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Abstract. The Arbreda Cave provides a detailed archaeolog-ameter) reflects higher aeolian input, and banded microstruc-

ical record of the Middle to Upper Palaeolithic and is a key ture suggests reworking of sediments at the interface. Both

site for studying human occupation and cultural transitions inproperties correlate with low density of finds suggesting low

NE Iberia. Recently, studies of lake archives and archaeologintensity of human occupation related to a dry spell. More

ical sites presented new evidence on climate changes in N&rid conditions than during the Holocene are indicated for the

Iberia correlating with Heinrich events. It, therefore, needsGravettian to Solutrean levels. These findings are in agree-

to be determined whether climate signals can be identified iment with previous palaeoclimatic interpretations as based

the cave sequence of Arbreda, and if so, whether these sigsn palaeontological proxies.

nals can be correlated with stratigraphic indicators suggest- The detailed multi-proxy analyses of the sequence adds to

ing the continuity or discontinuity of human occupation. our understanding on sediment accumulation and alteration
We conducted a high-resolution sedimentological andin the Arbreda Cave. The transition from the Middle to Up-

geochemical study, including micromorphological investiga- per Palaeolithic probably includes a gap in human occupa-

tions, to shed light on stratigraphy, processes of sediment adion. Assessing the significance and duration of this gap and

cumulation and post-depositional alteration in the cave. correlating the climate signal requires three-dimensional re-
Seven major sediment units were distinguished whichconstructions of find densities and more reliable geochrono-

partly correlate with archaeological levels. The lower part of logical control.

the sequence including Mousterian levels J and K consists

of fluvial deposits truncated by a sharp erosional disconfor-

mity between Mousterian levels J and |. Strong enrichment

with phosphorus and strontium reflect zoogenic inputs. Thel Introduction

transition from Mousterian to Archaic Aurignacian in levels

I and H, respectively, is reflected by more gradual changes iNortheastern Iberia has a long and detailed archaeologi-

colour, grain size and geochemical composition. However, sal record starting in the Middle Pleistocene and cover-

peak in potentially wind-blown particles (40—125um in di- ing all major archaeological phases of the Middle to Upper

Palaeolithics (e.g. D’Errico and Sanchez-Goiii, 2003; Saladié
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1674 M. Kehl et al.: Sediment sequence and site formation processes at the Arbreda Cave

et al., 2008; Martinez et al., 2010). The region has played aran interstadial event between 30 and 27 ka. Recently, Hobig
important role concerning the arrival of anatomically mod- et al. (2012) deduced climatic fluctuations by identifying sev-
ern humans in the Iberian Peninsula (IP; e.g. Maroto et al.eral major peaks in potassium/calcium ratios in a sediment
1996; Zilhdo, 2006; Soler et al., 2008), who, coming from the core from Lake Banyoles. Although age models based on ei-
Northeast, may have met the Neanderthals at around 40 kaher U-series or radiocarbon dating were not consistent and
However, the low reliability of radiocarbon dates of this age the correlation of geochemical ratios with dry or humid inter-
obscures chronometric evidence for a possible coexistenceals with stadials and interstadials remains uncertain, it ap-
(e.g. Maroto et al., 2005; Zilhao, 2006; Maroto et al., 2012; pears likely that some of these peaks correlate with H5 and 4
Schmidt et al., 2012; Wood et al., 2013). Through reviewingas well as H 2—0. Finally, Daura et al. (2013) presented new
the lithology and stratigraphy of cave sequences in the IPpalaeontological evidence and radiocarbon data indicating
Mallol et al. (2012) found sediment unconformities and/or that during Heinrich Stadial 4 cold and dry climatic condi-
archaeologically sterile layers between Middle and Uppertions and Eurasian steppe-tundra occurred in the coastal area
Palaeolithic layers in most sites indicating that sediment acimmediately south of the city of Barcelona. Given the above-
cumulation was not continuous but interrupted by hiatuses oimentioned evidence, it is very likely that Heinrich events
unknown duration. These hiatuses strongly suggest discorer stadials were the driest and coolest periods in NE Iberia,
tinuous occupation of the cave sites, as documented for Covavhich may also be true for other parts of the IP (see Hobig
Gran (Martinez-Moreno et al., 2010). This together with vari- et al., 2012; Schmidt et al., 2012; Lépez-Garcia et al., 2013).
ations in settlement patterns of hunter—gatherer populations Lake Banyoles is located about 4km south of Arbreda
in the IP may have been related to rapid climate change£ave, which is a key site for studying cultural change in
(D’Errico and Sanchez-Gofii, 2003; Sepulchre et al., 2007;NE lberia, because its sequence records all major cultural
Bradtmodller et al., 2010; Schmidt et al., 2012). In addition, techno-complexes from the late Middle Palaeolithic to the
Aubry et al. (2011) assumed that climate change might haveSolutrean. Theoretically, it is possible that the rapid climate
triggered partial erosion of archaeological sequences. and environmental changes during MIS 3 and MIS 2 in
Variations in climate during the last glacial period in NE Iberia have affected natural processes of sediment ac-
the IP is documented in diverse proxy data from terrestrialcumulation, mixing and weathering at Arbreda. For exam-
and marine archives such as pollen, geochemical signaturgsle, changes towards colder and drier climatic conditions
or sediment structures (for excellent reviews see Gonzalezmight have triggered or intensified frost slabbing, aeolian
Sampériz et al., 2010; Moreno et al., 2012). The data suginflux and colluvial inputs by low-energy sheet flow. How-
gest humid and cold conditions during Marine Isotope Stageever, considering the often coarse-grained stratigraphy of
(MIS) 4, a highly variable MIS 3 with abrupt and short cli- cave sequences, events of rapid climate change could not be
matic changes, and a dry and cold MIS 2 with steppe characrecorded.
ter. Burjachs and Allué (2003) presented a synthetic pollen Here, we revisit the sedimentary sequence at Arbreda Cave
diagram for the last glacial period of NE Iberia in which reviewing previous work on the stratigraphic sequence and
changing proportions in arboreal polldfinus Poaceae and palaeontological indicators of environmental change. Fur-
Artemisia clearly reflect changes from warm to cool and thermore, we present results of a high-resolution study on
from moist to dry conditions. At Abric Romani (Burjachs sediment colour, granulometry, geochemistry and micromor-
et al.,, 2012), the pollen record shows a good correlationphology of the north profile in squarg. The aims of this
to Dansgaard—Oeschger cycles with low percentages in Pistudy are to identify changes in sediment origin and post-
nus and arboreal pollen and concomitant increases in Asterdepositional alteration, as well as possible interruptions in
aceaeArtemisiaand Poaceae during stadials. For the inter-the stratigraphic record resulting from climate change or de-
val from 50 to 47 ka, expansion of mixed steppes and coldpositional hiatuses. Finally, we discuss a possible gap in oc-
and arid climate conditions were deduced, and these wereupation during the transition from the Middle to the Upper
correlated with Heinrich Event (H) 5 (see Burjachs et al., Palaeolithic. These findings are synthesized in order to im-
2012). H 5 was followed by a change to more humid andprove our understanding of sediment accumulation and alter-
warm climatic conditions during Greenland Interstadial 12 ation processes, as well as the role of climate and occupation
which, as based on micro-mammal assemblages at Abric Rdhistory at this key site in NE Iberia.
mani (Lopez-Garcia and Cuenca-Bescos, 2010), was prob-
ably cooler and moister than today. The major shift from
precipitation of travertine in archaeological level B to ae- 2 Geographical setting and stratigraphic sequence
olian deposition of silts in archaeological level A in Abric
Romani was related to aridization caused by H 4 (CourtyThe Arbreda Cave is located at4® 34’ N and 24445" E
and Vallverdu, 2001). Changes in pollen composition dur-at an altitude of 206 m and about 9 m above the modern valley
ing MIS 2 at Lake Banyoles (Pérez-Obiol and Julia, 1994;floor of the Serinyadell River, a small creek, which drains the
Burjachs and Allué, 2003) suggest further short-term veg-valley towards the north (Fig. 1). The river accumulated a flu-
etation changes triggered by climatic fluctuations includingvial terrace, about 10 m wide, which is episodically flooded
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Figure 1. Location of I'Arbreda Cave on the Iberian Penins(#aB), simplified geological mafC) after IGME (1987-1989), photographs
of the cave and cross section (after Soler and Maroto, 1987a, changed) through the eastern part of the valley of the Seriny@ddell River
Note the small altitudinal difference between the river and the lowest sediment fill of the excavation in sector alpha.

