fig. 8A), leading the backwearing and opening of caves
entrances. The latter seems to have occurred first in Sima del Ele-
fante cavity and later in Gran Dolina cavity, according to the chro-
nology of the first allochthonous deposits found in these cavities.
The oldest known deposits in Sima del Elefante site are composed
of allochthonous facies generated in local open cave conditions
between 1.13 ± 0.18 (TE7) and 1.22 ± 0.16 Ma (TE9 human bearing
layer, Carbonell et al., 2008); while in Gran Dolina, the oldest
sedimentary units consist of >7 m of water-laid facies and spe-
leothems deposited in local close cave conditions (P�erez-Gonz�alez
et al., 2001; Campa~na et al., 2015), which have been described
recently as contemporaneous with the mentioned Sima del Ele-
fante lowest levels (Moreno et al., 2015).

These first sedimentary units could coincide broadly with the
transition from incision processes to aggradation processes in the
small valleys of the Sierra de Atapuerca. This change should occur
in response to the position of the Arlanz�on River, although
aggradation could have started before and have been faster in
these small valleys, due to the anomalous differential relief caused
by over-incision geometries. Sedimentary processes in these small
valleys led to the accumulation of thick alluvial-colluvial se-
quences, which contain Neogene reworked deposits, suggesting
that Neogene outcrops in the upper small valleys were eroded
mainly during this period. As shown in Figs. 5 and 6, the top of the
alluvial-colluvial deposits can be correlated spatially with the base
level marked by terrace T4 (þ60e67 m). This terrace has been
dated by mean ages of 0.85 Ma and reversal palaeomagnetic po-
larities which place it at the end of the Early Pleistocene (Fig. 3;
Moreno et al., 2012; Benito-Calvo et al., 2015, 2008). In addition,
this age and the altitudinal position of the Propiedad local base
level (Fig. 6) coincide with the development of the stratigraphic
units TD6 (Gran Dolina site) and TE16 (Sima del Elefante site).
Recently, these units have yielded ESR and TT-OSL dates between
0.8 and 0.9 Ma (Arnold et al., 2015; Moreno et al., 2015), and are
situated stratigraphically just below the Matuyama-Brunhes
reversal detected in both sites (Par�es and P�erez-Gonz�alez, 1999;
Par�es et al., 2006, 2015). Furthermore, the final Early Pleistocene
stratigraphic units TE15 and TE16 of the Sima del Elefante site are
composed of allochthonous water-laid facies of light coloured
sands and conglomerates coming from the Propiedad Valley
alluvial-colluvial deposits, indicating that sediments coming from
the valley were deposited into the Sima del Elefante cavity during
the aggradation phase of the valley. Regarding Gran Dolina, the
Early Pleistocene sequence at this site contains perio-dically fluvial
facies which could suggest the nearby presence of the local base
level (Benito Calvo, 2004; Ortega Martínez, 2009; Campa~na et al.,
2015). Sedimentation rates characterizing this aggradational
period site have been estimated in Gran Dolina at 0.018e0.038 m/
ka (Campa~na et al., 2015), and at 0.016e0.031 m/ka in the Sima del
Elefante, if we consider the ages and thickness available in
Carbonell et al. (2008). On the other hand, cavities below the right
margin of the Cueva Mayor Valley (Cíclopes room) also show
significant aggradation processes represented by inputs of
allochthonous breccias, including fluvial sands and silts towards
the top (Ortega et al., 2013), with reverse geomagnetic polarities
(Par�es et al., 2010). Since this cavity was generated during the
formation of the intermediate cave level and suffered also the
incision processes related to the T3eT4 transition, a plausible
correlation for these fluvial deposits could be also the Arlanz�on
terrace T4.

These inferences allow placing the main formation of the up-
perpart alluvial-colluvial sequence of the Propiedad and Cueva
Mayor valleys at the end of the Early Pleistocene, coinciding with
the sedimentation of units TD6 (Gran Dolina), TE16 (Sima del Ele-
fante), the Cíclopes sediments, and during the development of the
Arlanz�on terrace T4 (þ60e67 m). During this period, the vertical
topographies generated previously on the SW flank of the Sierra de
Atapuerca were partially smoothed, and most of the cavities were
partially filled. In addition, the stabilization of the phreatic level
during the formation of the Arlanz�on terrace T4 led to the forma-
tion of the Galería phreatic cavity (Ortega Martínez, 2009). This
relationship implies that endogenetic sediments with reversal
geomagnetic polarities described in the lower stratigraphic unit of
Galería site (GI, P�erez-Gonz�alez et al., 2001,1999), should have been
deposited also at the end of the Early Pleistocene related to the T4
phreatic levels.

Despite this general pattern, the Sima del Elefante sequence also
contains Middle Pleistocene allochthonous sediments coming from
the Propiedad Valley. These sediments correspond to units TE17
and TE18, which formed at the beginning and during the Middle
Pleistocene. TE17 shows normal polarities (Par�es et al., 2006;
Carbonell et al., 2008) and probable luminiscence ages around
0.78e0.72 (Arnold et al., 2015). The presence of these sediments in
the Sima del Elefante TE17 level indicate reworking of the Propie-
dad Valley deposits, and may be related to the last phase observed
in these deposits, recorded by erosional channels (Fig. 6B and C).

