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This study utilizes geomorphology, marine sediment data, environmental reconstructions and the Gorham's
Cave occupational record during the Middle to Upper Paleolithic transition to illustrate the impacts of climate
changes on human population dynamics in the Western Mediterranean. Geomorphologic evolution has been
dated and appears to be driven primarily by coastal dune systems, sea-level changes and seismo-tectonic
evolution. Continental and marine records are well correlated and used to interpret the Gorham's Cave
sequence. Specific focus is given to the three hiatus sections found in Gorham's Cave during Heinrich periods
4, 3 and 2. These time intervals are compared with a wide range of regional geomorphologic, climatic,
paleoseismic, faunal and archeological records. Our data compilations indicate that climatic and local geo-
morphologic changes explain the Homo sapiens spp. occupational hiatuses during Heinrich periods 4 and 3.
The last hiatus corresponds to the replacement of Homo neanderthalensis by H. sapiens. Records of dated
cave openings, slope breccias and stalactite falls suggest that marked geomorphologic changes, seismic activ-
ity and ecological perturbations occurred during the period when Homo replacement took place.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The timing and geography of Homo neanderthalensis' extinction is
well known, but the causes for the extinction remain in dispute
(Finlayson et al., 2006). Specifically, the role environmental factors
play in this extinction is much debated (e.g., Wolpoff, 1989; Lahr
and Foley, 1998; Stringer, 2003; Horan et al., 2005; Roebroeks,
2006; Jiménez-Espejo et al., 2007; Tzedakis, et al., 2007; Banks et al.,
2008; Finlayson et al., 2008a,b; Zilhão et al., 2010b). The use of com-
bined archeological and paleoclimate data, together with continued
improvements in radiocarbon chronology, can shed light on the rela-
tionship between past climate conditions and changes in Homo spp.
populations (e.g., Bard et al., 2004; Mellars, 2006; Tzedakis et al.,
l rights reserved.
2007; Vaks et al., 2007; González Sampériz et al., 2009; Blaauw,
2010; Müller et al., 2011; Pinhasi et al., 2011).

Archeological sites with well-dated Homo spp. presence over
extended time intervals are most adequate for investigating the
climate/environmental influence on population dynamics. Gorham's
Cave (Gibraltar) is recognized as the last site occupied by Neanderthals
(Finlayson et al., 2006; Jennings et al., 2011) with the youngest date for
Mousterian Middle Paleolithic occupation, between 28,700 and
27,600 cal. yr BP, at the 1σ range Calpal calibration (Weninger et al.,
2011) (Tables 1 and 2), and has been occupied for extended time inter-
vals. It can thus be used to determine the relation between occupation
and regional climate/environmental changes.

Gorham's Cave is located in the southern Iberian Peninsula, an
area that functions as a major faunal refuge during the Pleistocene
due to its topographic, climatic and latitudinal setting (Jennings et
al., 2011). Despite the refuge character of this region several Homo
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Table 1
Results of AMS 14C dates and errors from Gorham's Cave sequence from Finlayson et al. (2006), translated to Cariaco record depths following Tzedakis et al. (2007) Supplementary
information. AMS 14C date numbers correspond to those give in Finlayson et al. (2006).

Sample
no.

Laboratory
reference

AMS radiocarbon
age (yr)

Err. ± 14C added
uncertainty (S+)

14C subst.
uncertainty (S−)

Shallowest depth
C+>S− (cm)

Deepest depth
S+>C− (cm)

8 Beta-184042 18,440 160 18,600 18,280 9.66 9.96
23 Beta-196782 23,360 320 23,680 23,040 12.36 12.66
15 Beta-185345 23,780 540 24,320 23,240 12.66 13.21
16 Beta-196775 24,010 320 24,330 23,690 12.65 13.21
9 Beta-196785 26,070 360 26,430 25,710 13.51 14.10
17 Beta-196773 26,400 440 26,840 25,960 13.77 14.18
11 Beta-185344 27,020 480 27,500 26,540 14.07 14.20
10 Beta-196784 28,360 480 28,840 27,880 14.23 14.69
18 Beta-196791 28,570 480 29,050 28,090 14.28 14.83
19 Beta-196779 29,400 540 29,940 28,860 14.69 15.30
12 Beta-196786 29,910 600 30,510 29,310 14.78 15.59
14 Beta-196792 30,310 620 30,930 29,690 16.07 17.16
20 Beta-196776 30,560 720 31,280 29,690 15.07 16.16
13 Beta-196787 31,480 740 32,220 30,740 15.45 16.73
25 Beta-196772 31,780 720 32,500 31,060 15.92 16.87
26 Beta-196789 32,100 800 32,900 31,300 15.69 17.16
30 Beta-196771 32,560 780 33,340 31,780 16.26 17.49
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spp. hiatuses occurred at Gorham's Cave; the last one represents the
extinction of the Neanderthals. The role that local, regional or global
factors played in these hiatuses is poorly known, yet understanding
linkages between climate and environmental change and the Nean-
derthals' extinction may shed light on the causes and timing of the
final extinction (e.g., Higham et al., 2006, 2009; Pinhasi et al., 2011).

Recent studies indicate that the cognitive capacities of the
H. neanderthalensis and Homo sapiens were very similar (Zilhão et al.,
2010a; Cortés-Sánchez et al., 2011), and there are doubts about the exclu-
sivity of Neanderthals' Mousterian tools in Europe (Balter, 2011); genetic
mixture was also possible (Green et al., 2010), thus we will use the term
Homo spp. (H. spp.) to refer to both throughout the present study.

In order to recognize all the factors that controlled the occupational
pattern of Gorham's Cave and other places located in the South Iberian
refugia, we utilize information from extensive fieldwork, new dates,
and a marine sediment record from South Iberia, to understand the
environmental conditions affecting the last H. spp. transition. This
multidisciplinary paleo-ecological study integrates geomorphological,
climatic, paleoseismic, faunal, and archeological records. Calibrated
radiometric ages provide a chronology for H. spp. cave occupation,
allowing us to relate it to climatic and geomorphological reconstructions
Table 2
Results of calibrated AMS 14C dates and errors from Gorham's Cave sequence from
Finlayson et al. (2006) using Calpal2007_Hulu (Weninger et al., 2011). AMS 14C date
numbers correspond to those given in Finlayson et al. (2006).

Sample
no.

Laboratory
reference

AMS
radiocarbon
age (yr)

Err. ± Calibrated
radiocarbon
age (BP)

Err. ± 68% range
(cal. BP)

8 Beta-184042 18,440 160 22,120 290 21,714–22,396
23 Beta-196782 23,360 320 28,190 300 27,666–28,698
15 Beta-185345 23,780 540 28,740 600 28,072–29,321
16 Beta-196775 24,010 320 28,920 450 28,406–29,326
9 Beta-196785 26,070 360 30,950 410 30,585–31,410
17 Beta-196773 26,400 440 31,160 440 30,714–31,612
11 Beta-185344 27,020 480 31,700 380 31,178–32,097
10 Beta-196784 28,360 480 32,870 510 32,320–33,413
18 Beta-196791 28,570 480 33,050 540 32,461–33,624
19 Beta-196779 29,400 540 33,700 490 33,182–34,182
12 Beta-196786 29,910 600 34,100 520 33,535–34,606
14 Beta-196792 30,310 620 34,540 530 33,997–35,206
20 Beta-196776 30,560 720 34,770 600 34,185–35,501
13 Beta-196787 31,480 740 35,760 910 34,865–36,750
25 Beta-196772 31,780 720 36,220 1130 35,084–37,293
26 Beta-196789 32,100 800 36,570 1190 35,398–37,796
30 Beta-196,771 32,560 780 37,000 1110 35,952–38,178
of representative marine and continental records. We also examine how
local geomorphological characteristics correspond to climatic variations
and how these events coincide with H. spp. population hiatuses in
Gorham's Cave.

2. Topographic, climatic and Quaternary historical context of the
study region

Gorham's Cave is located in the Gibraltar promontory (southern-
most tip of Iberia; Fig. 1). It was repeatedly occupied by H. spp.
populations and was not covered by glaciers during Pleistocene glaci-
ations (Finlayson et al., 2006; Carrión et al., 2008). The limestone sub-
strate in this region contributed to the development of caves and
shelters with a unique potential for preserving human and environ-
mental records (Finlayson et al., 2008a). In addition, this area
underwent uplifting, which prevented the significant loss of deposit
during periods of sea-level rise (Rodríguez-Vidal et al., 2004). There-
fore, this unique setting resulted in an excellent archeological record
close to the adjacent narrow Alborán marine basin, which is charac-
terized by exceptionally high sedimentation rates, with continuous
sedimentary records that allow precise climatic reconstructions
(Cacho et al., 2002; Moreno et al., 2005; Martrat et al., 2007;
Jiménez-Espejo et al., 2008; Rodrigo-Gámiz et al., 2011).

This region is also characterized by active seismicity linked to tec-
tonic boundaries between the African and Iberian plates. Two major
seismogenic zones are identified, one in the west, from Cape St. Vincent
to the Gulf of Cádiz area (Baraza et al., 1999; Thiebot and Gutscher,
2006) and the other in the East Alboran Sea basin (Gracia et al., 2006).
Evidence from the former indicates that high magnitude earthquakes
took place within the Gibraltar area over time (Baptista et al., 1998;
Ruiz et al., 2005; Gracia et al., 2006; Gutscher et al., 2006; Vizcaino et
al., 2006). Such seismic activity may have also impacted the coastal en-
vironments (Benavente et al., 2006; Rodríguez-Vidal et al., 2011).