during extreme runoff events. The sediment sequence of ArCorominas sondage using a modern methodology (beta sec-
breda Cave is filling a partly collapsed cavity within the tor). Since then several Solutrean, Gravettian, Aurignacian
western fringe of the travertine terrace of Usall (Julia, 1980;and Mousterian levels have been excavated.
IGME, 1987-1989), where other well-known caves includ- Soler and Maroto (1987a) reviewed previous descriptions
ing Reclau Viver, Mollet | and Pau are located in close vicin- of the stratigraphic sequence for sectors alpha, beta and
ity (Soler, 1999). The original dimensions and exact mor-gamma. They propose the following subdivision: Holocene
phology of the site are presently uncertain because it has nateposits of unit A (which was also called ttegra rossa uni}
been completely excavated and its roof is almost totally col-reaching down to about 2 m below datum (mbd); and Pleis-
lapsed. The dating of the main travertine structures still intocene deposits consisting of an upper sequence (unit B.1,
place has yielded results between 190 and 250 ka ago, whickeqtiéncia superigptower boundary at 6.3 mbd) and a lower
may frame the period in which the Arbreda Cave was builtone (unit B.2,sequéencia inferior. The lower sequence was
by waterfalls flowing from the Usall platform. subdivided into units B2.1 and B2.2 with lower boundaries
Before archaeological excavations began, the Arbredaf 7.5 mbd and 8.8 mbd, respectively.
Cave was only a small hollow within a travertine block. In  Soler and Maroto (1987a) describe unit A as being com-
1972, Josep Maria Corominas started a sondage into the hoposed of reddish brown ferruginous loam with a polygonal
low and also in front of it. Outside the hollow, he was able secondary structure, many travertine stones and boulders up
to excavate a 9 m deep test pit (alpha sector, Fig. 2a). Thiso more than 1 m in length, and occasional stones of other
sondage revealed a long prehistoric stratigraphy, which inpetrographic composition (mainly sandstone). Snail shells of
cluded Neolithic, Upper Palaeolithic and Middle Palaeolithic terrestrial molluscs and bone fragments of micro-mammals
levels. In 1975, a new research team including a membeare abundant. The unit does not show a distinct archaeo-
of our group (N. Soler) started to excavate and enlarge thdogical level, but locally contains ceramics of the Neolithic,
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Bronze or Roman ages besides human bone and other archdading of charcoal remains towards the basis reinforces the
ological materials. The lower boundary of unit A is sharp. idea of minor human use of the surrounding resources during
Sediment unit B.1 consists of lighter coloured clay loamsthe beginning of level |. However, abundant lithic artifacts

with variable admixtures of sand. In the upper part, it is rich all along level | and the finding of bones with cut marks and
in travertine blocks and stones as well as stalagmite fragfire marks at the bottom indicate that humans considerably
ments, some covered by concretions of secondary carbonateontributed to accumulation of level I. The most prominent
Unit B.1 includes nine Palaeolithic levels (Soler and Maroto, faunal remains within level | are frotdrsus spelaeuéSoler
1987b) starting with level A at the top, which contains scat- et al., 2012), which indicates that human occupations of the
tered finds of indeterminate post-Solutrean affinity (see alsasite, although recurrent, will have been short.
cultural sequence of squag in Fig. 2c). Level B is a poor Level | has a very sharp lower boundary at about 6.3 mbd.
archaeological assemblage of the Upper Solutrean with findThe sediments unconformably rest on the yellowish sandy
ings of abrupt notched points of Mediterranean type. Theloams to silty sands of the lower sequenseduéncia in-
sediment properties are nearly the same as in level A. Théerior). Its upper part, unit B.2.1, consists of bright red-
following level C has a slightly darker colour due to burned dish loam with very low stone content, and a complete lack
residues, and it contains fragments of stalagmites and travelef boulders. The most striking features are yellow patches
tine as well as archaeological objects covered by secondargf phosphate. The lower part, unit B.2.2, is slightly darker
carbonate. This Solutrean level is the first rich archaeolog-coloured but still patchy and concretions of manganese are
ical assemblage and contains abundant faunal remains. THeequent in the lowest strata, which overly the bedrock. Few
next level (D) represents a less rich assemblage in an almosteavily weathered boulders and stones are present and below
identical sedimentary context, which was re-assigned to thebout 8 mbd, the coarse fraction disappears. The sediments
Gravettian due to new dating evidence. In between 3.4 anaf the lower sequence are described as being strongly altered
4.6 mbd, large travertine blocks are found indicating a major(Soler and Maroto, 1987a). The lower sequence contains
collapse of the cave roof. Below this layer, the concentra-Mousterian level J, which is comparatively poor in lithics and
tion and size of blocks is decreasing downwards, but therdaunal remains, as well as Mousterian levels K-N, of which
are significant lateral differences in coarse particle contentslevels L, M and N are very rich in lithics and faunal remains.
The finds of archaeological levels E, a rich Gravettian as-
semblage, and F, a more dispersed and comparatively poor
Gravettian assemblage, are embedded between the bouldeds Previous studies
of the major roof fall. The dark colour of level E is related
to frequent abundances of charcoal and ash. Underneath th€abiri (1993) conducted a comprehensive mineralogical and
boulder-rich layer, in the lower part of the upper sequence geochemical study on the north profile of sector alpha. The
more homogeneous clay loams with occasional distinctlyuppermost unitV of Kabiri (1993) corresponds with unit A of
weathered stones are present. At the top of these sedimentSpler and Maroto (1987a), whereas units IV, Il, llb and lla
the archaeological level G yielded the richest assemblage besorrelate with unit B.1 and | with B.2.1. Unit B.2.2 of Soler
longing to Evolved Aurignacian. Below this level, archaeo- and Maroto (1987a) was not sampled. Data on the magnetic
logical finds of Archaic Aurignacian (level H) were discov- susceptibility of the Arbreda sequence are presented by Ell-
ered. This level is granulometrically variable with very few wood et al. (2001), who used cyclic changes in susceptibil-
stones and clayey matrix in sector alpha, and a high stonéy values with depth as indicators of palaeoclimatic changes
content with rather sandy matrix in sector beta. Apparently,and for stratigraphic purposes. The results of Kabiri (1993)
in both sectors, the sediments of level H rest conformably orand Ellwood et al. (2001) are discussed below. Some addi-
the slightly darker coloured sediments of level I. This level tional sedimentological data for levels | and J are presented
contains the uppermost Middle Palaeolithic material and isby Bischoff et al. (1989).
rich in lithics. Of special interest are three Chéatelperronian The pollen content of Arbreda Cave was studied by
points found at its top which indicate that level | correspondsseveral authors (e.g. Geurts, 1979; Loublier, 1978; Bur-
to a Late Mousterian. jachs, 1987). Burjachs and Renault-Miskovsky (1992) re-
In comparison to Upper Palaeolithic levels, which are spa-view the previous palynological investigations and discuss
tially limited, the Late Mousterian level | spreads all along pollen analysis on 53 sediment samples taken from a col-
the excavation area and is much thicker. We interpret its largaimn of squareEg in sector alpha (Fig. 2a). Overall, 11
thickness as the result of a long accumulation period conpollen zones representing vegetation types from Pleistocene
firmed by the clear internal evolution of its archaeological steppes to meso-thermophilous Holocene woodland are iden-
materials. This evolution shows a trend towards more anthrotified. Palaeoclimatic conditions are interpreted to have
pogenic accumulations of faunal remains towards the enad¢hanged between cold and dry, e.g. during the final Mous-
of the Mousterian. The basis of level I, for example, lacksterian (level I) to warm and humid during the Holocene.
the representative amounts of horses, bovines, reindeers aBlrjachs and Miskovsky (1992) conclude that the pollen
caprines found on the top of it (Maroto, 1994). Moreover, results are in good agreement with species assemblages
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Figure 2. Excavation plan(A) and the north profile at squat€y (B) with projected locations of archaeological finds from squBge

