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ABSTRACT

THE APPLICATION OF GEOARCHAEOLOGICAL AND
MICROMORPHOLOGICAL PERSPECTIVES TO ISSUES OF HOMININ
BEHAVIOR IN THE LATE PLEISTOCENE
Vera Aldeias

Harold L. Dbble

It is commonly accepted that several processes come into play in the formation of
the archaeological record, and often the challenge of reconstructing past human behaviors
and activities is dependent on the interpretation of the sedimentary comtéxé o
archaeological remains. In archaeological sites, in addition to geogenic and biogenic
depositional and postepositional processes commonly referred to in geologgnars
play important role as well as agers of sedimentation and transformation dfet
sedimentary record. This Ph.D. thesis takes a geoarchaeological perspective on the study
of archaeologicakediments and featurasing micromorphology, or the microscopic
study of soils and sediments, to reconstruct formation processes at Contrab@asier
Morocco (Chapter 2), and to study anthropogel@dved sediments associated with fire
use at early anatomical Modern humans occupations in Africa (at Contrebandieiis Cave
Chapter 3) and Neanderthal populations in Europe (Roc de Marsal Céagier 4).

North Africa has severalimportant well-stratified archaeological si that
provide evidence for thainderstanding of early modern humdredaptations and

behavior However, little is known on the formation processes and the degree of
vi



preservattn of many of the archaeological assemblages therethis thesis, te
sedimentary history of Contrebandiers Cave is reconstructed taking into consideration the
overal/l evol uti on oThe resules shovathat grasdtrigen and o u n d i 1
aeolianinputs contributed greatly for the fairly rapid fill of the cave during the last
Interglagal (Marine Isotopic Stage 5). Sinceadenesisplayed a minor rolethe
archaeological assemblages are mainly affected by mechanical disturbance related to
bioturbdion.

The micromorphology study of fire residues showed that the combustion features
from Contrebandiers Cave are poorly preservath common mechanical disturbance
by biological activity, and the presence of natural features that might be mistafken as
evidence. The displacemeat some of the fire residues is, in additiatiributed to
human action of mking out hearth deposit©n the other hand, isromorphology
observations of firederived sediments at Roc de Marsal attest towh#-preserved
nature of the hearthsin this site, which suffered little or no postiepositional
displacement. Despite thisalexa &6 pri st i ned pr etady highbghts o n t
the difficulty of tracing past human activities in association with each of tmifidd
hearths. Such results suggest that is often impossible to access the degree of
contemporaneity between different combustion events and, consequently, to distinguish

between temporally separated prehistoric occupations at an archaeological site.

Vii
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CHAPTER 1: Introduct ion

1.1 Context of study: geoarchaeological approaches

In the words of Renfrewid ( € ) because archaeol ogy r ec:«
data by excavation, every archaeol ogi cal p

(Renfrew, 1976, p. 2)

The tem geoarchaeology has been increasingly used in the scientific literature
since the late 1970s, expressing a mudind interdisciplinary area of research that
situates itself between the traditional fields of Archaeology and Earth and Environmental
Sciencs (Butzer, 1982; Butzer, 1977; Butzer, 2008; Davidson and Shackley, 1976;
Gladfelter, 1977; Goldberg and Macphail, 2006; Rapp, 1987; Waters,.189*pad
definition states it as the application of geosciences methods and concepts to
archaeological resedr during the geologic time span of human hist@wytzer, 1982;
Gladfelter, 1977; Rapp Jr and Hill, 1998Yhile there are several archaeologidaven
guestions that can be addressed through geoarchaeological research, one of the pervasive
issues is th@eed to establish the contextual/sedimentary framework of cultural remains.
Thus, reconstructing the sedimentary history of a site is of crucial relevance in order to
understand the nature, integrity of the data, and the processes that ultimatelythead to

formation of the archaeological record.



The relevance of reconstruction site formation processes is rooted in the fact that
several processes directly affect the original occupational signatures since the moment
former humans ceased their active guation of a site yielding the information and the
state of what is found today in the archaeological record. Such processes result from a
constant interplay between geologicallsjven mechanisms (geogenic), biological
transformations (biogenic), and humaputs (anthropogenic). Each of these mechanisms
may act as isolated factors or, more frequently, in combination with each other. Over
time, archaeological artifacts, features, and constructions are embedded in essentially a
geological matrix along with eslimentary particles that comprise the bulk of the
stratigraphic record. As such, they are susceptible to burial, weathering, and transport.

Briefly, several examples and archaeological case studies can be described to
better illustrate some of the impditons of these processes in the formation, preservation,

and alteration of the archaeological record.

Geogenic Processes

The effect of specific geogenic processes is intrinsically dependent on the
environmental setting undeonsideration. A rapid burial of the archeological evidence
enhances its preservation through time in geological settings with high sedimentation
rates. Low energy floodplain sedimentatiortcomprised mainly of overbank clays and
silts 1 favored, for instace, the preservation of numerous hearth features and their
associated artifacts close to, or at their original positions at the prehistoric site of

Pincevent(France - Leroi-Gourhan, 1984; Lergourhan and Brezillon, 1972)An

2



analogous situation of optal preservation environment is the rapid deposition by
volcanic sediments, and, in this case, one of the best illustrative examples is the well
known site of Pompeii (Italy). Here, the unique time window into the behaviors of
ancient Roman populations p®ssible due to the rapid rates of pyroclastic deposition of
volcanic asheand lapilli, which entirely covered the city within a time span of hours.

Such examples of optimal preservation in cpérsites are nonetheless rare and
cave gttings contexts are more widespread in the archaeological record. Cave sites act as
sedimentary traps and, consequently, show a predisposition towards sedimentation over
erosion. Overall, these geomorphological settings are characterized by an ayadéabilit
accommodation space, and, hence, they act as repositories for a diversity of sediments,
some of which originate from within the cave setting itself (autochthonous sediments),
while others are derived from elsewhere (allochthonous sedim@ras)and, 1985;

Mylroie and Sasowsky, 2007 onsequently, such deposits are of special interest not
only for understanding the geomorphological progression that lead to the formation and
development of the cave deposits per se, but also as a body of data thatusaa o

infer the evolution and the paleoclimatic setting of the surrounding land&apgy and
Vallverdd, 2001; Ellwood et al., 2001; Farrand, 1985; Woodward and Goldberg, 2001)
The gathering of sediments in a natural cavity tends to be idiosyn(ffatrand, 2001,
Woodward and Goldberg, 20Q1yvith the sedimentary characteristics depending on
variables that are unique to each site, such as the geomorphological setting of the cave, its
bedrock, structural arrangement, microenvironment, and theab\i#yl of source

material to be deposited in the first place. The introduction of frequent human

3



occupations to these natural cavities (discussed below) adds to the complexity of the
sedimentary record.

Although cave settings do enhance deposition, tlaeeestill important post
depositional processes that are capable of altering the deposits. For instance, reactivation
of the karstic system (with enhanced water circulation) may lead to the erosion and
slumping of previously deposited sediments; weatkeriprocesses (such as
decalcification or phosphatization) can bring about significant transformations of the
sediments and preferential weathering of organic archaeological comp{@amisy and
Chaline, 1993; Farrand, 1985; Goldberg et al., 1993; GoldardySherwood, 2006;
ShahackGross et al., 2004; Weiner et al., 1993)

Similarly, other geogenic processes are prone to promote erosion and diagenesis.
Dynamic highenergy settings (e.g., parts of fluvial environments), colluvial processes
(e.g., debris Bw, solifluction), or temperatureelated factors (such as cryoturbation and
ice lenses) can lead to significant alterations of the original sediments and associated
archaeological evidence. In sites closer to active stream channels, for instance, cultural
remains can easily be eroded and dispersed if the threshold for sediment motion is
achieved, resulting in size sorting and washing out of the smaller, lighter components
(Boggs, 2001; Shackley, 1974; Shackley, 19F8y example, the accumulation of stone

tools in a thin stratigraphic | ayer at t

h €

first i nterpreted as representing a prist.

context located on a terrace of the Avre River, in France (Tuffreau E3&8: Tuffreau

et al. 1995). However, Dibble et £.997)have shown that higanergy fluvial dynamics
4



had actually impacted the deposits, and that the accumulation of stone tools was not due
to human action, but a result of fluvial transport and redéponsef the materials by the
paleostream. Conversely, erosional episodes can be less evident, promoting not the
complete reworking of entire assemblages, but acting as discrete erosional events
affecting certain strata within a stratigraphic sequence.ubth ases, stratigraphic
analyses have to take into account the presence of these stratigraphical unconformities,
since the absence of anthropogenic material can be misleadingly interpreted as periods
when there was no human occupation at a (siieeh as taDust Cave: Goldberg and