3. Climate records and age models

The climate record for the studied period was gathered from ma-
rine and continental archives. A marine sediment core (TTR-300G,
Fig. 1a) from the westernmost Mediterranean Sea, in the Alborán
Sea basin, was analyzed at very high resolution. The age model for
this core is based on five 14C-AMS dates obtained from monospecific
planktonic foraminifera (Globigerina bulloides) at the Leibniz-Labor
for Radiometric Dating and Isotope Research and Poznan Radiocarbon
Laboratory. The ages were calibrated to calendar years (cal. yr BP)
using Calpal software (Weninger et al., 2011) (Table 1). Stable oxygen
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isotope stratigraphy and paleo-sea surface temperatures (SST) of the
core were compared with the Greenland Ice Sheet Project 2 (GISP 2)
ice-core (Grootes et al., 1993) and the comparison was used to refine
the age model. Specifically, the strong relationship between SST oscil-
lations and the Dansgaard–Oeschger (D–O) stadials (e.g., Cacho et al.,
1999; Moreno et al., 2005) was used to constrain the ages. The aver-
age sedimentation rate in the core was 9.4 cm/ka for the represented
period, and oscillated between ~6 cm/ka and ~17 cm/ka during the
Heinrich periods (H), giving a time resolution from ~170 to ~50 years
for each sample.

Dates for continental records were determined on pure calcite
samples from speleothems and other cave deposits (e.g., calcite flow-
stone seals). Ages were based on U-series (Laboratory of Física
Aplicada I, University of Sevilla, Spain) and 14C-AMS methods (Radio-
carbon Laboratory, CNR Roma, Italy). We used an α-spectrometry an-
alytical method to determine the activities of the U-series isotope
(Alcaraz-Pelegrina et al., 2012). All given uncertainties were based
on propagated errors from counting statistics and presented at the
±1σ (standard deviation) level. In the case of non-pristine calcite
samples, several coeval samples, diluted with different HNO3 concen-
trations, were analyzed and the ISOPLOT program (Ludwig, 1991)
was used to obtain activity ratios and ages (University of Seville Lab-
oratory, Spain).

3.1. Material and methods

The location and relief of the studied area is shown in Fig. 1. Key
sites for understanding H. spp. environments spanning the period
between 20 and 40 ka are Forbes' Quarry, Devil's Tower, Rosia Bay,
Vanguard Cave North, and Gorham's, Bray's, and St. Michael's Caves
(Fig. 1c). At a regional scale, the geological outcrops are located in
the Bay of Cádiz and Málaga coast.

The records from these sites are compared to a high resolution
(1.5 cm sampling) climate reconstruction of the past 40 ka obtained
from the marine record, TTR-300G (black point Fig. 1b). This core
was collected during the TTR-Cruise 14-Leg 2 in the eastern Alborán
basin. Previous core analyses in this region also confirm the uniqueness
of the Alborán Sea record for paleoclimatic reconstruction (e.g., Cacho et
al., 2002; Combourieu-Nebout et al., 2002; Martrat et al., 2004). Sed-
iments in the core are grayish olive nannofossil clay and nannofossil-
rich silty clay with highly homogeneous coloration (Comas and
Ivanov, 2006). Mineralogical and geochemical analyses were per-
formed for paleoclimatic reconstruction.

Major element (Si, Al, and Mg) measurements (Figs. 2 and 3) were
obtained by X-ray fluorescence (XRF; Bruker AXS S4 Pioneer) with an
analytical error of 2%. Analyses of trace elements (Ba and Zr) were
conducted using inductively coupled plasma-mass spectrometry
(ICP-MS; Perkin-Elmer Sciex Elan 5000) following HNO3+HF diges-
tion. Measurements were made on triplicates with Re and Rh as inter-
nal standards. Variation coefficients determined by the dissolution of
10 replicates of powdered samples were 3% and 8% for concentrations
of 50 ppm and 5 ppm, respectively (Bea, 1996).

Stable oxygen isotope ratios of calcareous foraminifers from core
300G were also measured. Approximately 25 specimens of G. bulloides
were picked from the >125 μm fraction and senescent forms were
avoided. Foraminifers were cleaned in an ultrasonic bath to remove
fine-fraction contamination, rinsedwith distilledwater, and thoroughly
washed in alcohol. Stable isotopes were measured using a Finnigan
MAT 251 mass spectrometer (Isotope Laboratory, Marum, University
of Bremen, Germany). All δ18O data are reported relative to the PDB
standard. Analytical reproducibility of the method is approximately
±0.07% for δ18O.

Using planktonic foraminifera assemblages, paleo-sea surface
temperatures (SST) estimates for winter and summer were calculated
as the mean temperature of three colder and warmer months, respec-
tively. Transfer functions were based on González-Donoso and
Linares (1998) who examined more than 300 modalities and used
modern analog techniques (MAT) to estimate SST values. We selected
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(Schulte et al., 2008) and megaturbidite deposit (Owen et al., 2007). The degraded gray bar indicates reconstructed local (Gracia et al., 2008) and regional seismicity events. The event
chronology proposed by the Integration of Ice-core, Marine and Terrestrial records (INTIMATE) group (Lowe et al., 2008) is indicated. Gray bars indicate Greenland Stadials (GS). The
dashed line indicates Heinrich event time intervals (H).
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the ten closest core top samples of the calibration database (i.e., those
that show lowest dissimilarity) for each core sample analyzed and
calculated the mean SST value, weighting inversely the modern ana-
logs selected as a function of their dissimilarity to the core sample.
The SST associated with each sample was obtained from the archives
of the National Oceanographic Data Center (NODC) (Conkright et al.,
2002). For more information about paleo-SST calibration data set,
see Serrano et al. (2007).

Marine and continental records were correlated using 14C ages. This
requires an acceptable calibration curve for 14C. Prior to 26,000 cal. yr
BP, however, there is no consensus between different calibration
curves, and differences among models strongly affect the calculated
ages (Bard et al., 2004). Accordingly for the Gorham's Cave sequence
two independent calibration curves were used (Fig. 4a, b); those
proposed by Tzedakis et al. (2007) and Calpal software (Danzeglocke
et al., 2011; Weninger et al., 2011).

3.2. Inorganic geochemical marine proxies

Excess Ba is used as a paleo-productivity proxy. This is a well
established proxy that capitalizes on the relation between biologically
mediated barite formation in the water column and its accumulation
in marine sediments (Paytan et al., 1996; Eagle et al., 2003). Ba con-
tent also depends on sediment provenance, sedimentation rates, bar-
ite preservation, Ba cycling within sediments and lateral transport
(Mercone et al., 2001; Sanchez-Vidal et al., 2005). These factors can
compromise the Ba excess signal, and Ba-based proxies must be
used with caution. Nevertheless, Ba based proxies have been used
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extensively for paleoproductivity reconstructions in the Mediterra-
nean basins, and seem to be reliable (e.g., Dehairs et al., 1987;
Emeis et al., 2000; Martínez-Ruiz et al., 2000, 2003; Weldeab et al.,
2003; Paytan et al., 2004; Nieto-Moreno et al., 2011). We note that
no indications for barite dissolution have been observed at this site.

Si/Al, Mg/Al and Zr/Al ratios in the Mediterranean region have been
extensively used as proxies for terrigenous input or sediment supply
that can be linked to environmental conditions in the source areas
(e.g., Wehausen and Brumsack, 1999; Martínez-Ruiz et al., 2000;
Moreno et al., 2002; Weldeab et al., 2003; Frigola et al., 2008). Recent
studies demonstrate that variations in Zr/Al ratio is mainly relate to
Sahara input, because Sahara dust is themain source for heavyminerals
intomarine basins (Rodrigo-Gámiz et al., 2011). Variations inMg and Si
content show a more complicate pattern in this basin because they can
be relate with different detrital or carbonate phases such as chlorite and
dolomite in the case of Mg or Quartz and other silicates in the case of Si.
However, increase in Mg/Al and Si/Al are mainly inversely correlated
with Zr and used in conjunction with Zr/Al ratios.

4. Results: correlations of continental and marine records

The two independent 14C age models of the Gorham's Cave se-
quence show almost identical results (Fig. 4). Thus, we accept these
data as valid for correlation of marine and continental records. Cave
openings, slope breccias, and stalactite falls were dated using radio-
carbon and U-series methods in calcite flowstone seals (Tables 3
and 4). Obtained dates and extensive fieldwork were used to deter-
mine the timing of local seismic activity that resulted in the geomor-
phological changes summarized in Table 3 and Fig. 2 (Mattey et al.,
2008; Rodríguez-Vidal et al., 2008). The regional paleoseismic evolu-
tion is based on data from the Bay of Cádiz and Upper Pleistocene
beach deposits published in Gracia et al. (2008). Regional compari-
sons between coeval structures suggest a vertical tectonic uplift of
about 25 m (~0.6 mm yr−1 for the last 30 ka). An extensive review
of relevant data indicates massive tectonic activity in the region
from 22 to 25 cal. kyr BP, specifically, in the vicinity of the last
Neanderthals' cave occupation in Gibraltar, between 28 and 30 cal. kyr
BP (Fig. 2).