and cultural attribution of these find€). Profile sampling was conducted along a ¢. 20 cm wide column in the north profile, except of
archaeological levels E and D, which were sampled at the east profile of sglasonoliths for preparation of thin sections were taken

from suspected or obvious transitions between selected archaeological levels. Boundaries between sediment units were delineated by fiels
evidence, except for the lower boundary of unit B.1.1.1 which was geochemically defined by a sudden rise in phosphorus, copper and zinc.

and palaeoclimatic reconstructions derived from anthraco-Ursus spelaeuss represented by numerous finds in archaeo-
logical analysis (Ros, 1987) and micro-mammals (Alcalde,logical level | and below (Soler et al., 2012).

1987). Besides temperature changes, the micro-mammal as-

semblages testify several changes between open and more i

forested landscapes during the Pleistocene. 4 Materials and methods

Faunistic studies of large mammals (e.g. Casellas an .
Maroto, 1986; Estévez, 1979, 1987; Soler and Maroto,dl.-he sequence of Arbreda Cave was StUdlgd qt the north pro-
file of squareEy (Fig. 2b and c). This profile is a remnant

1987b; Maroto, 1994) indicate a diversified landscape during ; :
; 4 o . of the excavation of Corominas and covers the lowermost
the evolved Aurignacian (level G) with identical percentages

of deer, horse and bovids. Within Gravettian levels F and E,part of unit A and the complete sequence of units B.1 _and
; : . B.2.1 according to Soler and Maroto (1987a). In comparison
horse becomes the dominant species. A shift toward coldeCL

temperatures during the uppermost Gravettian (level D) an o other profiles located along N-S and E-W transects of the

Solutrean level C is indicated by a find ©%ibos moschatus eta sector, the studied proflle Sh.OWS a h'gh content (.)f fines
and less boulders, allowing for high-resolution sampling of

while horse is still dominant. Estévez (1979) also analyse thethe transition from the Middle to Upper Palaeolithic
lower part of the cave sequence. Horse, deer and bovids are In the field, six sediment units were distinguisﬁed from

the dominant herbivores in levels H and I. Among the Carnl_top to the bottom. These units mostly correlate with those

://?Jrlez,sa:/:;(?wers](l;;ggﬁ':aol f'glgz;:]ed T?xrdsedegne[ gizhlgfeu;s reported by Soler and Maroto (1987a) but lower boundaries
P P P y P slightly differ and the distinction made in this paper is more
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detailed. However, we used the same numbering system and Major and trace elements were analysed with X-ray flu-
added subunits where needed (Fig. 2). Unit B.1, the uppeorescence (Axios 3kW, PANanalytical GmbH) on pressed
sequencesgquencia superigr was subdivided in the field pellets. In order to derive geochemical indicators of post-
into an upper part (unit B.1.1) that was very rich in travertine depositional alteration by weathering, we calculated ratios of
stones and boulders and extends down to about 5 mbd, antiobile to immobile elements (NaAl, Ca/ Ti, K /Rb) and
a lower part (unit B.1.2) which consisted of silty loams with the chemical index of alteration (CIA) according to Nesbitt
very few limestone fragments or weathered sandstone graveand Young (1982): CIA= (Al203/ (Al203+ NapO+ K20+
In its upper part (B.1.2.1, lower boundary at 5.75 mbd) theCaCO) - 100. The CaO is referring to Ca included in sili-
sediments had a slightly lighter grey brown colour than in cates. Ca®was estimated by subtracting the amount of Ca
the darker coloured lower part (unit B.1.2.2). In both units included in carbonates and phosphates from total Ca deter-
patches of lighter coloured sediment, up to 5cm long andmined by X-ray fluorescence. Since the amount of Ca stored
3cm wide, were common. Further down, we divided the up-in these mineral groups may substantially vary with type and
per part of thesequencia inferiointo two subunits. The up- degrees of element substitution and crystallinity, we assumed
per part (unit B.2.1.1, lower boundary at 7.25 mbd) was verythat the percentage of Ca bound in carbonates and phosphates
rich in light coloured phosphate patches, up to 1 cm in di-is equivalent to the percentage of inorganic C and phospho-
ameter. Also, orange and brown hydromorphic mottles wererus. This procedure may lead to overestimation of Cafd
common. The lower part (unit B.2.1.2, 7.25—-7.65 mbd) wasthus to underestimation of the CIA. The ClAalue pre-
characterized by light coloured patches and bands of phossented here is a relative measure of weathering degree, which
phate as well as banded concentration patterns of iron hyshould not be compared with previously published data.
droxide. The matrix was slightly darker than in the overlying  The grain-size distribution was measured with a Laser
unit. Unit B.2.2 of Soler and Maroto (1987a) was not exposedDiffraction Particle Size Analyser (Beckman Coulter LS
at the studied profile. 13 320) calculating the mean diameters of the particles within
Sediment samples were taken continuously from 2.5cma size range of 0.04—2000 um with an error of 2%. To re-
thick layers along a column about 20 cm in width (Fig. 2c). move the organic matter, the samples were treated with
All sedimentological and mineralogical laboratory results 0.70mL 20% HO, at 70°C for several hours. This pro-
described below were achieved on air-dried and dry-sievedtess was repeated four times over a period of 2 days. To keep
samples of the fine earth fraction (particle diameters lesgarticles dispersed, the samples were treated with 1.25mL
than 2 mm). Prior to geochemical measurements, the sieveta;P,O7 - 10H,O for 12 h (Pye and Blott, 2004; DIN ISO
material was dried at 10%. Soil colour was measured for 11277, 2002). Two aliquots per sample were investigated in
homogenized soil samples in triplicates with a spectropho-riplicates by an auto-prep station enabling equal measuring
tometer (Konica Minolta CM-5) by detecting the diffused re- conditions. Each aliquot was measured two times to increase
flected visible light in the 360 to 740 nm range under stan-accuracy. To calculate the grain-size distribution the Mie the-
dardized observation conditions®°(Standard Observer, Il- ory was used (Fluid RI: 1.33; Sample RI: 1.55; Imaginary RI:
luminant C). The spectral information was converted into 0,1) (Ozer et al., 2010; ISO 13320-1, 1999).
Munsell values and into the CIELAB Colour Space sys- For granulometrical and geochemical analyses, every sec-
tem (CIE 1976) using the Software SpectraMagic NX (Kon- ond sample from the upper part of the sequence and every
ica Minolta). The L x a x b x values indicate the extinc- third sample from subunits of B.2.1 were used. The grain
tion of light, or luminance, on a scale froth x 0 (abso-  size distribution of samples taken from the upper part of the
lute black) toL x 100 (absolute white), and express colour sequence was also measured after destruction of carbonates
as chromaticity coordinates on red—greerf)(and blue—  using 10% HCI.
yellow (b*) scales. The redness rating index (RR) by Tor- Semi-quantitative mineralogical data were obtained
rent et al. (1980) was calculated with Munsell values tothrough X-ray diffraction (XRD) of powdered bulk samples
describe changes in redness in the soil profiles as followsusing a Bruker AXS D8 Advance. The raw data were eval-
RR= (10— Hue)- Chroma/ Value. uated using Macdiff software (version 4.2.5). Mineral iden-
Total carbon and nitrogen contents were determined on difications were based on evaluations of prominent intensity
subset of samples using elemental analysis (Vario EL of El-peaks and the intensity of the main peak of each mineral used
ementar). Organic carbon was measured after destruction db calculate the percentage values (semiquantitative analy-
carbonates with hydrochloric acid. Inorganic carbon contentssis). Diffractograms were prepared for a limited number of
were calculated by subtracting organic from total carbon. Thesamples taken from all sediment units and from phosphate
loss of ignition (LOI) was determined from the gravimetric patches within unit B.2.1.1.
difference after heating at 105 and 1P@ Screening for In addition, 7 sediment monoliths were extracted from
volumetric magnetic susceptibility was accomplished by us-selected parts of the sequence, from which 11 thin sec-
ing a Bartington field spectrometer equipped with the MS2Ftions, 6cmx 8cm in size, were prepared by Th. Beckmann
sensor on sieved and homogenized samples. (Schwilper-Lagesbittel, Germany). We preferentially sam-
pled obvious and presumed interfaces between cultural levels
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(Fig. 2c). The description of the thin sections follows Stoopsdark lenses and sublayers, enriched with burnt residues and
(2003). bone in archaeological levels C, D, and E. The scattering
colour values in levels H and | (B.1.2.1) are probably re-
lated to lighter coloured patches and bands observed in the
5 Results and discussion field, which may be caused by differential mineralization of
organic matter or degraded limestone fragments. The grad-
The sedimentological and geochemical properties corroboual transition towards higher colour values at the uppermost
rate the subdivision in six sediment units observed in thepart of B.1.1.1 and the transition from level B to the unit
field and suggest a further subdivision of unit B.1.1. The A corroborates the field observation. In the lowest part of the
most prominent boundaries are between units A and B.1.1.5equence, strong scatter of colour values is evident, which
at 2.25mbd (Holocene finds to indeterminate Upper Palaeis related to the banded precipitation of iron hydroxide and
olithics) and between units B.1.2.2 and B.2.1 at 6.3 mbdphosphates observed in the field.
(archaeological levels | and J with Mousterian occupation). The contents of inorganically bound carbon considerably
Considerable data scatter within the units occurs. This is eivary with depth, with a clear decreasing trend from maxi-
ther related to differential precipitation of phosphate and ironmum values at the top of unit B.1 equivalent to calcium car-
hydroxides in the lower part of the profile, or to the hetero- bonate equivalent (CCE) of 19.7 %, down to the base of unit
geneous nature of cultural layers, being locally enriched inB.1 and unit B.2.1, where inorganic carbon is only found in