Sherwood, 1994)

Biogenic Processes

Biogenic processes are related to the activity of flora and fauna, contributing to an
accumulation of organic materials, which can favor further sedimentation g mo
commonly, serve as agents of pdspositional disturbance. The effects of plaety.,
rooting, tree throws Evans et al., 1998; Goldberg and Macphail, 2006; Waters, 1992)
and burrowing animalge.g., insects, rodents or carnivoreSanti, 2003b; Eller et al.,
2003; Nest, 2002)ontribute to the mechanical reworking of previously deposited
sediments with horizontal and vertical displacement of artifi@®adek, 2002; Feller et
al., 2003; McBrearty, 1990) These actions tend to encompass a mixingl an
homogenization of the sediments and potential obliteration of the original sedimentary
structures(e.g., Morin, 2006) Moreover, biogenic inputs can also contribute to

substantial chemical diagenetic alterations. The incorporation of organic matter and

5



phosphates can lead to considerable changes in the chemical composition of the deposits,
impacting the preservation of organic remains and bones. The common presence of bat
and bird guano in caves, for instance, has been proven to be a significant tmmtoibu

the preferential dissolution of bone fragments and alteration of combustion residues
through decalcificatior{Albert et al., 2003; Berna et al., 2004; Karkanas et al., 2002;

Schiegl et al., 1996; Shaha@¢oss et al., 2004; Weiner et al., 2002)

Anthropogenic Processes

The introduction of human inputs into the sedimentary record is seen not only in
the discard of manufactured artifacts, but also as agents of deposition, formation,
mobilization, and erosion of the sedints themselves. Anthropogenic processes can be
related to the incorporation of materials such as food related resources (bones, shells,
etc.), material for the construction of structures, feated sediments, exogenous raw
materials, or een the incorporation of fingrained sediments, such as muds, introduced
by people walking to and from a specific occupational @t@rand, 1985; Goldberg,
2008) Humans can also extensively alter deposits by removing and modifying previously
depositedstrata, for instance, by the construction and infilling of storage/disposal pits or
burial features in the underlying deposits. Examples of such features are ubiquitous in the
archaeological record, and the sediments that were removed can be depositeerelse
in the site. At the Upper Paleolithic site of Abri Pataud in France, for example, Farrand
(2001) argued that human inhabitants of the site had removed considerable sediments

associated with previous occupations in order to broaden their living sphese
6



excavated deposits were, subsequently, redeposited in other loci of the site, creating a
situation of i r iethiae is, svithdoldes tediments gverlyipghyguager
deposits. Similarly, it is common to assume that frequent visits by uotanmunities
to a site results in situations where previously discarded artifacts may be subject to reuse
or recycling. As a result, even if a specific archaeological level is not significantly
affected by geogenic or biogenic processes, it still ofteomapasses a diachronic view
of several occupational events (which may be thousands of years apart) superimposed
into a single stratigraphic surfa¢Bailey, 2007; Ferring, 1986; Schiffer, 1985; Schiffer,
1987)

This coarse temporal resolution of the a@blogical evidence highlights
the significance of identifying discrete anthropogenic features that reflecttshurt
events and activities. One of the most prevalent examples of anthropogenic sediments is
their relation to the construction and use oé features. Although combustion features
(hearths) can assume different shapes and sizes, they typically tend to be somewhat
circular with a microstratigraphic layering characteristically composed of winégie
ashy sediments underlain bycharcoalrich layer and fireereddened (rubefied) substrate
(e.g., Goldberg et al., 2012; Goldberg et al., 2009; Meignen et al., 1989; Meignen et al.,
2007) Although these microfacies of aahd charcoal can be dgdost (for instance by
the mere presence of windblown disturbance or diagenetic alterations) thin rubefied
sediments can be a compelling evidence of direct exposure to high temperatures, and
high-resolution analytical techniques such as soil micromdaggyo (see below),

paleomagnetic methodsr FTIR can be used to detect the presence of pgodgerved
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combustiorassociated deposi(e.g., Carrancho et al., 2009; Goldberg and Berna, 2010;
Schiegl et al., 1996Schiegl et al., 2004; Sergant et al., 2006; Weiner, 2010)
Experimental studieg¢e.g., March, 1992have shown that even in good sedimentary
preservation conditions, the presence of charcoal may intrinsically depend on the type of
hearth being built (firesn shallow depressions, or open flat fires), related to their
functions (e.g., indirect cooking) or to rainwater ceasing combustion, for instance.
Charcoal represents incomplete combustion of wood, and studies conducted by March
(1992) have shown that &s constructed in auvette(that is, in a depression in the
underlying sediments) are susceptible of creating more charcoals due to lower
temperatures of combustion, less exposure to wind, and the thermal control imposed by
the surrounding sediments.

Whete there is a better preservation of the deposits, the@sponents can be
quite substantial in an archaeological $®ldberg et al., 2009; Karkanas and Goldberg,
2008; Schiegl et al., 1996The bulk composition of asheerived from the burning of
plant residues is mainly calcite formed by the decomposition of unstable calcium cellular
oxalate crystals present in many plants and usually concentrated in the leaves and cellular
walls (Courty et al., 1989)The cellular mingals recrystallize into calcite (CaG after
the ashesire exposed to enough moisture and, @@m the atmospheréCanti, 2003a)
After deposition, the ash components can be affected by substantial and complex
diagenetic alterations, Bomechanical and chemical. The reaction of calcitic aglis
phosphateich solutions will lead to dissolution and react alteration of calcite into several

phosphate minera[arkanas, 2010; Karkanas et al., 2002; Schiegl et al., 1996)



In sum, a vast array of geogenic, biogenic and anthropogenic processes serve as
both agents of formation and as pdspositional disturbances of cultural remains. The
increased awareness that archaeological materials need to be understood within their
stratigraphic context, has urged the application of geoarchaeological research to untangle
the aspects that are natural (geological or biologiahilyen), from those that can be
directly linked to past human activitiéSchiffer, 1987; Stein, 1993, 2001n this thesis,
geoarchaeological approaches are employed in the (1) characterization of the
lithostratigraphicframework and site formation processes at the prehistoric site of
Contrebandiers cave (Morocco); and (2) to charaee the nature and pyrotechnological
traits of anthropogenic hearths (Contrebandiers GaMorocco and Roc de Marsal
France). The main analytical technique employed is the use of soil micromorpltmlogy

archaeological sediments and features.

1.2 Notes on Soil Micromorphology

Micromorphology is the study of soils and sediments through the analysis of
petrographic thin sections, an analytidaichnique that originally is derived from
pedological studiegCourty et al., 1989; e.g. Goldberg, 1983; Karkanas and Goldberg,

2008) Micromorphological samples are taken as blocks of oriented, undisturbed



sediments, allowing for the preservation of tlbatextual and spatial arrangement of the
components that make up the deposits. The thin sections taken from this block can be
analyzed under the microscope and the descriptive parameters of the deposits can follow
soil-oriented approachdBrewer, 1972; Stops, 2003pr standardized nhomenclature that
reflects the application of this methodology to archaeological contexts and components
(Courty et al., 1989)

These microscopic observations include shape, size, texture, fabric and geometric
arrangement of tnsampled materigCourty et al., 1989; Karkanas and Goldberg, 2007)
Its application to archaeological contexts and sediments has proven to be an essential
technique for deciphering formation processes (agents of depositional and post
depositional procees), as well as the nature of anthropogenic signat(ess,
Angelucci, 2003; Courty et al., 1989; Donald et al., 1992; Goldberg, 1983, 2000, 2008;
Goldberg and Berna, 2010; Karkanas, 2002; Karkanas and Goldberg, 2007; Karkanas and
Goldberg, 2008; Weine 2010) Archaeological sediments can be fairly complex, often
lacking macro sedimentary structures, and with many of the behaviorally relevant layers
expressed only as millimeter thick strgfar example prepared habitation floors, or
smallscale truncéons of the sediments are difficult or even impossible to define
macroscopically- Courty, 2001; Courty et al., 1989; Karkanas and Goldberg, 2008)
Since micromorphological samples preserve the original context and arrangement of the
stratigraphic compomgs, it is possible to analyze the relationship between cultural
remains and their surrounding matrix. Conversely, more traditional sedimentary analyses

(grain size, XRD, etc.) typically take loose, bulk samples from a thickness that may
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actually encompasseveral microstratigraphic layers, or include areas of bioturbttain

are not discernible macroscopically. Despite the relevance of such sedimentological
methods, the results have to be viewed as an average instead of cleacadientibf the

nature and composition of each unit. Since cultural remains most often reflect
occupations that are laterally variable and spatially distinct, such averaging of the results
falls short if one wants to achieve higbale resolutions and ditetterpretation of
cultural remains and/or occupational signatures. As a consequence, the microscopic scale
of analysis given by micromorphology has been increasingly applied to a variety of
geographical and temporal archaeological contexts, documermirgnly the contextual
position of the archaeological artifacts but also emerging as an indispensable tool for
interpreting the archaeological record as a whe., Macphail et al., 2006 and
citations within) The present research relies heavily in thapplication of

micromorphology technique and scale of analysis.