The new results fromhigh resolution analysis of themarine sediment
record are plotted in Figs. 2b, c, d, e, f, g and 3a, b, c. Proxy interpretation
can be found in Rodrigo-Gámiz et al. (2011) and references therein.
These records show oscillations in SST and salinity (Fig. 2c, d, e),
ocean productivity (Baexcess) (Fig. 3a), and fluvial–detrital/aeolian
input (e.g. Si/Al, Mg/Al and Zr/Al) (Figs. 2 and 3). Based on themarine
record, the lowest temperatures (7 °C duringwinter), higher productiv-
ity (Ba excess), and highest aeolian/detrital input were during Heinrich
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Fig. 4. a) Mapping Gorham's Cave 14C dates onto the paleoclimate record of the Cariaco Basin as proposed in Tzedakis et al. (2007). Sediment reflectance at 550 nm wavelength
(green) is a proxy for organic carbon content and corresponds to upwelling, trade-wind intensity and nutrient runoff. Millennial-scale climate oscillations are numbered according
to the corresponding Greenland Interstadials (GIS), and Heinrich events (H2, H3 and H4). Numbers in black bars correspond to those given by Finlayson et al. (2006) for specific
radiocarbon measurements in Gorham's Cave. The width of the black bar reflects depth uncertainty in 14C dates. Blue bars summarize the H. spp. presence in Gorham's. Gray vertical
bars indicate Heinrich events (H2, H3 and H4). b) Calibrated Gorham's Cave 14C dates follow the calibration software (Danzeglocke et al., 2011; Weninger et al., 2011) mapped in
the GISP2 curve. The width of the black bar reflects 1σ uncertainty, following radiocarbon convention. Red bars summarize the H. spp. presence in Gorham's Cave.
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periods H4, H3 (Marine Isotope Stage 3; MIS 3), and H2 (MIS 2), corre-
sponding to ~40, ~30, and ~24 cal. kyr BP respectively (Fig. 3b, c). In
general, D–O interstadial conditions are characterized by relatively
high temperatures, high productivity levels, low aeolian input, and rel-
atively low detrital input. D–O stadial conditions in contrast were
distinguished by low temperatures, low marine productivity, high
aeolian input and highly variable detrital input, although aeolian inputs
were not as extreme as during H4, H3, and H2 (gray bars Figs. 2 and 3).
These data are consistent with previous studies throughout the Alboran
Sea basin (e.g. Cacho et al., 2002; Moreno et al., 2005; Fletcher and
Sánchez Goñi, 2008), with the exception of the high productivity seen
during the Heinrich events.

5. Discussion

Slope-erosion events from 35 to 32 cal. kyr BP appear to be related
to transitions associated with Dansgaard–Oeschger (D–O) cycles:
Greenland Stadial 7 (GS-7), Greenland Interstadial 6 (GI-6), and
GS-6, according with the nomenclature proposed in Lowe et al.
(2008). These events are identified in the marine record as sharp
increases in detrital input, as indicated by high Mg/Al and Si/Al ratios
(Fig. 2f, g). Obtained and reviewed data do not identify any significant
tectonic activity, pointing to climatic changes, specifically dry inter-
vals, as triggering factors for slope-erosion events. Climate impacts
on geomorphology in this region have been previously described
(e.g., Goldberg and Macphail, 2006; Schulte et al., 2008), and changes
in sedimentation rates associated with increased terrigenous input in
marine records have also been described for this period (from GS-7 to
GS-6) (e.g. Moreno et al., 2004; Sánchez Goñi et al., 2008). The ob-
served correspondence indicates the utility of Mg/Al and Si/Al ratios
not only as proxies of fluvial input, but also as recorders of high detri-
tal input events, such as those caused by high erosion during rapid cli-
mate changes (Rodrigo-Gámiz et al., 2011).

Rock avalanches in Gibraltar between ~29 and 27 cal. kyr BP (Fig. 2,
Table 3) correspond with the D–O GI-3 and GS-3 transition, despite dat-
ing uncertainties. Between 28 and 27 cal. kyr BP also, amajor drop in sea
level occurred, mirrored by SST and detrital proxies Mg/Al and Si/Al
(see black arrow in Fig. 2). These simultaneous changes point to strong
marine–land connections, as proposed by Goldberg and Macphail
(2006), and indicate that some slope instabilities seen at the Gibraltar



Table 3
Results of AMS 14C carbon dating of calcite flowstone taken from different Gibraltar outcrops and event interpretation. The calibration was performed using Calpal2007_Hulu
(Weninger et al., 2011) software.

Location/
Dated event

Lab. code Field no. 14C age (yr) Calibrated age (1σ)

Vanguard North/ R-2660 GB 0312 19,300±200 23,060±320 cal. BP
Paleoseismic stalactite-fall event sealed by carbonate flowstones
Forbes' Quarry/ R-2668 GB 0011 22,300±500 26,850±670 cal. BP
Seal surface post-dating huge rock avalanche event
Forbes' Quarry/ Beta 228878 GB 0701 39,210±480
In situ shell associate to ephemeral lake associate to Aeolian Dune deposit
Forbes' Quarry/ Beta 228879 GB 0702 40,650±450
In situ shell contain in minor lake associate to Aeolian Dune deposit
Rosia Bay/ R-2662 GB 0314 26,200±500 30,820±320 cal. BP
Horizontal in situ speleothems
Rosia Bay/ R-2665 GB 0301 17,700±250 21,110±410 cal. BP
Carbonate deposits infilling extensional cracks associated to huge submarine landslide
St. Michael's Cave/ R-2673 GB 0002 29,200±800 32,800±910 cal. BP
Carbonate deposit with first external detrital input associate to cave opening
Bray's Cave/ R-2661 GB 0208 28,130±550 33,920±1170 cal. BP
Carbonate deposit with first external detrital input associate to cave opening
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promontory were most likely a regional phenomenon throughout the
surrounding Alboran Sea high relief region.

The origin of this correspondence illustrates the role of climate in con-
trolling chemical/physical weathering and vegetation cover in this region
(Turon et al., 2003; Fernández-Salas et al., 2008) and sea-level triggering
slope stability (Mienert et al., 2003). Such relationships between climate,
vegetation cover, weathering, detrital input to the basin and eustatic sig-
nals have been described in other areas (Marsaglia et al., 2004; Borgatti
and Soldati, 2010; Bourget et al., 2010; Schneider et al., 2010). In the
Mediterranean region the intensities and amounts of soil loss and runoff
on sloping land are governed by rainfall patterns and vegetation cover
(e.g., Durán Zuazo et al., 2006). In the South Iberia margin, close to the
marine site studied, alpine mountain chains (>3000 m above sea level)
with high slopes are located close to the coast. Such conditions are con-
ducive to extreme erosion rates (Calvache et al., 1997; Pérez-Peña et al.,
2010). Indeed, recent studies in the Iberian Peninsula demonstrate that
rapid climate transitions towards arid conditions enhance flood erosion
events (e.g., Domínguez-Villar et al., 2012). Our marine and continental
records are both indicative of climatically- and eustatically-induced ero-
sion events in the region.

Nevertheless, not all climate change transitions indicated by thema-
rine core appear to be recorded in the continental records, and vice
versa. This may be related to the pre-conditioning, feedback, and
threshold characteristics of natural processes (e.g., Goldberg and
Macphail, 2006). To investigate the potential impacts of environmental
change and particularly climate changes on human populations we
compare the physical/environmental records with cave occupation re-
cords. Archeological data indicate H. spp. Mousterian occupation in
Gorham's Cave between ~39 and 28 cal. kyr BP with three occupational
hiatuses in the following order: from ~40 to 38.5, from ~30.5 to 29.3,
and from ~28 to 22.5 cal. kyr BP, when H. spp. Upper Paleolithic tech-
nologies appear in the record. The persistence of H. spp. occupation
at this site is a testimony to the high level of adaptation of
H. populations to the different climate and environmental changes
that took place (e.g., Finlayson and Carrión, 2007). The recorded hia-
tuses warrant comparison with the timing of climatic and geomor-
phological changes.