bone or charcoal in the upper part. traces (CCE less than 1.0 %). These values reflect the same
trend as reported by Kabiri (1993, Fig. 71, p. 135). Sam-
5.1 Sedimentological parameters and ples from unit A have CCE values between 3.9 and 4.9%
magnetic susceptibility indicating that the fine fraction is not completely decalcified.

Organic carbon is highest in the dark coloured sediments of
The colour valuesz* and L* clearly delineate the sharp unit B.1.2.2 with maximum values of 1.2 %. Minimum val-
boundary at 6.3 mbd, below whicdi* values strongly de- ues of 0.1% are recorded in the upper part of unit B.1 and
crease towards less red colours and the luminahtequb-  in the light coloured sediments of unit B.2.1.1. The range
stantially increases (Fig. 3). Luminande*} is generally cor-  of values compares fairly well with organic carbon values
related to the amount of organic carbon @ffke.g. Schulze  of Kabiri (1993, p. 133), which ranged from 0.25 to 1.37 %.
etal., 1993; Eckmeier et al., 2010) while redness is related tarhe loss of ignition is between 6.0 and 14.6 % and shows
the presence of iron oxides (e.g. Scheinost and Schwertmansjmilar trends as the inorganic carbon (correlation coefficient
1999). Here, the colour values do not correlate wit,©r after Spearmams = 0.863, p < 0.01, n = 78). Total nitro-
Fe concentrations, even when separated into the two maigen varied between 0.045 and 0.245 % and maximum values
units. Plotting the relation af* to Corg anda™ to Fe confirms  are higher than those reported by Kabiri (1993, p. 133). To-
the separation of the profile at 6.3 mbd into two clearly de-tal nitrogen is closely related with organic carbon reflected in
fined groups (Fig. 4a and b). Although the upper part gener+s = 0.869 (p < 0.01, » = 78). This may indicate that most
ally contains as much Fe as the lower part, the redness valued the N is included in organic molecules. The/ @ ratio
are higher. As shown in Fig. 4c and d, the redness rating valranges from 4.1 to 8.9 showing considerable scatter in unit
ues are also higher. This, together with the ratiddf- a*, B.1.1 (data not shown). Kabiri (1993, p. 133) reportetNC
is an indicator for the presence of hematite in the parts aboveatios in between 3.37 and 6.4.
6.3 mbd which includes unit A. Lighter colours do not corre- The magnetic susceptibility (Bartington field spectrome-
spond to lower amounts of organic matter, especially in lay-ter, MS2F) ranges from 6 to 220 Sl units with peak values
ers B.2.1 and B.2.2, although here additional factors have ton cultural layers (Fig. 3). The archaeological finds are lo-
be taken into account. The colours of sediments in unit B.2cally concentrated in thin layers which often show peak val-
are much lighter in comparison with unit B.1.1 where the ues in magnetic susceptibility, probably owing to the pres-
amounts of Gyg are similar. This could be explained by dif- ence of super-paramagnetic particles produced by burning,
ferences in sediment texture and higher proportions of sanénd which commonly correspond to darker colour and lows
in unit B.2, which is diluting the colouring effect of . in luminance £*). The minimum values of magnetic suscep-
Another reason could be a difference in Ca®ntent, but  tibility are found in units B.2.1. Here, processes of reduction
units B.2 and B.1.3 are both carbonate-free and sedimentand oxidation caused by fluctuating groundwater probably
from unit B.1.3 are considerably darker. Above 6.3 mbd, thestrongly reduced susceptibility values, as is known from hy-
luminance values are the lowest in the profile, which corre-dromorphic soils (Evans and Heller, 2003). The peak value at
late with a dark sediment colour described in the field and3.95 mbd, most likely, correlates with the maximum in mag-
the elevated content of organic carbon (see below) in uninetic susceptibility at about 3.8 mbd shown in Fig. 8 of Ell-
B.1.2.2. Several concomitant lows af, b* and L* values  wood et al. (2001). The graph also shows cyclical change in
at 2.83, 3.28 and 3.95 mbd correlate with elevated values ofmagnetic susceptibility values which Ellwood et al. (2001)
magnetic susceptibility. These peaks relate to comparativelexplained by differential weathering intensities related to
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Figure 3. CIELab colour values, loss of ignition, total carbon and organic carbon, total N and magnetic susceptibility of the north profile at
squareEq at Arbreda.