The first reworking processes related to TE17 should have
occurred during the initial Middle Pleistocene, driven by a new
incision phase developed during the T4eT5 transition, which is
characterized in the Arlanz�on Valley by incision rates of 0.045 m/ky
(Benito-Calvo et al., 2015). During this phase, alluvial-colluvial
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deposits in the small valleys are terraced, and most of the detected
vertical incision occurred in theMiocene bedrock of marls and clays
(Figs. 5e7), at rates of 0.03 m/ky. Nevertheless, this base level
lowering also drove erosional processes inside the endokarst
(Ortega et al., 2013). Later, the aggradation of terrace T5
(þ50e58 m) took place at about 0.66 Ma (Fig. 3; Moreno et al.,
2012; Benito-Calvo et al., 2015). This date provides a possible
final age for the formation of the lower phreatic cave level, which is
associated with the water-table level associated with this terrace
(Fig. 8; Ortega et al., 2014). This cave level contains quartzite gravels
and sands indicanting the entrance of water and sediments from
the Arlanz�on River, which have been related to T6 (þ44e46 m) or
higher fluvial events (Ortega et al., 2013). Incision phases occurred
in the right margin of the Cueva Mayor Valley after T5 (þ50e58 m)
could have generated an entrance to Cíclopes or to the Sima de los
Huesos (Aranburu et al., 2015).

Subsequently, palaeogeographical changes at the SE flank of the
Sierra de Atapuerca mitigated significantly. Due to base level
lowering, the endokarst system changed into vadose conditions
and springs were deactivated (Ortega et al., 2014). Arlanz�on
downcutting generated progressively a steeper regional relief
(Benito-Calvo et al., 2008), but local terrain roughness on the SW
flank of the Sierra de Atapuerca became smoother due to the pro-
gressive sealing of cavities. Hillslope processes during Middle
Pleistocene were apparently less significant, since sedimentation
rates decreased to 0.013e0.016 m/ky in Gran Dolina (Campa~na
et al., 2015), and to about 0.004 m/ky in Sima del Elefante site, if
we consider the thickness between the Bruhness-Matuyama limit
(TE16/TE17) and U/Th dates of tufas located to the top of TE18
(254.727 þ 13.121/�11.773 ka, and 307.175 þ 22.579/�18.868 ka;
Bischoff, in de Lombera-Hermida et al., 2015). Discrepancies among
the dates available in Galería site (Berger et al., 2008; Falgueres
et al., 2013; Demuro et al. 2014) prevent to calculate representa-
tive sedimentation rates for theMiddle Pleistocene sequence of this
site. Open-air, Pico terrace formed around 360 ka in the confluence
of Valhondo and Pico Valleys (Arnold et al., 2013). Since then, Cueva
Mayor and Propiedad Valleys did not suffer significant evolution,
since the lower part of these streams flow on final Middle Pleis-
tocene Arlanz�on and Pico terraces without causing vertical incision.

6. Conclusions

GNSS surveying combinedwith LiDAR data and 25 cm resolution
aerial photographs have provided suitable high resolution spatial
datasets to recognize and position accurately relict landforms and
stratigraphic sequences located around the EarlyeMiddle Pleisto-
cene archaeological sites of the Sierra de Atapuerca. A curvature
index was developed to detect convexities shapes in the slope
profiles and knickpoints in streams, which were very useful to un-
derstand landform evolution in the area. Through these techniques
and data we propose a palaeogeographical evolution model, which
combines geomorphological and geological features with the site
chronostratigraphic sequences. This model reconstructs the pro-
cesses and physical palaeohabitats characterizing the surface, while
a multilevel cave system developed underground.

The landscape is characterised by a moderately steep hillslope
on carbonate rocks in SW flank of an anticline incised perpendic-
ularly by small valleys. The latter show several relict landforms and
deposits which indicate a slow and incomplete response to base
level changes from the Neogene. In the EarlyeMiddle Pleistocene,
the cave system probably fed a wetland area downstream. Mean-
while, small valleys formation at the surface occurred through very
restricted knickpoint recession and incision, leaving behind local
low terraces spatially related to the fluvial terraces of the main
regional valley (Arlanz�on valley). Valley knickpoint recession seem
to cause retreat episodes in the interfluve hillslopes, which would
produce the backward migration of the rock roofs and eventualy
triggering the new opening of cavities. The slow evolution char-
acterizing the small valleys recorded an anomaly towards the end
of the Early Pleistocene, when these valleys incise and capture
caves and karstified areas formed previously. This process gives rise
to deep incision which developed parallel to the karst vadose
entrenchment in the cavities of intermediate karst level, increasing
in the area the roughness of the topographic surface. This incision
phase is followed by a remarkable aggradation phase which caused
the sedimentation of thick alluvial-colluvial sequences in certain
areas of the valleys, and the water-laid and gravity flow successions
observed in the archaeological sites. This aggradational phase
probably finished in the valleys at the end of the Early Pleistocene
(0.8e0.9 Ma), coinciding with the stabilization of the regional base
level in the Arlanz�on fluvial terrace T4 (þ60e67 m).
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