Described cave openings associated to slope-erosion during the D–O
GS-7, GI-6, and GS-6 do not appear to have affected the settlement of
Table 4
Activity ratios and U/Th analytical results from flowstone layers in Gorham's Cave stratigra

Sample 238U 234U 230Th 232Th 234U

GB0704a 4.80±0.10 5.22±0.11 1.85±0.05 0.059±0.007 1.08
GB0704b 6.90±0.10 7.31±0.11 2.77±0.07 0.016±0.004 1.05
Gorham's Cave. Only during the Heinrich periods, characterized by
cold, arid, and windy conditions (Figs. 2 and 3), and associated with
major oceanographic changes (Sierro et al., 2005, 2009), is abandon-
ment of the Gibraltar area observed. The relationship between erosive
unconformities and other hiatuses promoted by paleo-environmental
changes have been described in other circum-Mediterranean regions
during the MIS 3 (Aubry et al., 2011; Müller et al., 2011). However,
H. spp. populations remained in other South Iberian locations during
these periods (Cortés-Sánchez, 2007). The different response of the
population in Gibraltar compared to other sites may suggest that the
hiatuses in Gibraltar might have been caused by local factors rather
than regional climate impacts. Local conditions that can limit occupa-
tion include reduction in access to caves due to blocking of cave en-
trances. Indeed, our study indicates that paleo-dunes were ubiquitous
in Gibraltar and movement of such dune systems can block cave en-
trances. For example, Forbes' Quarry was sealed by dunes between
40,650 and 39,120 cal. yr BP when dunes completely filled the Ibex
Cave (300 m asl) (Fig. 5). Dates from Gorham's Cave entrance indicate
a reduced entrance to the cave since 47.5 cal. kyr BP, and several
undated dune progradation episodes may have occurred after this
time (Figs. 6 and 7). These records imply high sensitivity of the sur-
rounding Gorham's area to dune deposits, or some other cave-
blocking phenomenon (Figs. 6 and 7). The inferred dune accumulations
would seem to correspond to episodes of major aeolian input seen in
marine cores during H4 period (Fig. 3) and strong dune system activity
has been observed during Heinrich events in otherMediterranean loca-
tions (Roskin et al., 2011). Dune development is a reliable proxy for past
windiness (Telfer and Thomas, 2006), and it is possible that during
these periodswith intense winds, high aeolian input and dune advance,
cave access/hospitability conditions deteriorated to led to cave aban-
donment. In addition, intense tidal level variations took place during
Heinrich periods (Arbic et al., 2004), making the rocky intertidal zone
more exposed. In such conditions the opportunity of coastal foraging ac-
tivities increases and populations are likely tomove to coastal areas. In-
deed, the use of shellfish has been a resource forH. spp. (Colonese et al.,
2010) and evidence of gathering and consumption of molluscs can be
traced back at least 150 ka in this area (Cortés-Sánchez et al., 2011).
Therefore, the upper Gibraltar cave system including Gorham's Cave,
appears to have been less attractive to occupation during H4 and H3.
phy (see Fig. 6).

/238U 230Th/232Th 230Th/234U T (ka BP) 234U/238U

9±0.019 31.2±3.9 0.3546±0.0124 47.2±2.1 1.101±0.021
9±0.010 176±40 0.3789±0.0116 51.4±2.0 1.068±0.011



Fig. 5. Catalan Bay sand ramp (eastern side of the Rock) covering Ibex Cave (top of the ramp) and dated levels. In spite of the homogenous appearance, sand ramp is composed of
consecutive arid episodes where erosion and deposits correspond to different environmental conditions.
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In order to obtain shellfish resources, populations could have been
moved to coastal areas such as that the lower Gibraltar cave system
(e.g., Vladis Reef; Fig. 1 and Rodríguez-Vidal et al., 2011), or the Iberian
Atlantic side (Fa, 2008). Although this affirmation could be coherent
with the increase in marine productivity proxies during Heinrich pe-
riods (Fig. 3a), more data are needed to corroborate this hypothesis.

The last Gorham's archeological hiatus between 28.0 and 22.5 cal.
kyr BP represents the transition from the last H. spp. populations
using Mousterian industries to the first H. spp. Upper Paleolithic
levels of occupation. We observed that this time interval is character-
ized by progressive cooling in SSTs (see black arrow in Fig. 2f) and
winter SST below 7 °C were reached. This progressive cooling was
coupled with severe droughts that occurred between 28.0 and
25.5 cal. kyr BP (e.g., Beaudoin et al., 2007). Despite the cold condi-
tions, it is important to note that large cold-adapted fauna were al-
most absent in the North and South Iberian Peninsula between 31
and 26 cal. kyr BP (Álvarez-Lao and García, 2010). Another distinctive
feature of this last hiatus is sea-level variation, with falls of >20 m
(Siddall et al., 2003) (Fig. 4a). Simultaneously, the studied records
show that the riverine input reached a minimum (Fig. 3b) and the
Fig. 6. Gorham's Cave entrance with dated and reconstructed cliff-front dune. White solid an
line represents inferred dune morphology. Red dashed lines indicate preserved dune forese
aeolian input reached a maximum at 25.5 cal. kyr BP (Fig. 3c), proba-
bly of the same age of the undated dune progradation episodes that
almost filled Gorham's Cave entrance (Fig. 7).

Following this time interval (between 28.0 and 25.5 cal. kyr BP)
and specifically during H2, the conditions became even more extreme
both globally and regionally (e.g., Bout-Roumazeilles et al., 2007;
Jiménez-Espejo et al., 2007). The period is characterized by high at-
mospheric dust transport to Greenland (Rohling et al., 2003) and
very cold SSTs (Martrat et al., 2004, 2007 and this study). These
changes promoted intense winds from the Sahara and an increase in
aeolian deposition in South Iberia (Bout-Roumazeilles et al., 2007;
Costas et al., 2012). This intense aeolian activity and dryness is recog-
nized by low fluvial input in the studied marine record (Fig. 2f, g), but
also throughout the entire Mediterranean, and from the western re-
gions (e.g., Combourieu-Nebout et al., 2002; Weldeab et al., 2003;
Jouet et al., 2006; Fernández et al., 2007; Naughton et al., 2009) to
the Levant (Bartov et al., 2003; Vaks et al., 2007).

In addition to the global climatic impacts, at a local scale, a broad
period of intense seismic activity apparently occurred during H2.
Our data indicate major stalactite falls and landslides (Fig. 2) probably
d dashed lines indicate rock avalanche overlying a MIS 5 marine beach. The yellow solid
t boundaries. For scale, see researcher surrounded by the red circle.

image of Fig.�6


Fig. 7. Geological interpretative section of Gorham's Cave after previous publications (Waechter, 1951, 1964; Goldberg and Macphail, 2000; Pettitt and Bailey, 2000; Finlayson et al.,
2006, 2008a) and this work. Middle Paleolithic occupation, morphosedimentary features and chronological evolution.
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related to earthquakes (Bolt, 2004) during this time interval. Evidence
of coetaneous instabilities is recognized in other geo-systems along
the Cádiz coast (Gracia et al., 2008) and in two nearby archeological
sites, Nerja Cave and Bajondillo Cave (Cortés-Sánchez et al., 2004;
Cortés-Sánchez, 2007). In the latter, located 90 km east of Gibraltar,
an instability event was dated at circa 24.3 cal. kyr BP by thermo-
luminescence. These events have been interpreted as paleo-seismic
block falls and they are associated with a sedimentary hiatus between
24.3 and 22.1 cal. kyr BP (14C-AMS) (Cortés-Sánchez et al., 2004;
Cortés-Sánchez, 2007). In Nerja Cave, the fallen blocks from the ceiling
indicate seismic activity between 25.6±4.8 and 23.4±2.3 ka
(Cortés-Sánchez et al., 2004) and a sedimentary hiatus has been ob-
served between 21 and 19 cal. kyr BP (Aura Tortosa et al., 2002). Evi-
dence of the confluence of extreme atmospheric, hydrological, and
tectonic events have also been invoked in order to explain the unusual
river incision observed in the South Iberian rivers (>15 m) at this time
(Schulte et al., 2008) and the immense size of the megaturbidite
(60,000 km2 and 500 km3) deposited in the Balearic basin (Rothwell
et al., 1998; Maslin et al., 2004; Owen et al., 2007).

The fluctuating environmental conditions during the stadial and
interstadials though the MIS 3 and MIS 2 were also accompanied
by changes in fauna. In contrast to the southern France and the
Cantabrian–Catalonian regions, the south of the Iberian Peninsula was
far from the favorite migration route of large mammals (e.g., Finlayson
and Carrión, 2007; Álvarez-Lao et al., 2009; García-Alix et al., 2012),
nevertheless, after 25.5 cal. kyr BP, cold-adapted mammals spread
along the northern Iberian Peninsula (Álvarez-Lao and García, 2010,
2011). These mammals could have been a factor in new displacements
along the Iberian Peninsula, despite no cold faunas has been found dur-
ing this period in southern Iberia to the present.

6. Conclusions

Correspondence between terrestrial and marine records in the
Gibraltar promontory and the Alboran basin point to climate and
sea level changes as major trigger for slopes instability, erosion and
detrital input. Major transitions between humid and arid periods
are seen during isotopic stages D–O GS-7, GI-6, and GS-6 and GI-3
to GS-3. The Gorham's Cave chronological sequence show three occu-
pational hiatuses associated with the Heinrich periods H4, H3 and H2.
The abandonments of the cave during H4 and H3 appear to be linked
to the prevailing cold and arid conditions which impact local geomor-
phologic factors, likely to be coastal dune system activity, and en-
hanced tidal level variations which encouraged migrations to
coastal locations. During the last described hiatus between 28 and
23 ka, a confluence of environmental variations including sea-level
fall, harsh temperature oscillations, aridification, river incision pro-
cesses, and marked seismic activity in the South Iberian Peninsula
was the scenario where the H. spp. transition occurred.
Acknowledgments

The authors are grateful for support from the Gibraltar Govern-
ment to work in Gorham's Cave. This study was supported by
FEDER and Spanish MICINN projects FEDER/CGL-2012-34717,
FEDER/CGL-2009-06988, CGL2009-07603, CGL2010-15810/BTE,
CTM2009-07715, and CSD2006-00041, 200800050084447 from
MARM, Project RNM 05212, and Research Group 0179 (Junta de
Andalucía).We thank the Training-Through-Research Programme
(UNESCO — Moscow State University) for core material recovery.
F. J. Jiménez-Espejo acknowledges the funding from the CSIC
“JAE-Doc” postdoctoral program. A.G.-A. was also supported by a
Juan de la Cierva contract from the Spanish Ministerio de Ciencia e
Innovación. This work is a contribution to the IGCPs 526 (Risks, re-
sources, and record of the past on the continental shelf), 567 (Earth-
quake Archaeology and Palaeoseismology), and 588 (Preparing for
coastal change). We are likewise grateful to E. Holanda, E. Abarca,
C. Niembro, L. López, J. Santamarina and D. Ortega for their laborato-
ry assistance.

image of Fig.�7


214 F.J. Jiménez-Espejo et al. / Geomorphology 180–181 (2013) 205–216
References

Alcaraz-Pelegrina, J.M., Martínez-Aguirre, A., Rodríguez-Vidal, J., 2012. U-series dating
of speleothems from the Sierra del Endinal (Grazalema Mountains, S Spain).
Applied Radiation and Isotopes 70, 2275–2281.