temperature changes. This cyclicity is not clearly reflected infine sand plus coarse silt grains, a size fraction prone to defla-
our data. Whether this absence is related to the sensitivity ofion and aeolian transport, ranges from about 40-56 % with
measuring devices is difficult to assess, since the amplitudebighest amounts in samples from level I. Samples from this
of susceptibility changes are not quantified in the figure oflevel also show low ratios between the 90th and the 10th per-
Ellwood et al. (2001). Our data show a decrease in susceptieentiles (D9Q¢ D10), hence a high degree of sorting. It thus
bility values with depth in Aurignacian and Mousterian levels appears that aeolian input was highest during accumulation
H to |, which was not discussed by Ellwood et al. (2001). We of level | and in particular at the end of this phase. However,
relate this decrease to an increasing influence of groundwathe same grain size fraction can be preferentially transported
ter. Overall, using the magnetic susceptibility values as cli-by sheet flow, which may have entered the cave. Sedimentary
mate proxies for th&g sequence at Arbreda Cave would be structures indicative of sheet flow, such as micro-laminations
misleading. are, however, not evident.

The granulometric analyses yields bi- or polymodal, of- In the stone-rich layers of unit B.1.1, strong scatter in sand
ten very poorly sorted grain size distributions (Fig. 5) indi- and silt content, as well as poor sorting indicated by variable
cating a polygenetic origin of the deposits. Silt is the dom-and high ratios of D9Q D10, are detected. The scatter may
inant fraction in the upper part of the profile. Sand contentsbe related to variable amounts of primary carbonate grains
increase with depth in unit B.1.2.2 and sand dominates thend calcite cemented aggregates, but granulometric analyses
lower parts of the sequence. Unit B.2.1.1 shows high contentsifter destruction of carbonates using HCI (10 %) shows that
of medium and coarse sand grains whereas the sand fractiagrain size of siliceous particles also varies considerably with
of unit B.2.1.2 mainly consists of fine and very fine grains. In depth in unit B1.1 (data not shown). This is interpreted as
both units, sand grains are at least partly composed of phoseflecting the detrital nature of the sediments in subunits of
phate and iron hydroxide concretions, which were not com-B1.1, which accumulated by roof-fall, infiltration by water,
pletely dispersed by sample pre-treatment. The amount o&eolian inputs and accidental transport into the cave.
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Figure 4. The colour values (CIE 1976) reflect the separation of the sediments into two main groups at 6.3 mbd. The luthit)arzkthe
organic carbon concentratio(s), and also the redness value$)and the iron concentratiorfB), do not correlate. The redness ratii@)

and the relation of yellowness to redn€Bg indicate differences in Fe oxide composition and, most likely, the presence of hematite in the
sediments above 6.3 mbd, which includes the Holocene soil.

Samples from unit A shows highest clay contents of thethe lower part, crandallite (CaglPOy)2(OH)s-H20) oc-
sequence, probably relating to clay neo-formation in thecurs. Kabiri (1993, p. 120) reported that the K-bearing phos-
Holocene soil and corresponding with comparatively high in- phate mineral leucophosphite (Kgie{PO4)2(OH) - 2H,0)
tensities of weathering in that level. amounted to about 7 % of the clay fraction in the lowermost
layers. This mineral was also detected in one of our own sam-
ples.

The diffractograms for the phosphate patches in units
B.2.1.1 and B.2.1.2 show the presence of crandallite and ap-
atite besides quartz, feldspar and illite/muscovite (Fig. 6).

5.2 Mineralogy

The mineralogical composition is dominated by quartz in all
sediment units (Fig. 6) ranging from 49 to 79 %. Feldspar

and muscovite/illite, ranging from 6 to 11 % and 9 to 28 %, Variscite IS found in m_mor_amounts as well :
; . . . Four different authigenic phosphates are detected in the
respectively, are minor components. Calcite attains max-

sediment or in light coloured patches of it suggesting a com-

imum values in the upper part of the sequence. In the lex paragenesis of secondary phosphate minerals in Arbreda
lower part of the sequence, the diffractograms suggest th -
P g 9 99 ave. Results of Kabiri et al. (1993) and our own measure-

?é:ﬁrllcgloélzlli?sgig]()ﬂizoé]ezgigd Qpr?tg:t/ﬂ:;r:]apﬁ:gtﬁn ments show a mutual presence of crandallite and apatite in
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Figure 5. Granulometrical parameters of the fine fractienhZ mm in diameter) and frequency distributions for samples from the MP/UP
transition of the north profile at squaf® at Arbreda.

the lower layers. These minerals have different stability fieldsicates. In the lower part of the sequence, these elements
(Karkanas, 2010), i.e. crandallite is stable at pH values of Gare not in close relation with each other (Fig. 7). Calcium,
to 7, whereas apatite occurs above pH 7. According to oubeing a main component of carbonate rocks and minerals,
measurements of selected samples taken from the whole sé negatively correlated with the siliceous elements, while
quence, pH ranges from 7.4 to 7.9 as measured ina5. Mg (0.25-1.19 %), which may be found both in phyllosil-
sediment/water extract (data not shown). The presence dtates and dolomitic limestone, decreases with depth. Iron
both minerals could indicate that pH was lowered in for- (Fe, 3.14-5.10) is slightly enriched in unit A and below about
mer times when crandallite formed and pH subsequently ros& mbd. In contrast, Mn (0.01-0.36 %) has minimum values
by addition of bases through groundwater flow. Reaction ofin this depth, but shows a strong increase in the lowermost
phosphate-rich leachates with Al-rich sediments and precipistrata. The P values peak at around 2.80 and 3.30 mbd and
tation of variscite (Onac et al., 2004) may add to this picture.strongly increase at 3.90 mbd, i.e. at depths where the sedi-
In order to verify these hypotheses more detailed analysement was comparatively dark (lowér values), and shows

would be needed. peak values in magnetic susceptibility. The rise at 3.90 mbd
is also reflected by Zn and Cu (Fig. 8) and is probably related
5.3 Major and trace elements to increased zoogenic inputs. The extent to which human fae-

ces contributed to phosphorus and trace element inputs is not
The geochemical composition is dominated by Si (18.74—clear. To our knowledge it is not possible to distinguish be-
26.87 %), Al (6.23-10.05 %) and Ca (1.68-14.27 %). In thetween element inputs by humans and other mammals. Bone
upper part of the sequence, Si and Al as well as K (1.64-fragments and fragments of carnivore coprolites occur in the
2.90 %) and Ti (0.35-0.55 %) show very similar behaviours respective depth, as observed in thin sections CA5, CA6 and
(Fig. 7), which probably relates to their common occur- CA7. There is no direct microscopic evidence, however, of
rence in siliceous minerals such as feldspar and phyllosil-human faeces. Evidence for defecation by humans and a
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ast | — Tarvainen, 2006). Strontium has a similar geochemical be-
B.1.1.1/51 1 %) haviour as Ca and Ba; however, in our data set, Sr is related
BA11/S2 | [ = Zl neither to these elements nor to clay minerals or organic mat-
E:EZ? IS ' : %41 ter in which Sr can be incorporated and preserved from leach-
8112752 | : ing. Terfcla_\ry marls anq evaporlt(_as may have high Sr contents,
2 giiass | [ A and as it is geochemically mobile, Sr in Arbreda Cave could
5 81215 [ qur [ n originate from groundwater seeping out of the travertine ter-
g B122st [ %mzmmme I — race and the marls located to the west of the Serinyadell val-
2 8122192 [l 77 cakcire ‘ = ley (Fig. 1c). In that case, a concomitant enrichment with Ca
o W hpate : . should be expected, which was not the case. Also, ground-
B2.12/51 T water seepage would not explain the abrupt increase at the
B212/52 | | boundary. Since there is a close correlation of Sr with P
0 20 w0 4 e 80 100 (rs=0.72,p < 0.01,n = 22) in unit B.2.1, it is more likely
. that Sr originates from zoogenic inputs.
§ 8.2.1.1/P2 Across the boundary at 6.3 mbd, a considerable rise in K is
& B21.1/P3 also recorded. The increased K values are difficult to explain
£ B212/P1 [ since neither phyllosilicates nor feldspar shows a concomi-
B2.12/P2 tant enrichment. Instead, higher sand contents and coarser