1.3 Geological and geomorphological ewext of Rabat, Morocco
Since the majority of the research presented here is located in the Atlantic coast of
Morocco around Rabat, an annotated wwev of the main geological formations and
paleoclimatic signatures is needed to better understand the evolution of the
paleolandscape and its impact on human occupations and sedimentation at

Contrebandiers Cave
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Overall, the wdy area focuses on the Moroccan Atlantic coast, south of the
Moroccan capital of Rabat (Figure 1). Structurally, this area belongs to the flat plateau
that constitutes the western Meseta. This geomorphological domain is bordered on the
north by the Riftmountain chain, and separated from the Sahara regions in the south and
east by the tectonically elevated Atlas mountain chains. The geodynamic evolution of the
Meseta terrains has been associated with two main periods: a rifting phase followed by a
collision period (Michard, et al 2008). The onset of the rifting episode is assigned to the
PermaTriassic period, and it eventually led to the opening of the Atlantic Ocean, which
in turn separates the Moroccan terrains from those of the Canadian margin of Nova
Scotia. During this extensional period, salt deposition and volcanism episodes are the
most important geological events. In this area, the Triassic formations include sandstones
and shales unconformably overlying Hercynian basement deposits. Subseqtlent to
synrift sequence, the beginning of drifting conditions in the central Atlantic led to the
formation of shallow marine limestones and dolomites in near shore settings. Until the
end of the Cretaceous, predominantly transgressive marine conditionsegrel@ng the
Moroccan margin, namely during the Cenomasniamonian high sea levestand.
Alternation of marine shales and carbonates characterize the stratigraphy. From the Late
Cretaceous onwards, orogenic episodes of the Rift masnssart to develop due to the
collision of the Eurasian and African plat@st Brahim et al., 2002)In the study area,
the preQuaternary deposits are mainly exposed in the valleys of the main rivers, namely

the Bouregreg valley near Rabat and the Yg&#er, south of the city of Témara.
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Figure 1: Geographical setting of Morocco (top, left) and position of Contrebandiers Gatlee
geological map of the Témara area (bottdéraplapted from the Car Geotéchnique de la Région de Rabat,
scale 1: 50,000 (Millies-Lacroix, 1874). The red stars show the location of the nearby archaeological
sites, and the red circles correspond to the eight samples collected for Optically Stimulated Luminescence
(OSL)dating

An extensive Pleistocene sedimentary cover is abundant around the Rabat and
Casablanca regions. These formations consist mainly of bisalhsteolianites and
raised beach deposits that rise inland with successive elongated lithified beltedorient
roughly parallel to the shorelingStearns, 1978) These coastal formations are
interspersed with red loamy soils present in the slack depressions between the lithified
ridges and as beds within the dune systéBtenger and Bruhibobin, 1997; Bronger
and Sedov, 2003)The present shoreline is characterized by a lithified calcarenite ridge,

currently being eroded by wave action, with remnants of indurated anedkainstd red
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soils occasionally overlying the cemented dunes. Large boulders that uncaliform
overlying the calcarenite coastal ridge are interpreted as tsunami deposits and present
along the coas{fMhammdi et al.,, 2008)The present shoreline is characterized by
common embayments with modern shelly beach sands and coastal dunes withlintertida
lagoons present along the modern coastal area. Overall, the entire sequence suggests
relatively steady uplift, with no reversals of trends identified either in the Casablanca or
the Rabat aregtefévre and Raynal, 2002; Stearns, 1978, 198 More or kss uniform

rate of uplift for the Moroccan Meseta was assumed by Stéa8&i) with a rate of

0.063 m / 1000 yr in the Casablanca sequence, and 0.053 m / 1000 yr for the Rabat area.
As discussed below, there are several caveats to these estimatioostrantdy there is

an increased need for improved chronometric dating techniques and better understanding
of the depositional environment of these formations.

The Moroccan Pleistocene sequences have been extensively studied for some time
(Aboumaria et b, 2006; Andre and Beaudet, 1981; Arboleya et al., 2008; Biberson,
1961; Brebion et al., 1986; Gigout, 1957; Lefévre and Raynal, 2002; Plaziat et al., 2006;
Raynal et al., 1986; Stearns, 1978, 1981; Texier et al., 1985; Texier et al., 1992, 1994,
Texier @ al., 2002; Texier et al., 1988086; Weisrock et al., 1999arly research was
synthesized by Bibersafi961) who identified six primary marine stages (Messaodian,
Maanfien, Anfatian, Harounien, Ouljien, and the youngest Mellahien), intercalated by
cortinental stages (Moulouyen, Salétien, Amirien, Tensiftien;Jtkanien, Soltanien
and Rharbien). Though these chronostratigraphic units have been used in subsequent

studies(cf. Nahid, 2001 ))the overall validity of the classical Moroccan stages has bee
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increasingly challenged, with new research showing a more complex picture of
Quaternary fluctuations and deposition.

Much of the recent research has focused on the Casablanca area due to better
exposures of outcrops in local quarrigefévre and Raynal002; Texier et al., 2002)
Conversely, though Quaternaagsociated formations extend over 10 km inland around
Rabat, the lack of extensive, webkposed outcrops led the majority of researchers to
focus on the coastal cliffs. Attesting to the more clexplepositional environment
during Pleistocene fluctuations, the profile from Sidi Moussa (North of Rabat) was
extensively described by Aberk&h986, 2000and Plazia(2006) These deposits show
a succession with a lowermost unit of horizontally bedd#ldarenite associated with
MIS 7 interglacial high stan@TL age of 220 + 30 ka, Aberkan 2000), followed by
roughly 2 m thick mudich lagoon deposit located at +2 m above mean sea(kwasl).

Thes deposits are capped by a calcarenitic dune complex which is then truncated by a
subsequent palediff notch and entrenched coarser marine bed at +4/5 m (@&@lasdiat

et al., 2006) An age within the last interglacial Marine Isotopic Stage 5e (MIS 5e) is
inferred for the two raised marine units (i.e., lagassociated unit and the coarser
deposits interpreted as a beach facies). In accordance to this evidence of superimposed
marine and several dune systems from the Sidi Moussa profile, detailed remi@ws a
lithostratigraphy from the Casablanca regions also show a more intricate picture with the
presence of at least twenty successive formations, as reported by Texié2@d2Z)and

Lefévre and Rayng2002) with common episodes of erosion and assaotiatdluvium

deposits. Recentl vy, a correlation between
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MIS chronology has been published by Plaziat e{2008) and chronometric dating
based on OSL reported by Rhodes e(2006) Nevertheless, the limiteddhowledge on

the sedimentary characteristics and specific depositional environments (ap@iame

or colluvium) continues to hamper a clear understanding of the relationship between the
coastal deposits with climatic and desel fluctuations during the Late Pleistocene. The
majority of the sites lack controlled numerical age estimations and, consequently, the
timing and nature of Pleistocene evolution and high stands remains unclear.

Considering the marine deposits, several osciligtion sedevel during the
Pleistocene, coupled with the relative uplift of Moroccan coastal areas, enabled the
preservation of raised beaches inland from the current coast. Based on stratigraphic and
sedimentary evidence, Hearty et al. (2007) studiedrabwerldwide sites with emergent
marine deposits dated to the last interglacial. They conclude that seveialvedea
intervals can be defined within MIS 5e, with major high stand peaks in the intervals
between 130 and ~125 ka. This was followed by Hakfof sealevel closer to present
day values around 125 ka, and subsequentesetrise to levels between +6 to +9 m
amsl at around 120 ka. Rapid initiations of regressivdesas trends are seen after 119
ka (MIS 5d). In accordance with these argateeof multiple high stands within MIS 5e
is the evidence from several sites worldwide, for examples at least two phases of higher
sealevel stands bracketed withini68.5 m amsl are recorded at Cape Agulhas, South
Africa (Carr et al., 201Q)on the westam Australian coas{O'Leary et al., 2008)and
along the southern Iberian cod&azo et al., 1999)Similarly, data from fossil reefs in

Barbadog(Potter et al., 2004; Schellmann et al., 206d9w that sedevel high stands
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were present between ~130 a#2B ka, with rapid sekevel fall to-11 m in the interval
between 12118 ka. A maximum 0f20 m sedevel drop was estimated during MIS 5c¢
(~105 ka). Closer to the Moroccan coasts, Bardaji et(28l09) report on marked
meteorological changes after 1Ka in western Mediterranean coastal formations
associated with increase climatic instability and a shift to the deposition of reddish
conglomeratic facies. Overall, after MIS 5, sea levels were always considerably lower
than today, remaining at leadb mbelow present values (e.g., Cuttler et al. 2003).