Álvarez-Lao, D.J., García, N., 2010. Chronological distribution of Pleistocene cold-
adapted large mammal faunas in the Iberian Peninsula. Quaternary International
212, 120–128.

Álvarez-Lao, D., García, N., 2011. Geographical distribution of Pleistocene cold-adapted large
mammal faunas in the Iberian Peninsula. Quaternary International 233, 159–170.

Álvarez-Lao, D., Kahlke, R.D., García, N., Mol, D., 2009. The Padul mammoth finds — on
the southernmost record of Mammuthus primigenius in Europe and its southern
spread during the Late Pleistocene. Palaeogeography, Palaeoclimatology, Palaeo-
ecology 278, 57–70.

Arbic, B.K., MacAyeal, D.R., Mitrovica, J.X., Milne, G.A., 2004. Ocean tides and Heinrich
events. Nature 432, 460.

Aubry, T., Dimuccio, L.A., Almeida, M., Neves, M.J., Angelucci, D.E., Cunha, L., 2011.
Palaeoenvironmental forcing during the Middle–Upper Palaeolithic transition in
central-western Portugal. Quaternary Research 75, 66–79.

Aura Tortosa, J.E., Jordá Pardo, J.F., Pérez Ripoll, M., Rodrigo García, M.J., Badal García, E.,
Guillem Calatayud, G., 2002. The far south: the Pleistocene–Holocene transition in
Nerja Cave (Andalucia, Spain). Quaternary International 93–94, 19–30.

Balter, M., 2011. Did Neanderthals linger in Russia's far North? Science 778. http://
dx.doi.org/10.1126/science.332.6031.778.

Banks, W.E., d'Errico, F., Peterson, A.T., Kageyama, M., Sima, A., Sánchez Goñi, M.F.,
2008. Neanderthal extinction by competitive exclusion. PLoS One 3 (12), e3972.

Baptista, M.A., Miranda, P.M.A., Miranda, J.M., Mendes Victor, L., 1998. Constrains on the
source of the 1755 Lisbon tsunami inferred from numerical modelling of historical
data on the source of the 1755 Lisbon tsunami. Journal of Geodynamics 25, 143–174.

Baraza, J., Ercilla, G., Nelson, C.H., 1999. Potential geologic hazards on the Eastern Gulf
of Cadiz slope (SW Spain). Marine Geology 155, 191–215.

Bard, E., Rostek, F., Menot-Combes, G., 2004. A better radiocarbon clock. Science 303,
178–179.

Bartov, Y., Goldstein, S.L., Stein, M., Enzel, Y., 2003. Catastrophic arid episodes in the
Eastern Mediterranean linked with North Atlantic Heinrich events. Geology 31,
439–442.

Bea, F., 1996. Residence of REE, Y, Th and U in granites and crustal protoliths: implica-
tions for the chemistry of crustal melts. Journal of Petrology 37, 521–532.

Beaudoin, C., Jouet, G., Suc, J.P., Berne, S., Escargell, G., 2007. Vegetation dynamics in south-
ern France during the last 30 ky BP in the light of marine palynology. Quaternary
Science Reviews 26, 1037–1054.

Benavente, J., Del Río, L., Gracia, F.J., Martínez-del-Pozo, J.A., 2006. Coastal flooding
hazard related to storms and coastal evolution in Vadelagrana spit (Cadiz Bay
Natural Park, SW Spain). Continental Shelf Research 26, 1061–1076.

Blaauw, M., 2010. Methods and code for ‘classical’ age-modelling of radiocarbon se-
quences. Quaternary Geochronology 5, 512–518.

Bolt, B.A., 2004. Earthquakes. W.H. Freeman and Company, New York. (378 pp.).
Borgatti, L., Soldati, M., 2010. Landslides as a geomorphological proxy for climate

change: a record from the Dolomites (northern Italy). Geomorphology 120, 56–64.
Bourget, J., Zaragosi, S., Mulder, T., Schneider, J.-L., Garlan, T., Van Toer, A., Mas, V.,

Ellouz-Zimmermann, N., 2010. Hyperpycnal-fed turbidite lobe architecture and re-
cent sedimentary processes: a case study from the Al Batha turbidite system, Oman
margin. Sedimentary Geology 229, 144–159.

Bout-Roumazeilles, V., Combourieu-Nebout, N., Peyron, O., Cortijo, E., Landais, A.,
Masson-Delmotte, V., 2007. Connection between South Mediterranean climate
and North African atmospheric circulation during the last 50,000 yr BP North
Atlantic cold events. Quaternary Science Reviews 26, 3197–3215.

Cacho, I., Grimalt, J.O., Pelejero, C., Canals, M., Sierro, F.J., Flores, J.A., Shackleton, N., 1999.
Dansgaard–Oeschger and Heinrich event imprints in Alboran Sea palaeotemperatures.
Paleoceanography 14, 698–705.

Cacho, I., Grimalt, J.O., Canals, M., 2002. Response of the Western Mediterranean Sea to
rapid climatic variability during the last 50,000 years: a molecular biomarker
approach. Journal of Marine Systems 33–34, 253–272.

Calvache, M.L., Viseras, C., Fernández, J., 1997. Controls on fan development — evidence
from fan morphometry and sedimentology; Sierra Nevada, SE Spain. Geomorphol-
ogy 21, 69–84.

Carrión, J.S., Finlayson, C., Fernández, S., Finlayson, G., Allué, E., López-Saéz, J.A., López-
García, P., Gil-Romera, G., Bailey, G., González-Sampériz, P., 2008. A coastal reser-
voir of biodiversity for Upper Pleistocene human populations. Quaternary Science
Reviews 27, 2118–2135.

Colonese, A.,Mannino,M.A., Bar-YosefMayer, D.E., Fa, D.A., Finlayson, J.C., Lubell, D., Stiner,
M.C., 2010. Marine mollusc exploitation in Mediterranean prehistory: an overview.
Quaternary International. http://dx.doi.org/10.1016/j.quaint.2010.09.001.

Comas, M.C., Ivanov, M., 2006. Eastern Alboran margin: the transition between the
Alboran and the Balearic–Algerian Basin. Introduction. In: Kenyon, N.H., Ivanov,
M.K., Akhmetzhanov, A.M., Kozlova, E.V. (Eds.), Interdisciplinary Geoscience
Studies of the Gulf of Cadiz and Western Mediterranean Basin. IOC Tech. Ser., 70.
UNESCO, pp. 48–49.

Combourieu-Nebout, N., Turon, J.L., Zahn, R., Capotondi, L., Londeix, L., Pahnke, K., 2002.
Enhanced aridity and atmospheric high-pressure stability over the western Medi-
terranean during the North Atlantic cold events of the past 50 kyr. Geology 30,
863–866.

Conkright, M.E., Locarnini, R.A., García, H.E., O'Brien, T.D., Boyer, T.P., Stephens, C.,
Antonov, J.I., 2002. World Ocean Atlas 2001: Objective Analyses, Data Statistics,
and Figures, CD-ROM Documentation. Natl. Oceanogr. Data Cent., Silver Spring,
Md.
Cortés-Sánchez, M., 2007. Cueva Bajondillo (Torremolinos). Secuencia cronocultural y
paleoambiental del Cuaternario reciente en la Bahía de Cádiz. Centro de
Ediciones de la Diputación Provincial de Málaga (CEDMA), Málaga.

Cortés-Sánchez, M., Simón Vallejo, M.D., Fernández Domínguez, E., Gutiérrez Sáez, C.,
Lozano Francisco, M.C., Morales Muñiz, A., Riquelme Cantal, J.A., Roselló
Izquierdo, E., Turbón Borrega, D., Vera-Peláez, J.L., 2004. Algunos datos sobre el
Paleolítico Superior de la Cueva de Nerja (Andalucía, España): La Cuenca
Mediterránea durante el Paleolítico Superior (38,000–10,000 años). IV Simposio
de Prehistoria Cueva de Nerja y Reunión de la VIII Comisión de Paleolítico Superior
U.I.S.P.P, pp. 298–315. Patronato de la Cueva de Nerja.