0 iO 1‘10 éO éU 1‘00 . . . .
% median grain size go along with augmented quartz contents.
. . . L This granulometric effect is also reflected by Zr values in-
Figure 6. Mineralogical composition in selected samples from >
different sediment units (upper) and selected phosphate patche%reaSIng N the lower part of the Squ?nce' The occurrer_lce of
(lower) of the north profile at squatey at Arbreda. leucophosphite as detecte_d by Kabiri (1993) may contribute
to but not fully account for increased K values.
Over the whole profile, the minor variations in geochem-
ical ratios of Ti/ Zr, Al / Ti and Fe/ Al (Fig. 8) do not in-
distinction between anthropogenic and other zoogenic inputslicate major changes in source area of fines over time. Dif-
may be gained from faecal biomarker analyses (e.g. Sistiag&rential intensities of carbonate leaching in units A and B.1
etal., 2014). are reflected in the Cali ratio. Although CCE values were
The P contents increase further with depth, and stronglybelow 1 % in the lower part of the sequence, Ca contents and
rise below the sharp sediment boundary at 6.3 mbd. In unitshe Ca/ Ti are higher than in unit A because considerable
B.2.1.1 and B.2.1.2 there is considerable variation in P val-amounts of Ca may be bound in phosphates. Thelgra-
ues. tio increases considerably from unit A towards unit B, where
The sharp geochemical boundary at 6.3 mbd is also dethe ratio is fluctuating around 10 with a considerable scatter.
lineated by the trace elements Cu, Pb and Ni (Fig. 7), asGeochemical ratios of mobile to less mobile elements such
well as Co and La (data not shown) which strongly drop as Na/ Al, Si/Al, K /Rb or Sr/ Ba indicate higher weath-
below the boundary to levels equal to (Cu) or considerablyering degrees for samples taken from unit A than for those of
below (Ni) the minimum values recorded in the sequenceother units. This is reflected by the CiAalues (Fig. 8). Low
above the boundary. The low Ni concentrations and com-degrees of weathering are indicated for the central part of
paratively high Zr concentrations of unit B.2.1.1 appear tothe sequence comprising subunits of B.1.1. High concentra-
suggest that sediment source changed across the boundaigns of K and high K/ Rb ratios in unit B.2.1.1 suggest low
between units B.2.1.1 and B.1.2.2. However, higher Zr cor-weathering degrees, whereas th¢ Sl ratios and the CIA*
relates with coarser grain sizes, and Ni concentrations mayalues indicate higher weathering degrees. Also, heavy min-
be affected by mobilization and leaching with fluctuating eral spectra as reported by Kabiri (1993) for the lowest part
groundwater. In all subunits of B.1, above the boundary, Cuof the sequence were comparatively rich in the weathering-
shows a close relation with P suggesting a common sourceesistant minerals zircon and tourmaline, whereas instable
for both elements; probably bat guano or mammal faecesminerals such as augite or epidote, being common in the
Significant decreases in P and Cu across the boundary of lewather units, were virtually absent. This was interpreted as a
els | and H document reduction in zoogenic inputs duringclear indicator of higher degrees of weathering below about
the transition from final Mousterian to Archaic Aurignacian. 6.3 mbd. However, Kabiri (1993) found that in the corre-
This does not necessarily imply an increased human presenagonding depth at the south profile of sector alpha, the un-
at the beginning of the Upper Palaeolithic. stable minerals are still present. It was concluded that this
Strontium values strongly increase across the boundarylifference is related to local guano inputs to the sediments
at 6.3mbd from values below 400 to about 2400mg%g  of the north profile, whereas the south profile received sec-
reaching much higher concentrations than usually found inondary phosphate by phosphate-rich lateral or vertical flow.
soils or sediments (Kabata-Pendias, 2011, p. 42; De Vos and
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Figure 8. Geochemical ratios for the fine fractiom @ mm in diameter) of the north profile at squdtg at Arbreda.

The ratio of F&/ Mn displays a strong relative Mn deple- 5.4 Micromorphology
tion starting from below about 5 mbd towards the base of unit
B.2.1.1 at 7.25mbd; from here Mn values again rise with
depth. Intense mottling shows that part of the iron was re-The micromorphological investigations show major differ-
duced and transported as ferric iron and later precipitated agnces between the upper part of the sequence including
hydroxides. Frequent reduction and oxidation reactions prothin sections from monoliths CA-MM7 to MM4, and the
duce hydronium ions, which may cause dissolution of car-lower part with thin sections from monoliths CA-MM3 to
bonates and lowering of pH. If this has been the case ifMM1 (Fig. 9). In the upper part, the coarse fraction con-
unit B.2.1.1, pH afterwards increased to the present values o$ists of mono- or polycrystalline quartz, as well as calcite,
about 7.6. Heavy mottling suggests the presence of groundfeldspar and mica grains. Most rock fragments are composed
water or interflow during or after deposition of level J. While Of travertine but few limestone fragments occur as well. The
iron was still present, manganese, geochemically more mofragments are irregularly shaped, but have round edges prob-
bile than iron, has almost completely leached from this layer.ably related to post-depositional weathering. Angular shapes
Further down the prof”e, dark bands of Mn occur. Their preS_With aCUte'ang|Ed faces that would indicate frost Shattering
ence could be related to a lower groundwater table in theare very rare. In the lower part of the sequence, calcite grains
valley during the incision of Serinyadell River. Alternatively, are absent and travertine fragments occur only in thin sec-
seepage from the travertine terrace could transport dissolveion CA-MM3.1. This corresponds well with very low CCE
Mn to the cave. contents measured for the lower part of the sequence.