A similar pattern of rapid fluctuations and several high stand peaks is also emerging
for the penultimate interglacial (MIS 7, c. 245 to 190 ka) with two to three main sea level
high staads (MIS 7a, 7c and 7e e.g., Andersen et al., 2010; Siddall et al., 2007)
However, uncertainties in the ages, and consequent uplift corrections used, make accurate
estimates of worldwide sea levels during MIS 7 difficult. Data from Barbados suggest an
oscillation between6 to +9 m, whereas from other raised coral reefs these values are
estimated to be up to +10 (8iddall et al., 2007)Conversely, during MIS 1420 to 360
ka) a high sea level stand seems to be associated with stable values durikg &80
span at £10 m amsl, but with a maximum of +20 m amsl in records from the Bahamas
(Hearty et al., 1999; Olson and Hearty, 2009; Siddall et al., 2007)

It follows from this evidence that at least the high stands associated with MIS 5e
and potentidy previous interglacial selevel peaks (MIS 7 and MIS 11) should be
preserved if the neotectonic model of relatively constant uplift holds up for the Moroccan

Atlantic coasts. Though, as pointed out by Barton et al. (2009), there was probably not
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enoughtime for the lithification and preservation of marine deposits duringeseh
stages lower tharl5 m amsl before subsequent transgressions take place.

Other data come from studies of archaeological cave sites in the Rabat region. At
Contrebandiers Cayenarine sedimentary facies with an age of ~126 ka were identified
roughly at 8 m above present sea lgJelcobs et al., 20117 he altimetric estimation for
Contrebandiers Cave sequence was obtained by switlew total station to an accurate
geodesic datum within 0.02 m of accuracy in elevation. However, the present study from
Contrebandiers (see Chapter 2) has shown that, to some extent, these sedimdate post
the high sedevel peak seen from 130 to 2@ ka(Hearty et al., 2007)and precede the
brief fall to sea level values close to or below present associated with interval around 125
ka. Neither the subsequent secondary rise to ~4 m high sea level stand, seen in the
interval between 124 to 122 Kdearty et al., 2007hor the high stand maximum around
120 ka (Hearty et al., 2007; Schellmann et al., 20@4¢ observed in the exposed
outcrops at this site. It is possible that more extensive excavations towards the terrace
area currently outside thecdve entrance coul d expose mor e
although the values of séavel above 8 m inferred for ~ 120 ka are not evidenced in the
Contrebandiers sequence. In fact, during this time, the deposition in the cave was
associated with terrestriglepositional environment, with common presence of human
occupations of the site. For the nearby DaBekan | cave, Barton et al. (2009) report on
similar marine deposits at the base of the sequence, interpretediasraised beach
deposits (thougtbased solely on maciscale observations). These deposits have been

dated to around 125 ka and are located at roughly 4.07 miayed the altimetric
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estimations by Barton et al. can reportedly have at least 1 m oscillations in accuracy.
Subsequenttothea s a | Amarined deposits in the cave
prevailed for the remaining sedimentary sequence (from MIS 5e onwards) at both
Contrebandiers and Dar-8sltan (Barton et al. 2009), as well as in nearby sites carved
into approximatly the same calcarenite ridge, including: El Mnasra and El Haroura Il
caved(El Hajraoui, 2004; Nespoulet et al., 2008b)

It follows from these observations that the ma@ssociated deposits
encountered on the basal strata of the cave sites are masolyiadsd with high sea
levels stands during the initial transgressive peak associated with MIS 5e during ~130
and 125 ka and that subsequentlseal rises, namely during the period from ~122 to
120 ka, did not exceed a maximum of +6 m amsl in this doasta. The latter inference
is in accordance with estimations from the Red Sea cores published by MWalage
et al. (2002; 2003) and possibly with the sequence of raised beaches observed at Sidi
Moussa (described above) located closer to the prekertline than the archaeological
cave sites. Furthermore, if the implicit constant uplift model is accepted, it should be
possible, at least theoretically, to recognize marine deposits associated with prior sea
level high stands along i coastal area, taking the maximum values of +10 (MIS 7) or
even +20 (MIS 11). Nonetheless, the lack of accurate chronometric dating and well
resolved stratigraphy precludes such determinations for the Rabat area. Hence, the uplift
rate is still largely oknown.

Turning our attention to the continental aeol@deposits, these formations are

ubiquitous in the Rabat and Casablanca areas and have been commonly interpreted as
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lithified coastal dune sands. The date at which this occurreddsrtain, though the
dynamic processes of cementation have been synthetically studied. For example, Akil
and Gaye{1984)have demonstrated several stages of lithification through the circulation
of meteoric water into these formations rich in bioclastiatenal. The first stage
encompasses localized dissolution of bioclastic materials (mainly marine shells and some
terrestrial gastropods), followed by saturation of the water with calcium carbonate, and
subsequent precipitation of calcitic cemghkil and Gayet, 1984)

It is, however, somewhat more challenging to propose chronometric attributions
for these formations due to the variety of climatic conditions in which dunes can form
(Bateman et al., 2011; Brooke, 2001; McLaren, 200Vhough increased dune
accumulations are commonly assumed within interglacial periods in concert with marine
transgressiongBrooke, 2001) and several reports from the Casablanca sequence
associate aeoliaaccumulations with major interglacial Late PleistocetageqLefévre
and Raynal, 2002; Texier et al., 2008)ere is increased evidence that generalized dune
activity can also occur during predominantly cold/arid stdgegs, Bateman et al., 2004;
Forn6s et al., 2009; Nielsen et al.,, 2008esides the dhatic glacial/interglacial
association, another important constraint is the correct interpretation of the depositional
environment when the main remobilized materials are bioclastic companasts the
Rabat coastal area. Frébourg et @O008) note tha the diversity of the classical
sedimentological criteria used for aeolian deposits {aatled fine grained sands) can be
misleading in carbonate deposits since these particles present inherent variability in

shapes and densities that can lead to lowréical shear velocity for initiation of
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movement. As a consequence, carbonate aeolian accumulations can be potentially
misinterpreted as lovenergy shallow marine depositioffigébourg et al., 2008)

Presently, the Rabat study area is characterizedNdgditerranean climate with
precipitation between 300 and 500 mm in the period from October to April, with
maximum precipitation during the months of NovembecembefBouzouggar, 1997b)

The dominant winds are normally oriented NdrtWest (during thelemmer), and South

i Southwest during the winter months. For North Africa climates, there is a clear
correlation between the onset of higititude shift to glacial environments and a shift
towards aridity and cooler temperatures in subtropical Affecg, deMenocal, 1995)
Climate of subtropical Africa reflects the seasonal shifts of the West African monsoon,
controlled by the periodic variations in insolation derived from the 23 to 19 Ka cycles of
Earthoés orbital pr ecessgloanc.i aTlh iodss teangheasnoc eids
borne (aeolian) dust present in maritime records, but can also be traced on terrestrial
records, specifically from late Pleistocene lacustrine records. Currently, there are no
continuous records in the Rabat area for thate Pleistocene. Still, general
paleoenvironmental inferences can be made using data from marine cores taken off the
coast of Northwest Africa. These deposits record aedrah fluvial sediment inputs

from the Sahara/Sahel regions anigiances about the type or extent of vegetation cover
can be estimatefFigure 2- Castafieda et al., 2009; Tjallingii et al., 2008astafieda et

al (2009) show predominantly arid conditions during the last 200 ka, with the Sahara and
Sahel areas being damated by C4 grasses. Main shifts to wetter conditions in

association with relative abundance ofV@€getation are recorded at 12A10 ka (MIS
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5d), 5545 ka (MIS 3) and around 10 ka. The atmospheegetation model produced by
Tjallingii et al (2008) ieéntified three increased humidity periods during 105 (MIS 5c¢),