Cortés-Sánchez, M., Morales-Muñiz, A., Simón-Vallejo, M.D., Lozano-Francisco, M.C.,
Vera-Peláez, J.L., Finlayson, C., Rodríguez-Vidal, J., Delgado-Huertas, A., Jiménez-
Espejo, F.J., Martínez-Ruiz, F., Martínez-Aguirre, M.A., Pascual-Granged, A.J.,
Bergadà-Zapata, M.M., Gibaja-Bao, J.F., Riquelme-Cantal, J.A., López-Sáez, A.,
Rodrigo-Gámiz, M., Sakai, S., Sugisaki, S., Finlayson, G., Fa, D.A., Bicho, N.F., 2011.
Earliest known use of marine resources by Neanderthals. PLoS One 6, e24026.
http://dx.doi.org/10.1371/journal.pone.0024026.

Costas, S., Jerez, S., Trigo, R.M., Goble, R., Rebêlo, L., 2012. Sand invasion along the
Portuguese coast forced by westerly shifts during cold climate events. Quaternary
Science Reviews 42, 15–28.

Danzeglocke, U., Jöris, O., Weninger, B., 2011. CalPal-2007online. http://www.calpal-
online.de/ (accessed 2011-05-18).

Dehairs, F., Lambert, C.E., Chesselet, R., Risler, N., 1987. The biological production of
marine suspended barite and the barium cycle in the western Mediterranean
Sea. Biogeochemistry 4, 119–139.

Domínguez-Villar, D., Vázquez-Navarro, J.A., Carrasco, R.M., 2012. Mid-Holocene ero-
sive episodes in tufa deposits from Trabaque Canyon, central Spain, as a result of
abrupt arid climate transitions. Geomorphology 161–162, 15–25.

Durán Zuazo, V., Martínez, J., Pleguezuelo, C., Martínez Raya, A., Rodríguez, B., 2006. Soil-
erosion and runoff prevention by plant covers in a mountainous area (SE Spain):
implications for sustainable agriculture. The Environmentalist 26, 309–319.

Eagle, M., Paytan, A., Arrigo, K., Van Dijken, G., Murray, R., 2003. A comparison between
excess barium and barite as indicators or export production. Paleoceanography 18,
1–13.

Emeis, K.C., Sakamoto, T., Wehausen, R., Brumsack, H.J., 2000. The sapropel record of
the eastern Mediterranean Sea — results of Ocean Drilling Program Leg-160.
Palaeogeography, Palaeoclimatology, Palaeoecology 158, 371–395.

Fa, D., 2008. Effects of tidal amplitude on intertidal resource availability and dispersal
pressure in prehistoric human coastal populations: the Mediterranean–Atlantic
transition. Quaternary Science Reviews 27, 2194–2209.

Fernández, S., Fuentes, N., Carrión, J.S., González-Sampériz, P., Montoya, E., Gil, G.,
Vega-Toscano, G., Riquelme, J.A., 2007. The Holocene and Upper Pleistocene pollen
sequence of Carihuela Cave, southern Spain. Geobios 40, 75–90.

Fernández-Salas, L.M., Dabrio, C.J., Goy, J.L., Díaz del Rio, V., Zazo, C., Lobo, F.J., Sanz, J.L., Lario,
J., 2008. Land–sea correlation between Late Holocene coastal and infralittoral deposits
in the SE Iberian Peninsula (Western Mediterranean). Geomorphology 104, 4–11.

Finlayson, C., Carrión, J.S., 2007. Rapid ecological turnover and its impact on Neanderthal
and other human populations. Trends in Ecology & Evolution 22, 213–222.

Finlayson, C., Giles Pacheco, F., Rodríguez-Vidal, J., Fa, D.A., Gutiérrez López, J.M., et al.,
2006. Late survival of Neanderthals at the southernmost extreme of Europe. Nature
443, 850–853.

Finlayson, G., Finlayson, C., Giles Pacheco, F., Rodriguez Vidal, J., Carrión, J.S., Recio
Espejo, J.M., 2008a. Caves as archives of ecological and climatic changes in the
Pleistocene — the case of Gorham's Cave, Gibraltar. Quaternary International 181,
55–63.

Finlayson, C., Fa, D.A., Jiménez-Espejo, F.J., Carrión, J.S., Finlayson, C., Giles Pacheco, F.,
Rodríguez Vidal, J., Stringer, C., Martínez Ruiz, F., 2008b. Gorham's Cave, Gibraltar —
the persistence of a Neanderthal population. Quaternary International 181, 64–71.
http://dx.doi.org/10.1016/j.quaint.2007.11.016.

Fletcher, W.J., Sánchez Goñi, M.F., 2008. Orbital- and sub-orbital-scale climate impacts on
vegetation of the western Mediterranean basin over the last 48,000 yr. Quaternary
Research 70, 451–464.

Frigola, J., Moreno, A., Cacho, I., Canals, M., Sierro, F.J., Flores, J.A., Grimalt, J.O., 2008.
Evidence of abrupt changes in Western Mediterranean Deep Water circulation
during the last 50 kyr: a high-resolution marine record from the Balearic Sea.
Quaternary International 181, 88–104.

García-Alix, A., DelgadoHuertas, A.,Martín Suárez, E., 2012. Unravelling the Late Pleistocene
habitat of the southernmostwoollymammoths in Europe. Quaternary Science Reviews
32, 75–85.

Goldberg, P., Macphail, R.I., 2000. Micromorphology of sediments from Gibraltar caves:
some preliminary results from Gorham's Cave and Vanguard Cave. In: Finlayson, C.,
Finlayson, G., Fa, D. (Eds.), Gibraltar during the Quaternary, Gibraltar Government,
Heritage Publications, Monographs, Gibraltar, pp. 93–108.

Goldberg, P., Macphail, R.I., 2006. Practical and Theoretical Geoarchaeology. Blackwell
Publishing, Oxford.

González Sampériz, P., Utrilla, P., Mazo, C., Valero Garcés, B., Sopena, M.C., Morellón, M.,
Sebastián, M., Moreno, A., Martínez Bea, M., 2009. Patterns of human occupation
during the early Holocene in the Central Ebro Basin (NE Spain) in response to
the 8.2 ka climatic event. Quaternary Research 71, 121–132.

González-Donoso, J.M., Linares, D., 1998. Evaluation of some numerical techniques for
determining paleotemperatures from planktonic foraminiferal assemblages.
Revista Española de Paleontología 13, 107–129.

Gracia, E., Pallás, R., Soto, J.I., Comas, M., Moreno, X., Masana, E., Santanach, P., Díez, S.,
García, M., Dañobeitia, J., 2006. Active faulting offshore SE Spain (Alboran Sea): impli-
cations for earthquake hazard assessment in the Southern Iberian Margin. Earth and
Planetary Science Letters 241, 734–749. http://dx.doi.org/10.1016/j.epsl.2005.11.009.

http://dx.doi.org/10.1126/science.332.6031.778
http://dx.doi.org/10.1016/j.quaint.2010.09.001
http://dx.doi.org/10.1371/journal.pone.0024026
http://www.calpal-online.de/
http://www.calpal-online.de/
http://dx.doi.org/10.1016/j.quaint.2007.11.016
http://dx.doi.org/10.1016/j.epsl.2005.11.009


215F.J. Jiménez-Espejo et al. / Geomorphology 180–181 (2013) 205–216
Gracia, F.J., Rodríguez-Vidal, J., Cáceres, L.M., Belluomini, G., Benavente, J., Alonso, C.,
2008. Diapiric uplift of an MIS 3 marine deposit in SW Spain: implications for
Late Pleistocene sea level reconstruction and palaeogeography of the Strait of
Gibraltar. Quaternary Science Reviews 27, 2219–2231.

Green, et al., 2010. A draft sequence of the Neanderthal genome. Science 328, 710–722.
http://dx.doi.org/10.1126/science.1188021.

Grootes, P.M., Stuiver, M., White, J.W.C., Johnsen, S., Jouzel, J., 1993. Comparison of ox-
ygen isotope records from the GISP2 and GRIP Greenland ice cores. Nature 366,
552–554.

Gutscher, M.A., Baptista, M.A., Miranda, J.M., 2006. The Gibraltar Arc seismogenic zone
(part 2): constraints on a shallow east dipping fault plane source for the 1755
Lisbon earthquake provided by tsunami modelling and seismic intensity.
Tectonophysics 426, 153–166.

Higham, T., Ramsey, C.B., Karavanic, I., Smith, F.H., Trinkaus, E., 2006. Revised direct ra-
diocarbon dating of the Vindija G1 Upper Palaeolithic Neanderthals. Proceedings of
the National Academy of Sciences 103, 553–557.

Higham, T., Brock, F., Peresani, M., Broglio, A., Wood, R., Douka, K., 2009. Problems with
radiocarbon dating the Middle to Upper Palaeolithic transition in Italy. Quaternary
Science Reviews 28, 1257–1267.

Horan, R.D., Bulte, E., Shogren, J.F., 2005. How trade saved humanity from biological ex-
clusion: an economic theory of Neanderthal extinction. Journal of Economic Behavior
and Organization 58, 1–29.

Jennings, R., Finalyson, C., Fa, D., Finlayson, G., 2011. Southern Iberia as a refuge for the
last Neanderthal populations. Journal of Biogeography 1–13. http://dx.doi.org/
10.1111/j.1365-2699.2011.02536.x.