The possible effects of groundwater and lateral flow have The very few sandstone or quartzite fragments detected are
to be taken into account in future radiometric dating efforts, all well rounded and probably originated from the flood plain
since it is likely that radiometric equilibrium is not given in ©Of the Serinyadell River and were brought inside the cave by
sediment units B.2.1.1 and B.2.1.2. humans. Very rarely, fine flakes of flint, up to 5mm in length,

are present (Fig. 10a and b).
Bone fragments (Fig. 10c and d), mostly of small size,
occur in diverse states of burning and preservation. Bone is
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e
Figure 9. Flatbed scans of selected thin sections prepared from the . _
sequence at Arbreda Cay@) CA-MM1 contains the sharp ero- '
sional contact between archaeological levels J and | equivalent to&
sediment units B.1.2.2 and B.2.1.1. The difference in groundmass ) )
colour and between types and sizes of phosphate infillings is clearly-'gure 10. Mlcrogrgphs from Arbreda CavgA) Flint (f), traver-
visible.(B) CA-MM2.1 from sediment unit B1.2.2C) CA-MM2.4  tine (f) and quartzite (q) fragments, phosphate nodule (pn), sec-
from sediment unit B1.2.1 an(D) CA-MM7 from sediment unit ondary calcite (sc) and large biopore in thin section CA-MM7 from

B.1.1. The frame width equals 6 cm. (Further explanations see text.$ediment unit B1.1 (plain polarized light (PPL), frame width is
~5mm). (B) Same agA) but crossed polarizers (XPLJC) Par-
tially burned bone (b), quartzite (q) and travertine (t) fragments,
phosphate nodule in thin section CA-MM7 (PPL; frame width

~1.25 mm).(D) same agC), but XPL. (E) phosphate nodule (pn)

common in the upper part of the sequence, whereas very few
Pper p 9 y with intergrowth of micritic calcite (PPL; frame width 1.25 mm).

gﬁces alr?‘ Observfd in the .thm SetCE[IhO.nS fro;n the _Il?r\]Ner part F) Same agE), but XPL.(G) phosphate infillings (pi) and organic
arcoal fragments occur In most thin SECUons. TNere Wag, . (om) at the boundary between levels | (upper part) and J

no clear indication (_)f burn_t so_il. In thin St_'-.'ctions CA-MM6 (lower part) in thin section CA-MM1 (PPL; frame width 5 mm).

and 7, clusters of highly birefringent calcite crystals are 10- The Jight orange P infillings on the right-hand side are probably

cally associated with fine charcoal flakes. These crystals restained by organic matte(td) same a$G), but XPL.

semble ash calcite, but they are difficult to distinguish from

secondary calcite as found in incomplete infillings. Overall,

there is a scarcity of burned features in the studied thin secture is expressed, e.g. at the lower boundary of archaeologi-

tions. This should be interpreted with care, since thin sectiongal level | in thin section CA-MML1.. In addition, granular mi-

were not taken from the central part of the archaeological lev-crostructure and circular aggregates are occasionally found.

els. These, in combination with the high frequency of biogenic
The pore space mainly consists of frequent channelspores, suggest that formation of secondary structure was re-

chambers and burrows, whereas complex packing voids anthted to biological activity.

planes are less common. Chamber or burrow microstructures Thin sections from the lower part of the sequence show a

are dominant. Ped development is rather limited, but locallyhigher degree of compaction than those from the upper part.

a moderately well-developed subangular blocky microstruc-n the central part of thin section CA-MM2.1, sub-horizontal
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alignment of compacted sediment is visible which probablyDusty clay coatings, less than 100 um thick, occur through-
resulted from trampling. Large biogenic pores are not de-out.

formed, since they were formed after compaction. At the up- Across the boundary from Late Mousterian to Archaic
per boundary of the contact level between the final Mous-Aurignacian, charcoal and flint particles are very rare. This
terian and Archaic Aurignacian levels J and | in thin sec- scarcity of anthropogenic materials in profig suggests
tion CA-MM2.4, several discontinuous patches of finely lam- that during the transition from Middle to Upper Palaeolithic
inated sediment, about 2 mm thick, are present. These rethe cave was rarely occupied by humans. This hypothesis is
semble fragments of sedimentary seals (Pagliai and Stoopsliscussed further below.

2010), which indicate redistribution of fines by surface runoff

or infiltrating water. There was no indication of frost effects 5.5 Implications for site formation, climate

such as silt cappings, grain sorting or lenticular peds (Van and human occupation

Vliet Lanog, 2010).

The birefringence fabric of the light brown to dark brown Overall, the stratigraphical distinction in sedimentary field
groundmass is stipple-speckled to weakly developed mosaicdnits is corroborated by changes in colour, granulometric
speckled in all thin sections, whereas light coloured patchegomposition and contents of major and trace elements.
within the groundmass of the lower half of CA-MM1 show  The lower part, unit B2.1, has a unique sedimentological
an undifferentiated b-fabric, and crystallitic b-fabric occurs and geochemical fingerprint. It is very likely that it accumu-
in carbonaceous groundmass of thin sections CA-MM5-lated by fluvial deposition (Table 1) when the altitudinal dif-
MM?7. ference between the cave mouth and the former floodplain

Further features of the thin sections relate to phosphateof the Serinyadell was smaller than today. During periods
Typical cryptocrystalline phosphate nodules of light grey of flooding, the creek might have entered the cave and de-
colour (PPL, black under XPL) with brown or grey dots and posited fines. During or after deposition, precipitation of iron
inclusions of silt size mineral grains are present in all thin hydroxides occurred, indicated by intense mottling. We hy-
sections. Most of these nodules have diameters in the sangothesize that this mottling took place under the influence of
fraction, sharp edges and a dense fabric. Locally, dirty phosa shallow groundwater table, related with the former flood-
phate infillings with black (PPL) and milky (XPL) patches plain of Serinyadell River. Enrichment with Mn, detected in
are found. We assume that these nodules represent fragmerte lowermost part of unit B2.1.2 probably occurred during
of small rodent or carnivore coprolites. In the upper parta later phase of post-depositional transformation and was re-
of the sequence, these nodules include highly birefringentated to seepage from the travertine terrace. At a later stage,
submicroscopic calcite crystals, which appear to grow onintense P enrichment from vertical percolation and possibly
the isotropic phosphate (Fig. 10e and f). These intergrowthdateral flow of P-rich pore waters took place. The source of
probably relate to diagenetic changes. P is bat guano or urine of mammals such as cave bear or

In the lower part of the sequence, two types of jellylike hyaena whose presence at that time is documented by faunal
phosphate infillings (Fig. 10g and h) are abundant to veryremains (Estévez, 1997; Soler et al., 2012). The discontinu-
abundant. Type 1 consists of orange brown incomplete indity between Mousterian levels J and | is marked by most sedi-
fillings, up to 3mm in diameter, commonly with shrinkage mentological, geochemical and micromorphological parame-
cracks due to desiccation and/or partial solution. The browrters and is probably erosional. It covers a sedimentary hiatus
colour probably relates to staining by organic acids and/orof unknown duration. P enrichment continued after part of
Fe hydroxides. Type 2 are light yellow, mostly complete in- the fluvial deposit was eroded and buried under the silty de-
fillings which exclusively occur in the lower half of thin posits of level I. Enrichment with geochemically mobile Sr
section CA-MM1, representing the uppermost part of sed-relates to the same mechanisms, zoogenic inputs being the
iment unit B.2.1.1. These infillings are much larger, up to most probable source.

10 mm in diameter, and are in a better state of preservation Sediment composition slightly changes from Late Mous-
than those of type 1. The type 1 infillings probably representterian level | to Early Upper Palaeolithic level H and G, the
bat droppings, which were partly degraded and transformediatter being characterized by lower contents in Cu, fine sand
whereas the type 2 infillings were precipitated from solution.and coarse silt, and by a lighter colour. Although micromor-
The phosphate source of type 2 infillings may have been dephology gives evidence for local reworking at this boundary,
graded guano or urine. Below the sharp boundary at 6.3 mbather data presented suggest a rather gradual transition than
in sediment unit B.2.1.1 frequent water saturation and lacka sudden change between the two levels.

of organic matter may have promoted the precipitation and The geochronological control for the deposition of levels |
preservation of inorganic phosphates. and H is mainly based on a set of accelerator mass spectrom-

Other pedofeatures consist of calcite hypocoatings ancetry radiocarbon ages published by Bischoff et al. (1989),
incomplete infillings observed in thin sections CA-MM4— Soler and Maroto (1993) and Maroto et al. (1996, 2012). The
MM7. These calcitic pedofeatures testify to carbonate dis-corresponding ages show a considerable overlap of intervals
solution and precipitation in the upper part of the sequenceat the 95.4 % probability level (Fig. 11), but the results on
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Table 1. Relative significance of selected accumulation and alteration processes in the north profile offggaladecorrelation with the
pollen zones and climate reconstructions of Burjachs and Renault-Miskovsky (1992, Fig. 3). The P enrichment is related to zoogenic inputs.
Anthropogenic accumulation of lithics, bone or charcoal is low over the whole sequence, but find densities at Arbreda spatially varies.