~83 ka (MIS 5a) and 10 ka, alongside a more subtle peak with vegetation cover from 60
to 55 ka. Based on OSL ages obtained for the cave sites in the Témara area, Jacobs et al.
(2012b) point ou that the expansion of vegetation cover in the southern S&aduel

regions roughly coincides with the major periods of human occupations in
Contrebandiers, El Mnasra and El Haroura 2 caves, specifically during MIS 5d and 5c,
and with occupations only i&l Haroura 2 and El Mnasra around 73 ka (MIS 5a)
Figures 2 and 3. As discussed in Chapter 2 of this thesis, the lack of evidence of
sediments/human occupations during MIS 5a in Contrebandiers caavbe explained

by postdepsitional processes, namely localized erosion due to reconfiguration of the
caveods roof. Conversely, the increased ar.i
and Castafeda et al (2009) during MIS 4 seem to coincide with lack of deposition/erosio

in all the archaeological cave sites and with lowerleeal stands of roughly80 m

during MIS 4 (Figure 2). The latter encompass increased distance of the caves to the
shoreline (at least > ~ 10km) and change in the sedimentary dynamics in this area.
However, the effects of increased aridity in the vegetation cover of the Rabat coastal area
are still largely undetermined, and some researchers point out that Northwestern Africa
coasts presented Mediterranean scrub vegetation even during the extrecoaditidns

that characterized MIS @anks et al., 2006)
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Overall, a clear need still exists for furtherdapth stratigraphic studies (both
macroscopic and in thin section) in association with accurate age determinations in order
to better understandhe environmental/depositional setting and chronology of the
Quaternary deposits present in the Moroccan Atlantic coast around Rabat. Currently,
research is being conducted along these lines by a research team from Bordeaux
University (France) and | havésa collected several samples for OSL dating (see Figure
1) and soil micromorphologyhat are currently being processed. It is then likely that
more robust results will be obtained in a near future. In addition to the lithgistpdoic
and dating of the Pleistocene formations, my future research in this topic will also
involve creating a sel@vel distance model similar to the one constructed for South
Africa integrating offshore bathymetr{fFisher ¢ al., 2010) in a collaborative work with

researchers from Arizona State University.
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Figure 2: Compiled data from paleoenvironmental reconstructions from cores collected from off the
northwest African coast, with séevel reords during the last 200 ka and OSL dates for archaeological
cave sites in the Témara area. Thelwefitd dashed line corresponds to data from Tjallingii €28D8)on
changes in grassland vegetation in the Sahara. Thehagiot grey continuous tracercesponds to the
relative abundance of,Eshrubtress) and ¢(grasses) vegetation deriving from the Sahara/Sahel region
and recorded in marine sediment core offshore of northwest Aftiaatafieda et al., 2009)he above
dashed and continuous lines e@pond to sekevel curves published by Antonioli et #2004)based on
%0 measurements: the dashed blue line represents the SPECMARImimie et al., 1984xnd in red is

the curve obtained b{yVaelbroeck et al., 2002 he uppermost bars corresigoto the OSL dates obtained
for archaeological cave sediments in the Témara area by JacobgJatahs et al., 2011; Jacobs et al.,
2012b) the first bar is the age of deposits from Contrebandiers,@ankthe second is tteges for the
sites of El Mnasra (EM), El Haroura 2 (EL2), DarSxdtan 1 (DeS1) and Dar-&®ltan 2 (DeS2).
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Figure 3: Detail of the sedevel curves for the time span of deposition in Contrebandiers &al/ages for
the lithostratigraphianits in the site obtained by singgeain OSL technique (see Chapters 2 of this thesis).
The dashed and continuous lines correspond téesefcurves published by Antonioli et §2004)based

o n 0 nieasurements: the dashed blue line represents the SPECMARImbie et al., 1984and in

red is the curve obtained yaelbroeck et al., 2002)
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CHAPTER 2: Deciphering Site Formation Processes through
Micromorphological Observationsat Contrebandiers Cave Morocco

2.1 Abstract

Contrebandiers Cavpreserves a Late Pleistocene sequence containing Middle
Stone Age(MSA) Mousterian and Aterian occupationpaaning from ~126 to 95 ka,
followed by spatially restricted Iberomaurusian industries. Site formation processes were
reconstructed using micromorphological techniques, complemented by Fourier transform
infrared spectroscopy (FT)Rand fabricorientation analyses. The initial deposition at the
site is characterized by locally reworked marine shelly sands dating to Marine Isotopic
Stage 5e (MIS5e). The subsequent stratification vyields sedimentary dynamics
predominantly associated with gravityiven inputs and contributions from weathering
of the encasing bedrock, at the same time that anthropogenic sediments were being
accumulated. The allochthonous components reflect soil degradation and vegetation
changes in the cayv eiaterglaeial Humam otapatibosrseemgto t h e
be somewhat ephemeral in nature, with some stratigraphic Units apparently lacking
archaeological components, while in others human associated sediments (e.g., burned
bones, charcoals and ashean be rather substantial. Ephemeral periods of interruption
of sedimentation and/or erosion are mainly discernible microscopically by the presence
of shortlived surfaces, with peaks of increased humidity and colonization by plants.
More substantial erosioaffects the stratigraphical uppermost Aterian strata, presumably

due to Il ocalized reconfigurations of t he
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occupations are not in their primary position and are associated witlsavitl silts of
aeolianorigin. The stratigraphic sequence has been affected by only limited chemical
diagenesis. On the other hand, physical bioturbafijery., wasps, rodents and
earthworms) is more pervasive and leads to localizexvement of theoriginal

sedimentary particles.

2.2 Introduction

Morocco has been emerging as one of the crucial areas for understanding the
origins of anatomical modern humans and the emergence of cultural modernity in Africa
(Balter, 2011; d'Errico et al., 2009; Hubl1992; Hublin, 1993; Hublin, 2001; McBrearty
and Brooks, 2000)Homo sapiengemains are present in the archaeological record at
least from 160 ka onwardgiublin, 1992, 2001; Hublin and Tillier, 1981; Smith et al.,
2007) In somewhat later contexts ¢y Marine Isotopic Stage (MIS) 5, early modern
human occupations have been commonly linked to the emergence of modern symbolic
behavior through the use of perforated shell ornaments and ochre, as well as innovative
tool types and bone too(8ouzouggar eal., 2007; d'Errico et al., 2009; McBrearty and
Brooks, 2000; Nami and Moser, 2010; Nespoulet et al., 2008i® majority of sites
known today in Morocco, however, have not been the target ofraggitution analyses
that focus on the processes that lex the formation and preservation of the
archaeological record. Consequently, the stratigraphical context and the integrity of the
studied collections and assemblages are often imprecise or understudied. Applying
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specific geoarchaeologicaliented approdwes to such contexts is now being seen as a
requirement for further developments in the refinement of archaeological interpretations.
Recent archaeological excavations have been geared to investigate stratified
sequences that preserve evidence of Midsliene Age(MSA) occupations in North
Africa, and one of these sites is Contrebandiers C&eatrebandiers Cave is a Late
Pleistocene site located near the village of Témara on the Atlantic coast ofddloro
approximately 17 km south of the city of Rabat. The cave is currently about 300 m from
the shoreline, inland from the beach of Contrebandiers, in a geographical coastal area
characterized by the presence of several archaeological sites, includieg $Sa@tan |
and Il, El Haroura | and Il, and El Mnasra cayBarton et al., 2009; Debénath, 1976,
2000; Debénath et al., 1986; El Hajraoui, 1993; El Hajraoui, 1994; El Hajraoui, 2004,
Nespoulet et al., 2008a; Nespoulet et al., 2008b; Ruhlmann,.IB%d)Northern African
MSA is typically associated with Aterian and thecadled Mousterian industries, both
presenting similarities in terms of their stone tool technology, which is largely
characterized by a flakeased industry with some use of Levallois &owl frequency of
retouched tools. These industries have been traditionally distinguished on the basis of the
presence of stemmed tools and bifacial foliates in Aterian assemblages. The sedimentary
sequence associated with MSA occupations at ContrebariChers spans from ca. 126
ka up to 95 ka, followed by yet undated Iberomaurusian and Neolithic occupations. The
MSA succession is characterized by Mousterian and Aterian industries in association
with the remains ofHomo sapiensHuman remains have been awered from the

Aterian layers(see Debénath, 2000; Ferembach, 1976, 1998; Hublin, 1993; Roche,
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1976b)and recently in association with the underlying Mousterian s{Bsler, 2011)

In addition to theNassarius spshell beads reported from Aterian begrayers(d'Errico

et al., 2009) renewed research at the site has also shown the presence of these shells in
the lower Mousterian strata dated to ca. 11(dble et al., submitted; Jacobs et al.,
2011 see Chapters 6 and 7 of this thes$tg)ally, the stratigraphic sequence also bears
evidence for the end of the MSA and advent of Upper Paleolithic/Epipaleolithic
occupations associated with Iberomaurusian industries that are located in a spatially
restricted area of the sit@lszewski et al., 2011; Rbe, 19581959, 1963; Roche,
1976a)