Jiménez-Espejo, F.J., Martínez-Ruiz, F., Finlayson, C., Paytan, A., Sakamoto, T., Ortega-
Huertas, M., Finlayson, G., Iijima, K., Gallego-Torres, D., Fa, D., 2007. Climate forcing
and Neanderthal extinction in Southern Iberia: insights form a multiproxy marine
record. Quaternary Science Reviews 26, 836–852.

Jiménez-Espejo, F.J., Martínez-Ruiz, M., Rogerson, M., González-Donoso, J.M., Romero,
O.E., Linares, D., Sakamoto, T., Gallego-Torres, D., Rueda Ruiz, J.L., Ortega-Huertas,
M., Perez Claros, J.A., 2008. Detrital input, productivity fluctuations, and water
mass circulation in the westernmost Mediterranean Sea since the Last Glacial
Maximum. Geochemistry, Geophysics, Geosystems 9, Q11U02.

Jouet, G., Berné, S., Rabineau, M., Bassetti, M.A., Bernier, P., Dennielou, B., Sierro, F.J.,
Flores, J.A., Taviani, M., 2006. Shoreface migrations at the shelf edge and sea-level
changes around the Last Glacial Maximum (Gulf of Lions, NW Mediterranean).
Marine Geology 234, 21–42.

Lahr, M.M., Foley, R.A., 1998. Towards a theory of modern human origins: geography,
demography, and diversity in recent human evolution. Yearbook of Physical
Anthropology 41, 137–176.

Lowe, J.J., Rasmussen, S.O., Bjoerck, S., Hoek, W.Z., Steffensen, J.P., Walker, M.J.C., Yu,
Z.C., and INTIMATE group, 2008. Synchronisation of palaeoenvironmental events
in the North Atlantic region during the Last Termination: a revised protocol
recommended by the INTIMATE group. Quaternary Science Reviews 27, 6–17.
http://dx.doi.org/10.1016/j.quascirev.2007.09.016.

Ludwig, K.R., 1991. United States Geological Survey. Open-File Report 91–445.
Marsaglia, K.M., Fukusawa, H., Cornell, W.C., Skilbeck, C.G., Meyers, P.A., Prasad, M.,

Klaus, A., 2004. Eustatic signals in deep-marine sedimentary sequences recovered
at ODP Site 978, Alboran Basin, Western Mediterranean Sea. Journal of Sedimentary
Research 74, 378–390. http://dx.doi.org/10.1306/092403740378.

Martínez-Ruiz, F., Kastner, M., Paytan, A., Ortega-Huertas, M., Bernasconi, S.M., 2000.
Geochemical evidence for enhanced productivity during S1 sapropel deposition
in the eastern Mediterranean. Paleoceanography 15, 200–209.

Martínez-Ruiz, F., Paytan, A., Kastner, M., Gonzalez-Donoso, J.M., Linares, D.,
Bernasconi, S.M., Jiménez-Espejo, F.J., 2003. A comparative study of the geo-
chemical and mineralogical characteristics of the S1 sapropel in the western
and eastern Mediterranean. Palaeogeography, Palaeoclimatology, Palaeoecology
190, 23–37.

Martrat, B., Grimalt, J.O., López-Martínez, C., Cacho, I., Sierro, F.J., Flores, J.A., Zahn, R.,
Canals, M., Curtis, J.H., Hodell, D.A., 2004. Abrupt temperature changes in the
Western Mediterranean over the past 250,000 years. Science 306, 1762–1765.

Martrat, B., Grimalt, J.O., Shackleton, N.J., de Abreu, L., Hutterli, M.A., Stocker, T.F., 2007.
Four climate cycles of recurring deep and surface water destabilizations on the Ibe-
rian margin. Science 317, 502–507.

Maslin, M., Owen, M., Day, S., Long, D., 2004. Linking continental-slope failures and cli-
mate change: testing the clathrate gun hypothesis. Geology 32, 53–56.

Mattey, D., Lowry, D., Duffet, J., Fisher, R., Hodge, E., Frisia, S., 2008. A 53 year seasonally
resolved oxygen and carbon isotope record from a modern Gibraltar speleothem:
reconstructed drip water and relationship to local precipitation. Earth and Plane-
tary Science Letters 269, 80–95.

Mellars, P., 2006. A new radiocarbon revolution and the dispersal of modern humans in
Eurasia. Nature 439, 931–935.

Mercone, D., Thomson, J., Abu-Zied, R.H., Croudace, I.W., Rohling, E.J., 2001. High-reso-
lution geochemical and micropalaeontological profiling of the most recent eastern
Mediterranean sapropel. Marine Geology 177, 25–44.

Mienert, J., Berndt, C., Laberg, J.S., Vorren, T.O., 2003. Slope instability of continental
margins. In: Wefer, G., Billett, D., Hebbeln, D., Jørgensen, B.B., Schlüter, M., Van
Weering, T.C.E. (Eds.), Ocean Margin Systems. Springer Verlag, Berlin, Heidelberg,
New York, pp. 179–191.

Moreno, A., Cacho, I., Canals, M., Prins, M.A., Sánchez Goñi, M.F., Grimalt, J.O., Weltje,
G.J., 2002. Saharan dust transport and high-latitude glacial climatic variability:
the Alboran Sea record. Quaternary Research 58, 318–328.

Moreno, A., Cacho, I., Canals, M., Grimalt, J.O., Sánchez-Vidal, A., 2004. Millennial-scale
variability in the productivity signal from the Alboran Sea record, Western Medi-
terranean Sea. Palaeogeography, Palaeoclimatology, Palaeoecology 211, 205–219.
Moreno, A., Cacho, I., Canals, M., Grimalt, J.O., Sánchez Goñi, M.F., Shackleton, N., Sierro,
F.J., 2005. Linking between marine and atmospheric processes oscillating on a mil-
lennial time-scale. A multi-proxy study of the last 50,000 yr from the Alboran Sea
(Western Mediterranean Sea). Quaternary Science Reviews 24, 1623–1636.

Müller, U.C., Pross, J., Tzedakis, P.C., Gamble, C., Kotthoff, U., Schmiedl, G., Wulf, S.,
Christanis, K., 2011. The role of climate in the spread of modern humans into
Europe. Quaternary Science Reviews 30, 273–279.

Naughton, F., Sánchez-Goñi, M.F., Kageyama, M., Bard, E., Duprat, J., Cortijo, E., Desprat,
S., Malaizé, B., Joly, C., Rostek, F., Turon, J.-L., 2009. Wet to dry climatic trend in
north-western Iberia within Heinrich events. Earth and Planetary Science Letters
284, 329–342.

Nieto-Moreno, V., Martínez-Ruiz, F., Giralt, S., Jiménez-Espejo, F., Gallego-Torres, D.,
Rodrigo-Gámiz, M., García-Orellana, J., Ortega-Huertas, M., De Lange, G.J., 2011.
Tracking climate variability in the western Mediterranean during the Late Holocene:
a multiproxy approach. Climate of the Past 7, 1395–1414.

Owen, M., Day, S., Maslin, M., 2007. Late Pleistocene submarine mass movements: oc-
currence and causes. Quaternary Science Reviews 26, 958–978.

Paytan, A., Kastner, M., Chavez, F.P., 1996. Glacial to interglacial fluctuations in productiv-
ity in the equatorial Pacific as indicated by marine barite. Science 274, 1355–1357.

Paytan, A., Martinez-Ruiz, F., Ivy, A., Eagle, M., Wankel, S.D., 2004. Using sulfur isotopes
in barite to elucidate the origin of high organic matter accumulation events in ma-
rine sediments. In: Amend, J.P., Edwards, K.J., Lyons, T.W. (Eds.), Sulfur Biogeo-
chemistry: Past and Present. Special paper, vol. 379. Geological Society of
America, Boulder Colorado, pp. 151–160.

Pérez-Peña, J.V., Azor, A., Azañón, J.M., Keller, E.A., 2010. Active tectonics in the Sierra
Nevada (Betic Cordillera, SE Spain): insights from geomorphic indexes and drain-
age pattern analysis. Geomorphology 119, 74–87.

Pettitt, P.B., Bailey, R.M., 2000. AMS radiocarbon and luminescence dating of Gorham's
and Vanguard caves, Gibraltar, and implications for the Middle to Upper
Palaeolithic transition in Iberia. In: Stringer, C.B., Barton, R.N.E., Finlayson, J.C.
(Eds.), Neanderthals on the Edge. Oxbow Books, Oxford and Oakville, pp. 155–162.

Pinhasi, R., Higham, T.F.G., Golovanova, L.V., Doronichev, V.B., 2011. Revised age of late
Neanderthal occupation and the end of the Middle Palaeolithic in the northern
Caucasus. Proceedings of the National Academy of Sciences 21, 8611–8616.

Rodrigo-Gámiz, M., Martínez-Ruiz, F., Jiménez-Espejo, F.J., Gallego-Torres, D., Nieto-
Moreno, V., Romero, O., Ariztegui, D., 2011. Impact of climate variability in the
western Mediterranean during the last 20,000 years: oceanic and atmospheric re-
sponses. Quaternary Science Reviews 30, 2018–2034.

Rodríguez-Vidal, J., Cáceres, L.M., Finlayson, J.C., Gracia, F.J., Martínez-Aguirre, A., 2004.
Neotectonics and shoreline history of the Rock of Gibraltar, southern Iberia.
Quaternary Science Reviews 23, 2017–2029.