Sediment accumulation Sediment alteration Pollen (Burjachs and Renault-Miskovsky, 1992)
Sediment  Archaeo- Fluvial Aeolian Rock Collu- Iron P- Secon- Archaeo- Pollen Inferred
units logical or sheet fall vial mottling enrich- dary logical zone climate
levels wash ment carbo- levels
deposits nate
A Terrarossa — + (+) ++ — — Postpal. 10 Warm and humid
B1.1.1 A/B,C,D, — + ++ — — + * A 9-10 Cool and humid
E upper 8-9 Temperate and humid
B 7-8 Cold and dry
C 7 Cold and dry
D 6—7 Cold and dry
E 6 Cool
B1.1.2 E lower, F, — + o — - ++ *
G upper F 5 Cold and dry
G 4 Temperate and humid
B1.2.1 Glower,H — ++ + - — ++ 3 Cold and dry
Cool and humid
H 2 Temperate and humid
Cold and dry
B1.2.2 | — ++ — — — ++ | 1 Temperate and humid
Cold and dry
Temperate and humid
B2.1.1 J +++ — — — ++ +++
B2.1.1 K +++ — — — ++ +++ *

Ratings:— insignificant, very weaks low, weak; ++ moderate; +++ highi; Presence of secondary carbonates as deduced from field study and micromorphological investigations.

bone samples only (OxA 3729, OxA 3730, and OxA 3731, vLevel sample No. Ret.
Maroto et al., 1996) reflect the expected trend of increas- ¢ ciests @ 4 =
ing age with depth. The validity of these ages were ques- ; o0
tioned by Zilhdo and d’Errico (1999, 2000, 2003) and Zil-
h&o (2006) who claim that sedimentological boundaries be-
tween the levels are not well defined due to bioturbation and °

that stratigraphic context of samples is insufficient to pro- [ s
vide reliable age estimates. Soler et al. (2008) discussed thel 375 ©

AA-3782 (b)
doubts from the perspective of the excavators and presented: o322 ()

Gif6420  (a) o

OxA-19935 (d)

two plots of find distributions along W/E and N/S profiles, o -

which document separation into two distinct archaeological | e ) —

levels. New geochronological studies in Central and South-|  geiees @ 1 o Cony. e (charcoa) B

ern Iberian cave sites (Wood et al., 2013; Kehl et al., 2013) ' 4331 © - 4 Avs ™ (charcoa) —
suggest that previous radiocarbon datings most probably un- o pwSTOCw
derestimated the time of late Neanderthal occupation. Re- BN ®4 s %
cently, statistical overlap in radiocarbon dates was observed ka cal BP

fo.r Late Middle Palaeolithic (LMP) and Early Upper Palae- Figure 11. 95.4% probability interval of calibrate&*C ages of
olithic (EUP) layers at Cova Gran, although these layers arharcoal and bone samples afte) Delibrias et al. (1987)(b)
separated by an archaeologically sterile sediment (Martinezgischoff et al., 1989,c) Maroto et al. (1996) andd) Maroto
Moreno et al., 2010). However, recent new datings for Ar- et al. (2012). The laboratory protocols used by Maroto et al. (2012)
breda show that radiocarbon ages for the Archaic Aurig-include rigorous sample pre-treatment to minimize contamina-
nacian and Late Mousterian may have been overestimate®n of samples. For calibration the CalPal-2007-Hulu data set
(Wood et al., 2014). These examples suggest that results diVeninger and Joris, 2008) and the CalPal software package
the radiocarbon method should be interpreted with care anéWeninger et al., 2008) were used.

independent age control is needed to verify the time frame

for the LMP/EUP transition at Arbreda.
High contents of potentially wind-blown grain sizes sug-

gest aeolian input during deposition of level I. This can be

Clim. Past, 10, 16734692 2014 www.clim-past.net/10/1673/2014/



M. Kehl et al.: Sediment sequence and site formation processes at the Arbreda Cave 1689

interpreted as an indication of dry climate, because aeotions presented in Soler et al. (2008), discontinuous occupa-
lian deflation may be enhanced during periods of reducedion at Arbreda appears to be more likely.

vegetation cover. The dry phase may have correlated with

the cold and dry period that occurred during accumula- _

tion of level | as postulated from pollen data (Burjachs and® €onclusions

Renault-Miskovsky, 1992), and with the onset of aeolian
deposition reported for layer A at Abric Romani (Courty
and Vallverdd, 2001). The climate signal extracted from our

The analytical data derived from this multiproxy study re-
fine the previously presented macroscopic subdivision and
pive new evidence on site formation processes in this key

data at Arbreda, however, is not well constrained and othe ; .
sedimentary features reflecting signals of climate chan esequence regarding the study of cultural changes during the
Y 9 819 piddle to Upper Palaeolithics in NE Iberia.

such as increased proportions of frost-shattered rock frag- The sediments of levels K and J were deposited by fluvial

ments, microscopic silt cappings or cementation by calcite !

N s rocesses and affected by groundwater or interflow, whereas
(e.g. recorded at El Bajondillo; Bergada and Cortés-Sanche he remainder of the Palaeolithic sequence accumulated b
2007; Cortés-Sanchez et al., 2008) were not identified. The 9 y

. rockfall, slabbing off the cave wall and detrital inputs of
frequent changes in climate postulated from pollen analyse

X . . ines.
(Burjachs and Rgnault—Mlslfovsky, 1992, F|g._ 3) are not re- Weathering degrees deduced from geochemical parame-
flected in our sedimentological and geochemical data. How-

. . . ters show a trend of climate worsening which correlates with
ever, the general trend of climate worsening from Middle to 9

Late Upper Palaeolithic is mirrored by the sediment proper_cllmate reconstructions by palynological data. We could not

ties discussed in this paper, e.g. by anincrease in CIA* valueédem}(y well-constrained phases of abrupt climate change,

reflecting increased weathering in units B1.2, B2.1.1 and A. as reportgd from ‘h‘? study c.)f other cave sequences and geo
. L archives in the Iberian Peninsula. This is at least partly re-
The sediments of the Upper Palaeolithic levels of Arbreda . - :
: . o lated to insufficient temporal resolution of the sequence.
have mainly accumulated by rockfall, aeolian deposition or . . : o
. . : . There is, however, evidence for increased aeolian inputs dur-
accidental transport into the cave. There is no clear evidence

for transport by sheet flow, but related sediment structuresIng the Late Mousterian, which was probably followed by a

L : aperiod of infrequent occupation of the cave. These phenom-
such as laminations may not be preserved due to bioturba- . . . : ) :
ena may be linked with climate worsening during a stadial

tion. P enrichment is less intense than in lower levels. Car- hase of MIS3
bonate metabolism led to the formation of secondary carbon? Correlation (;f the sequence with climate records of close-
ate reflecting limited leaching. There is no clear evidence of . q o .
. . L S -~ by geo-archives such as Lake Banyoles may be facilitated if
increased freeze—thaw, which may indicate limited cooling . " .

i . : : age control on sediment deposition can be improved.
and/or dry climate conditions. Anthropogenic materials oc-
cur in patches between large boulders of travertine.
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