This long stratigraphic record establishes Contrebandiers has one of the crucial
sites for the study of the MShA North Africa. Although some lithostratigraphand
chronological aspects of the sedimentary sequence have been previously described
(Jacobs et al.,, 2011; Niftah et al.,, 2005; Roche, 1976b; Roche and Texier, 1976;
Schwenninger et al., 20Q%till to be fully understood are tlmode of accumulation of
the deposits, the primary or derived position of the archaeological content, or the degree
and nature of pogdepositional processes. Consequently, several geoarchaeological
aspects pertaining to site formation processes remainsalneel, and their study
constitutes the main framework of the present paper. Here we employ soil
micromorphology techniques, complemented by some instrumental mineralogical
analyses (FTIRand XRD) and fabric orieation, to investigate the sedimentary

dynamics, postlepositional aspects and anthropogenic signatures at Contrebandiers cave.
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2.3 Description and Formation of the Cave

Contrebandiers Cavs carved into a calcarenite (calcawme sandstone) cliff, with
its top at roughly 14 m above present seal level (Figure 1). The site was discovered in
1955 and, according to the earlier excavator, Jean Roche, the cave entrance was
originally obstructed by large blocks overlying the Neolittagers (Figure 2). Such
blocks were related to a main episode of roof collapse, and point to the possibility that the
cave had a significantly different configuration during the Pleistocene and quite possibly

even during the Neolithic.
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Figure 1: (a) Gearaphical setting of Morocco (top) and position of Contrebandiers i@ahe geological
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limestone substrate. s.I. = present sea leVhk enlarged area in the box corresponds to the active
calcarenite cliff that is within the intertidal zone and underwater during high tides in this area of the coast.

Presently, the site is 30 m deep, and more than 11m wide, with an entrance width
of ~28 m facing northwest (Figure 3). The cave constitut&aratic gallery with its
interior characterized by smooth roof with karstic dissolution features, including two
visible chimneys, one of which was recently artificially covered and which connects
directly to the plateau area above the site. It is pos#ilaie mechanical wave erosion
played a role in the opening or enlargement of the cave entrance during MIS 5e high sea
level stand (the Eemian, also locally known as the Ouljien). The basal deposits at
Contrebandiers are, in effect, assbed with marine deposition and a weighted mean
OSL age of 126 + 9 ka was obtained for these depd@3#sobs et al., 2011)n
accordance with this evidence, several of the cave sites in the vicinity are characterized
by similar geomorphological settings, h a t i s, the cavesd6 entr a
parallel to the current shoreline, and the basal layers tend to be shelly sands associated
with a marine deposition in accordance with MIS 5e chronoloddaston et al., 2009;

Jacobs et al., 2012a; Nespowdeal., 2008a)
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Figure 2: ContrebandiersCavée) The site at the time of its discove
archive presumably taken ~1955; the diagonal arrow (in white) indicates the slope deposits dthtnexist

the siteds b)sThe botomnpdtograph shows the site in 2006 (photograph by Roland
Nespoulet). Note the degree of alteration of the original surroundings of the cave due to increased
urbanization in this area. The vertical arrows (in) nedint to the entrance of the cave in each phao. (

Detail photographs of the area marked by a square in photograph (b) showing the karstified nature of the

top of the bedrock and the presence of dissolution features that incorporate round pebblgsg(reatre

and other lithologies), and smaller thinner dissolution features filled with relict clay sand red sediments.

The scale bars are divided into 10 cm increments.
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Figure 3: Map of Contrebandiers cave showing the excavation grid, the cave mornphahablocation of
the main areas of excavation. Photographs showing the main profiles a&the sit

2.4 Geological and Geomorphological Context

Structurally, the Rabat coastal area belongs to the flat plateau of the Moroccan
western Meseta. This geomogpbgical domain is bordered on the north by the Riftian
chain, and separated from the Sahara regions in the south and east through the tectonic
elevated Atlasic chains. The coastal area is characterized by a cover of Pliocene and
Quaternary sedimentary foations that overlie Paleozoic substratum (Figure 1a). The
latter are mainly exposed in the valleys of the Bouregreg River to the northeast, and the

Yquem River, south of Témara (Piqué, 1979). Sea level oscillations, in concert with the
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tectonic uplift of this area, allowed for the preservation of coastal deposits during
Quaternary transgressions. The Quaternary formations are thus characterized by several
belts roughly parallel to the shoreline that comprise lithified dune systems and paleo
beach deposits, nt er spersed with the for madnpmi @f
(Aberkan, 1986; Bronger and Bruluobin, 1997; Plaziat et al., 2008; Texier et al.,

1985) This costal formations rise upwards inland in an overall configuration that
assumes a staase arrangeme(tearns, 1978) Swal e | akesdag)medal |y
occasionally present in the interdunal areas inland and associated with hydromorphic

s o i Hrsa)X Téé cave of Contrebandiers is carved into one of the calcarenite deposits

that constitute an inactive cliff. The calcarenite is rich in shell fragments and quartz
grains and its formation has been dated by OSL to the MIS 11, with an age of 421 + 31

ka for the cavebs floor exposed I n ttehe exc
deposits that constitute the caveds wall (
karstified and characterized by the presence of several up to 1 m wide dissolution pockets
that incorporate 2 to 7 cm rounded pebbles. As it is characteoftmany of the
calcarenite outcrops in the Témara area, deep dissolution features filled with red sandy
soils were also detected at Contrebandiers calcarenite formation (Figure 1c). A profile
from the cave to the present shoreline shows that the caveafa@dsmetric depression

(locally namedOulja) filled with continental formations dfarmri-type soils (Figure 3b).

A second, presumably younger, calcarenite cliff is present near the shoreline and is

currently being eroded by wave action.
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2.5The Stratigraphic and Archaeological Sequence

Since its discovery, several excavations have been undertaken at Contrebandiers
Caveinitially by Roche from 1955 to 1957, and from 1967 to 1975 Halicection with
Texier (Roche, 1969, 1916 Roche and Texier, 19760 1994, small excavations were
carried out by Bouzougg#&Bouzouggar, 1997a, bThese works exposed a sedimentary
sequence with MSA occupations containing theaded Mousterian overlain by Aterian
industries, followed by spse sediments associated with the Upper
Paleolithic/Epipaleolithic Iberomaurusian and extensive Neolithic occupations. Renewed
excavations at the site started in 2006 under the direction of Dibble and El Hajraoui
(Dibble et al., submittedFrom the geolgical side, some lithostratigraphaspects of the
deposits were examined by NiftgNiftah, 2003; Niftah et al., 2005)and optically
stimulated luminescence (OSL) dating of the sedimentary sequence has been recently
published g Schwenninger et a2009)and Jacobs et g011)

Figure 3 shows the three main sectors which were the focus of the recent
excavations, specifically the Central Excavation Area (designated as CEA from here
onwards), sector IV and sector V. A detaildelscription of the archaeological content
and stratigraphic framework at Contrebandiers Cevepublished in Dibble et al.
(submitted, and the readers are referred to this source for more details. A summary
description of thdithostratigraphidJnits is available in Table 1 and illustrate in Figure 4.
Only the most salient elements of the site stratigragoiy assemblages are discussed

below and in association with the micromorfggical observations.
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Figure 4: Schematic view of the stratigraphic deposits, illustrating the major stratigraphic units recognized

by the recent excavations and their integration wi
drawn profiles is marked by a red line in the site grid map in the uppehdefi corner. This synthetic

view of the deposits shows their absolute altimetry (in meters above sek &s¢l) and overall geometry

of the deposits

Briefly, the CEAIs the only area where bedrock was reached. The roughly 3 m
thick deposits consist of sands and silts with common carbonated cemented areas,
expressed as thin discontinuous indurated lenses or as localized cementation of the
deposits. Major episodes ofafofall, with dm-size calcarenite blocks, are present in Unit
E/F, specifically towards its lower limit throughout the CEA (Figure 4). Large blocks are
also abundant in sector V and in association with the Upper Paleolithic Unit H in sector
IV. The latterUnit rests unconformably with the underlying Unit G deposits in a cut/fill
type of structure that was interpreted by Roche as intentionally du(Rpitbie, 1976a)
Although only a small thickness of these deposits was actually targeted by the recent
excawtions in sector 1V, it is possible to observe that the upper limit of Unit G is
truncated and dips towards the interior of the cave.
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In the CEA, the geometry of the deposits displays several dip directions, with a
general inclination towards the caverante in squares J/K 41%, and flattening in the
area of K/L 2022 (Figure 4). In squares HI% and G18L6, there is a dip in the

opposite direction, roughly towards the back of the cave. The dips appear to be controlled

by the presence of a swallow hatheit was active in the area of squarebl G5/13.

Arch.