Rodríguez-Vidal, J., Cáceres, L.M., Martínez-Aguirre, A., Alcaraz, J.M., Finlayson, C.,
Finlayson, G., Fa, D., 2008. Evidence of climate change at different altitudes within
the karstic regions of the western Betic Range during the Late Pleistocene (in Spanish).
Geo-Temas 10, 759–762.

Rodriguez-Vidal, J., Cáceres, L.M., Abad, M., Ruiz, F., González-Regalado, M.L., Finlayson,
C., Finlayson, G., Fa, D., Rodríguez-Llanes, J.M., Bailey, G., 2011. The recorded evi-
dence of the AD 1755 Atlantic tsunami on the Gibraltar coast. Journal of Iberian
Geology 37, 177–193.

Roebroeks, W., 2006. The human colonisation of Europe: where are we? Journal of
Quaternary Sciences 21, 425–435.

Rohling, E.J., Mayewski, P.A., Challenor, P., 2003. On the timing and mechanism of
millennial-scale climate variability during the last glacial cycle. Climate Dynamics
20, 257–267.

Roskin, J., Tsoar, H., Porat, N., Blumberg, D.G., 2011. Palaeoclimate interpretations of
Late Pleistocene vegetated linear dune mobilization episodes: evidence from the
northwestern Negev dunefield, Israel. Quaternary Science Reviews 30,
3364–3380.

Rothwell, R.G., Thomson, J., Kahler, G., 1998. Low-sea-level emplacement of a very large Late
Pleistocene “megaturbidite” in the western Mediterranean Sea. Nature 392, 377–380.

Ruiz, F., Rodríguez-Ramírez, A., Cáceres, L.M., Rodríguez-Vidal, J., Carretero, M.I., Abad,
M., Olías, M., Pozo, M., 2005. Evidence of high-energy events in the geological re-
cord: Mid-Holocene evolution of the southwestern Doñana Park (SW Spain).
Palaeogeography, Palaeoclimatology, Palaeoecology 229, 212–229.

Sánchez Goñi, M.F., Landais, A., Fletcher, W.J., Naughton, F., Desprat, S., Duprat, J., 2008.
Contrasting impacts of Dansgaard–Oeschger events over a western European lati-
tudinal transect modulated by orbital parameters. Quaternary Science Reviews 27,
1136–1151.

Sanchez-Vidal, A., Collier, R.W., Calafat, A., Fabres, J., Canals, M., 2005. Particulate bari-
um fluxes on the continental margin: a study from the Alboran Sea (Western
Mediterranean). Marine Chemistry 93, 105–117.

Schneider, H., Höfer, D., Irmler, R., Daut, G., Mäusbacher, R., 2010. Correlation between
climate, man and debris flow events — a palynological approach. Geomorphology
210, 48–55.

Schulte, L., Juliá, R., Burjachs, F., Hilgers, A., 2008. Middle Pleistocene to Holocene
geochronology of the River Aguas terrace sequence (Iberian Peninsula): fluvial re-
sponse to Mediterranean environmental change. Geomorphology 98, 13–33.

Serrano, F.J., González-Donoso, J.M., Palmqvist, P., Guerra-Merchán, A., Linares, D.,
Pérez-Claros, J.A., 2007. Estimating Pliocene sea-surface temperatures in the
Mediterranean: an approach based on themodern analogs technique. Palaeogeography,
Palaeoclimatology, Palaeoecology 243, 174–188.

Siddall, M., Rohling, E.J., Almogi-Labin, A., Hemleben, C., Meischner, D., Schmelzer, I.,
Smeed, D.A., 2003. Sea-level fluctuations during the last glacial cycle. Nature 423,
853–858.

Sierro, F.J., Hodell, D.A., Curtis, J.H., Flores, J.A., Reguera, I., Colmenero-Hidalgo, E.,
Barcena, M.A., Grimalt, J.O., Cacho, I., Frigola, J., Canals, M., 2005. Impact of iceberg

http://dx.doi.org/10.1126/science.1188021
http://dx.doi.org/10.1111/j.1365-2699.2011.02536.x
http://dx.doi.org/10.1016/j.quascirev.2007.09.016
http://dx.doi.org/10.1306/092403740378


216 F.J. Jiménez-Espejo et al. / Geomorphology 180–181 (2013) 205–216
melting on Mediterranean thermohaline circulation during Heinrich events.
Paleoceanography 20, PA2019. http://dx.doi.org/10.1029/2004PA001051.

Sierro, F.J., Andersen, N., Bassetti, M.A., Berne, S., Canals, M., Curtis, J.H., Dennielou, B.,
Flores, J.A., Frigola, J., González-Mora, B., Grimalt, J.O., Hodell, D.A., Jouet, G.,
Pérez-Folgado, M., Schneider, R., 2009. Phase relationship between sea level and
abrupt climate change. Quaternary Science Reviews 28, 2867–2881.

Stringer, C., 2003. Human evolution: out of Ethiopia. Nature 423, 692–695.
Telfer, M.W., Thomas, D.S.G., 2006. Complex Holocene lunette dune development,

South Africa: implications for paleoclimate and models of pan development in
arid regions. Geology 34, 853–856.

Thiebot, E., Gutscher, M.A., 2006. The Gibraltar Arc seismic zone (part 1): constraints on a
shallow east dipping fault plane source for the 1755 Lisbon earthquake provided by
seismic data, gravity and thermal modeling. Tectonophysics 426, 135–152.

Turon, J.-L., Lézine, A.-M., Denèfle, M., 2003. Land–sea correlation for the last glacia-
tions inferred from a pollen and dinocyst record from the Portuguese margin.
Quaternary Research 59, 88–96.

Tzedakis, P.C., Hughen, K.A., Cacho, I., Harvati, K., 2007. Placing late Neanderthals in a
climatic context. Nature 449, 206–208.

Vaks, A., Bar-Matthews, M., Ayalon, A., Matthews, A., Frumkin, A., Dayan, U., Halicz, L.,
Almogi-Labin, A., Schilman, B., 2007. Desert speleothems reveal climatic window
for African exodus of early modern humans. Geology 25, 831–834.

Vizcaino, A., Gracia, E., Pallás, R., García-Orellana, J., Escutia, C., Casas, D., Willmott, V.,
Susana, D., Asioli, A., Dañobeitia, J., 2006. Sedimentology, physical properties and
age of mass transport deposits associated with the Marques de Pombal Fault,
Southwest Portuguese Margin. Norwegian Journal of Geology 86, 177–186.
Waechter, J.D.A., 1951. Excavations at Gorham's Cave, Gibraltar. The Prehistoric Society
15, 83–92.

Waechter, J.D.A., 1964. The excavation of Gorham's Cave, Gibraltar, 1951–1954. Bulletin of
the Institute of Archaeology 4, 189–221.

Wehausen, R., Brumsack, H.-J., 1999. Cyclic variations in the chemical composition of
eastern Mediterranean Pliocene sediments: a key for understanding sapropel for-
mation. Marine Geology 153, 161–176.

Weldeab, S., Siebel, W., Wehausen, R., Emeis, K.C., Schmiedl, G., Hemleben, C., 2003.
Late Pleistocene sedimentation in the Western Mediterranean Sea: implications
for productivity changes and climatic conditions in the catchment areas.
Palaeogeography, Palaeoclimatology, Palaeoecology 190, 121–137.

Weninger, B., Jöris, O., Danzeglocke, U., 2011. CalPal-2007. Cologne Radiocarbon
Calibration & Palaeoclimate Research Package. http://www.calpal.de/ (accessed
2011-05-18).

Wolpoff, M., 1989. Multiregional evolution: the fossil alternative to Eden. In: Mellars,
P., Stringer, C. (Eds.), The Human Revolution. Edinburgh University Press, Edinburgh,
pp. 62–108.

Zilhão, J., Davis, S.J.M., Duarte, C., Soares, A.M.M., Steier, P., Wild, E., 2010a. Pego do Diablo
(Loures, Portugal): dating the emergence of anatomical modernity in westernmost
Eurasia. PLoS One 5 (1), e8880. http://dx.doi.org/10.1371/journal.pone.0008880.

Zilhão, J., Angelucci, D.E., Badal-García, E., D'Errico, F., Daniel, F., Dayet, L., Douka, K.,
Higham, T.F.G., Martínez-Sánchez, M.J., Montes-Bernández, R., Murcia-Mascaró,
S., Pérez-Sirvent, C., Roldán-García, C., Vanhaeren, M., Villaverde, V., Wood, R.,
Zapata, J., 2010b. Symbolic use of marine shells and mineral pigments by Iberian
Neanderthals. Proceedings of the National Academy of Sciences 107, 1023–1028.

http://dx.doi.org/10.1029/2004PA001051
http://www.calpal.de/
http://dx.doi.org/10.1371/journal.pone.0008880

	Environmental conditions and geomorphologic changes during the Middle–Upper Paleolithic in the southern Iberian Peninsula
	1. Introduction
	2. Topographic, climatic and Quaternary historical context of the study region
	3. Climate records and age models
	3.1. Material and methods
	3.2. Inorganic geochemical marine proxies

	4. Results: correlations of continental and marine records
	5. Discussion
	6. Conclusions
	Acknowledgments
	References