Archaeological

Unit 2 Sector | Thickness| Color ® Field Description
Layer Industry
Reddish Sheltrich sands, with rare roded
brown .
cm-size clasts (<7cm) and the
(5YR 5/4) : " .
" . presence of interstitial red clays;
127 26 with : L . .
A 7 . massive or with discrete horizonta Sterile
cm brownish | . o
cllow internal beddlng, mpderately
Y sorted; the Unit varies from loose
mottles strongly cemented towards its bag
(10YR 6/6) gy
Sandy clay deposits with occasion
Yellowish | stones (~7 to 15 cm), moderately
red (5YR | loose with occasional concreted
4/6) with | areas and domains where weakly Moroccan
B 6¢c ~30cm reddish | developed bedding is apparent; M :
; . ousterian
brown indurated 1 cm thick lenses
areas (5YR| (specifically in squares J/18-16);
3/4) anthropogenic inputs; gradual
inferior limit.
o
brogvn Silty sands, with interfingering
(7.5YR discontinuous lenses of darker
Subunit 45 to 60 ’ sediments (AL subdivision 6b);
6a/6b 5.5/4) .
C1 cm 6b- dark sediments are locally cemented tg
ellbwish heavily cemented; lower limit with Sterile 2
yb Unit B is diffuse. ’
rown
(10YR 4/4)
Brown to | A heavily cemented and somewha
Subunit 5 to 10cm light brown | continuous indurated crust of
Cc2 (7.5YR variable thicknes (typically 5 to 10
5.5/4) cm) that caps Unit C.
Somewhat organic sandy loam wi
5¢ Dark abundant human inputs (charcoal
Subunit ' ashesstone tools, shells, bones, Moroccan
and ~45 cm brown (10 ] ; ;
D1 etc.); locally cementkwith rare, Mousterian
5d YR 4/3) ; -
>10 cmsized stones; its lower
boundary with Unit C is sharp and
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seemingly truncated in certain
areas.

Similar to subunit D1 in basic

Brown/dark| composition but with lighter brown
Subunit 5p ~16 cm brown coloration, rarer ashccumulations
D2 (7.5YR and smaller and scattered charcog
4/4) specks, with occasional egize
concretions.
Like subunit D1 both in color and
Subunit Dark composition, with rarer presenoé
D3 5a ~20 cm brown ashy deposits, at least in the
(7.5YR3/2) | excavated areas. Overall, human
inputs continue to be frequent.
Silty sands, with a clayey
component, occasional stones,
usually within a 5cm range, and
with mottled pockets of sligly
Reddish | darker brown sediments attributed
E 4 110 cm yellow to burrows; occurrence of dsize
(7.5YR roof spall near or at the base of th
6/6) Unit, and towards its upper
boundary in squaresld3-15. Aterian
Variable cementation and presend
of human inputs; lower boundary i
sharp, truncatig Unit D.
ldentified in R
Reddish (;qua(es K/IZZ;), composed by
finer silty deposits moderately
F - ~120 cm yellow : : .
(7.5YR 6/6 sorted, with a stone _Ilne, with clas
' from 5 to 10 cm in diameter.
Correlated with Unit E.
Crumbly pebbly silty sands lateral
Light varying from almost clast
gnt supported (with stones typically in
yellowish
. the 3 to 15 cm range) and
varies brown ubiquitous shells in its southern
G V-2 from 20 to| (10YR 6/4) 9 . Aterian
area, to extesively cemented
~80 cm to pale ; !
b matrix-supported deposits toward
rown North. Anthropogenic inputs are
(10YR 6/3) X
common.
v yellowish
brown Unit unconformably overlies Unit
(10YR 5/6 . X
N G ina cut/fill type of structure.
I inIV-1a) . i
IV-1a Correspond to silty sands, fairly
to orange d .
H and ~60cm b - loose and moderately sorted with | Iberomaurusian
rown silty . :
IV-1b extensive dnsize roof spall.
sands oo ;
.. | Anthropogenic inputs in the form ¢
(Subunit | .. .
lithics and bones.
H1, Layer
IV-1b)
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dark Silty sands, with increased clay
reddish | content, containing common
brown charcoakpecks; large draize roof
V-A V-2 ~70cm (2.5YR spall blocks characterize the top g Aterian
3/4) to the Unit. Anthropogenic sediments
duskyred | are expressed by the presence of
(10R3/3) | features rich in charcoahd ash
Silty sand with abundant, ~15 cm
darker brown mottles regularly
distributed throughout the deposit
attributed to biogenic buows
is reddish frequent stone lines (the stones va
from 5 to 15 cm in diameter), and
brown .
larger dmsized blocks of roof spal
(2.5YR .
V-la that mark the Unit lower boundary|
~30 cmto| 4/4) to dark . ) .
V-B and . Anthropogenic inputs include ston Aterian
60 cm reddish
V-1b b tools and bone fragments. The
rown o
upper part of the Unit is moderate
(2.5YR fi i fairly |
3/4) sorted_lne silty _sand, airly loose
and with occasional stones (5 to 1
cm in diameter) with presence of
irregular, roughly 1 cm thick,
phosphatic and FBIn indurated
crusts that pinch out towards north

Table 1: Lithostratigaphic descriptions of strata from Contrebandiers Cavd-rom bottom to top; b:
color was established on dry samples and based on Munsell soil color charts.

The bulk of the deposits in the CEA and in sector V are comprisedSa\
industries, with assemblages containing stemmed pieces (traditionally associated with the
Aterian) superimposing strata were this type of diagnostic tool is absent {tadesb
Moroccan). Albeit the fact thdahe interpretation of Mousterian andefian as separate
entities or as simple variants within the same archaeological complex is still controversial
(see Dibble et al. in prep.), in this paper we maintain this distinction just as a descriptive
parameter to express the archaeological contentthef stratigraphic Units at
Contrebandiers Cave

The first human occupation is expressed in Unit B, which consists of sandy clay

with anthropogenic inputs, (e.g., discrete combustion areabarcoal ashes and
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combusted remains). The density of lithic artifacts in Unit B is, however, extremely low

an average of 86 blanks (proximal or complete flakes) per cubic meter of excavated
sediment. This Unit is overlain by the brown deposits of W@hitwhich seem to lack
archaeological content, at least in the excavated areas. Relatively more extensive human
occupations are present in the somewhat more organic Unit D, which is associated with
Mousterian assemblages. Aterian occupatistiicto sensuassemblages associated with
diagnostic stemmed pieces), have been excavated in Units E and G, as well as in the
deposits excavated thus far in sector V (see Table 1). The faunal assemblages are still
being studied, but we can note the abundanc&adelh species in all the levels;
carnivores characterized mainly by the presence of hyenas in the Units associated with
so-called Mousterian Unit$ and Ruppel's fox(vulpes rueppeljiare mostly present in
Aterian levels.

Rocheds ext en s iwvedanenknovanthaknes®althe Ateeam and
possibly Iberomaurusian and Neolithic deposits. Sediments associated with the Neolithic
are present only in the form of pits dug into the underneath sediments or as remnants
preserved along the cave walls. Theromaurusian occupations are, as it was mention
before, located only in excavated sector IV and do not extent to the rest of the excavated
areas. Thi s seems t o be I n accordance wi
Iberomaurusian at Contrebandiersswamly present in a restricted area and absent inside
the cavity (Roche, 1958959; Roche, 1969, 1976a)he Iberomaurusian assemblages

are characterized by the production of small flakes with hongeometric microliths being
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the most abundant tool type, afside with sidescrapers apéces ésquilléeibble et

al., submitted; Olszewski et al., 2011)

2.6 Methods

Samples for soil micromorphologyere systematically collected across the site in
order to access the overall neg of the deposits, including lateral variability in
sedimentation, anthropogenic inputs, and {aegtositional processes (see Table S1 and
Figures S13 in Supplementary Materials). Foitiyree samples were collected from the
new and old profiles in the EA where the deepest deposits are currently exposed.
Additionally, five samples were collected from sector 1V, seven from sector V and four
from the sparse remnants of more organic sediments attributed to the Neolithic. The
samples from the Neolithic steatire not discussed here since the present paper focuses
mainly on the Paleolithic Units at Contrebandiers; in addition, the prdagrexposures
of Neolithic deposits are very sparse.

The soil micromorphologgamples were diected as undisturbed, oriented blocks
that were cut out of the profile and wrapped in soft paper and packaging tape; for poorly
consolidated samples plaster bandages were(asedsoldberg and Macphail, 2006; and
Goldberg and Macphail, 2003 for furthatescription of approaches to remove
undisturbed samples)rhe sampled blocks were then ovared for several days (at
~6(°C) and impregnated with a mixture of unpromoted polyester resin and styrene at a

ratio of 7:3; 1 L of this mixture was catalyzed withmL of Methyl ethyl ketone peroxide
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(MEKP). The indurated blocks were trimmed and prepared into 30 um thick, 5 x 7.5 cm
thin sections by Spectrum Petrographics (Vancouver, WA, USA). The final thin sections
were studied with a petrographic microscope wundagnifications ranging from 2x to
40x, and described following standardized micromorphological nomencl&uaortety et

al., 1989; Stoops, 2003)

The achaeological samplggocessed in thin section were analyzed by FTIR
microspectroscopyusng a Ni col et Spectra Tech Conti ni
a NicoletNexus 460 spectrometer. Spectra oftipkes with diameters near 150nuwere
collected in transmissioand total reflectance mode between 4000 and 450 ch 8
cmi 1 resolution usin@ Reflectocromal5x objective FTIR spectroscopy is a molecular
analytical technique well suited to identify healated transformation imaterials of
different nature such as clay minerédsy., Berna et al., 2007 and refs. theram) bone
(Berna, 2010) Common carbonates, phosphates, sulfate and organic compounds

(charcoal and collagen) can pesitively identified by FTIRWeiner, 2010)

2.7 Results
Since the relative degree of homogeneity observed in the field is also expressed in
the thin sedbns, some micromorphological characteristics of the deposits will be
presented as a whole, including main coarse composition, microstructure, and a number

of physical postepositional processes of the observed samples. The most prominent
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micromorphologial aspects of each Unit will be discussed below in stratigraphic order
within each of the excavation sectors. In order to keep track of the micromorphological
details, these descriptions are supplemented by specific interpretations, with a more
systematicummary of interpretations being presented in the Discussion.

Independent of the lithostratigraphimit or location in the cave, the coarse fraction
in thin section shows ubiquitous sitind sanesized grains of subrounded tounded
monocrystalline quartz grains. Sdize rounded opaque mafic minerals are also
commonly present and scattered throughout the deposits. Feldspar grains (some
weathered), and mm size rounded quartzite pebbles are generally scarce. Carbonate
componets consist of grains of subangular to subrounded fragments of shelly calcareous
sandstone (representing roof spall) and very rare travertine fragments (e.g., sabgle 09
from Unit E). Bioclasts from bedrock (natescriptive fragmented shells and sea urghi
are scattered throughout the sampled Units.

Anthropogenic, but mainly biogenic components are common, primarily in the form
of bones, marine mollusks, land snails, and phosphatic coprolite grains. Rare fish bones
were also observed in Units B and Dort® fragments, exhibiting various degrees of
burning, are usually angular in shape, although subrounded to rounded sand size bones
were occasionally observed. Charred fragments (charandl plant remains) are
commonly observed in Units @Bnd \*A, and calcitic ashes the form of lenticular
accumulations or crsize massive accumulations are present; the latter typically in Unit

D.
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Overall, the deposits at Contrebandiers Cdisplay a low vaability with the
majority of the samples exhibiting a poorly developed microstructure. The porosity tends
to be high in the observed slides, represented by voids linked to biological activity
mainly channels and chamberwith packing voids being morelevant in the deposits
from Unit A). The coarse/fine (c/f) related distribution is, on the other hand, more
heterogeneous and will be discussed below. The groundmass is mainly crystallitic due to
the presence of dispersed micrite in the groundmass, gtlexception of the Unit D
deposits in the axis of the cave (in squares H/lI 16/15) and layeinvthe rear of the
cave where the deposits are being decalcified. Common to almost all the observed thin
sections is the presence of bioturbatialthough the degree and agents of this biological
activity may change depending on the lithostratigrafpméa and/or location within the

site (see below).

2.7.1 Micromorphological observations from the Central ExceratArea
(CEA)

Unit-based micromorphological results are presented in stratigraphic order from

the bottom to the top of the sequence.

Unit A (AL 7, samples CB&®4b, Cb0934c, CB0%41b, CB09%1c, CB1613b -

see Table 1 in supplementary material for sknhpcation)

45



This Unit is composed mainly of geogenic bioclastic sands that currently are
exposed only in the CEA, squares F/K-ZL Under the microscope, the deposits are
composed of monic, weHlorted, rounded, sargized shell fragments (typically anod
500 pm), with compound packing voids and low frequency of rounded calcarenite
fragments; almost no fine matrix is present (Figure 4a). In samples from squares G/J 17
16, there is a gradual contact to stringers of opaque grains, probably manganese. Weak
bedding is occasionally observed and expressed by sub horizontal thin lenses of oriented
coarse components. The geogenic nature of these deposits changes upwards with an
increase of biogenic terrestrial inputs, namely bones, coprolites, and soil aggregate
(Figure 5bke). There is a gradual contact to the overlying Unit.

Traditionally, these basal sands have been associated with marine incursion
during the last interglacial, MIS5e (Eemian). The age obtained for this Unit (weighted
mean of 126.4 + 9.1 kagems to concur with this initial interpretation (see Jacobs et al.
2011). However, as seen in thin section, the incorporation of terrestrial elements shows
that these deposits have been remobilized in certain areas and have incorporated
terrestrial inputsdue to the occupation of the site by animals. It seems likely that such
reworking occurred inside the cave after t
coarse components is still locally preserved. The inherent dip of the unit follows the
c a s #00r (i.e., seawards towards NNW) and can be attributed to some degree of post

depositional subsidence.
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Figure 5: Sample CB1al3 from Unit A. @) Photomicrograph of sediments from Unit A showing the
ubiquity of wellrounded shells and the loose natwf the deposits with common packing voids and
channels; Planpolarized light (PPL).K) Photomicrograph showing the presence of an elongated bone (B)
within Unit A; PPL. €) Same as (b) but in crepslarized light (XPL). d) Detail of yellow isotropic
coprolite grain with common vesicles (V); PPE) Same as (d) in XPL. Note the isotropic nature of the
phosphatic grain

Unit B (AL 6c, samples CBaB CB095, CB0921, CB0924a, CB924b, CB09
25, CB927, CB1G2a, CB162b, CB0941, CB109, CB1010, CB1013a- see Table 1 in
supplementary material for sample location)

Although the contact with the underlying Unit A is gradual and somewhat

diffuse, Unit B deposits are recognizable in the field by darker yellexeigho brown
red sediments that incorporadathropogenic inputs. In the microscope, it is possible to
see that this coloration is related to a higher percentage of the clay fraction, both in the
groundmass and as clay coatings on voids (Figupe 6Giay is present in the groundmass

in the form & mm-size reddish silaclay rounded to subrounded pellets, as soil
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aggregates that incorporate quartz saanl siltsized grains and, very rarely, as limpid
strong red clay papules (see CBI¥). Rarer mathick, discontinuous lenses of clay are
also vigble but very rare in frequency in the analyzed samples. The presence of dusty
clay and silt coating on voids is linked to clay illuviation. Anthropogenic and biogenic
inputs are expressed in the form of charcalgments, lenses of calici ashes
coprolites, and common angular bone fragments, the latter exhibiting a variety of thermal
alterations. Horizontally disposed stringers of organic matter are locally present,
particularly in square K20 and, unlike in other arehsse do not seem to be charred but
representing somewhat humified plant remains (Figure 6c¢). The incorporation of rounded
shell fragments is common and reflects the upward movement of reworked deposits from
Unit A. Unit B deposits also expresses thespree of phosphates in the form of pale
yellow domains in the groundmass and as discontinuous teshdped weathering crusts
(Figure 6b). The latter are interpreted as ephemeral episodes of stabilization of the
surface, with guanderived phosphates acuoulating on the exposed sediments.
Indurated crrthick black lenses are seen in several localized areas in the field and are
expressed in the microscope as stringers of manganese and/or coating quartz grains and
altered shell fragments. Intense sgnd posdepositional biological activity is supported

by the presence of channels, fecal pellets (some clearly due earthworm activity), and rare

plant roots.
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Figure 6: Photomicrographs from Unit Ba) Sample CB1&a with burned bones (bb) and interspersed
stringers of charcoalch), PPL. ) Sample CB08t1a with lenticular phosphatic weathering crust (PhC),
PPL. €) Sample CBO27b dispersed isotropic stringers of organic matter (arrows) that do not seem to be
charred, PPL.d) Tooth fragmertt in place fractured within one of the asltumulations in sample CB10

2a, possibly due to trampling, PPle) Detail of the matrix in sample CB4Zb where it is possible to
observe the phosphatized domains, PBLS&me as (e) but in XPL. Mothe isotropic nature of phosphatic
domains in the groundmass and the present of calcitic infillings, which are presently being decajified. (
Detail of a calcitic sparitic coating (cl) of a channel in sample GB10Note the rounded to subrounded
ubiquitous quartz grains (g) and the yellowish brown color of the matrix in PiPISame as (g) but in

XPL. Note the birefringence of the calcitic coating versus the black nature of the phosphatic groundmass.
(i) Example of dusty laminated silty clay coasngn voids (cc) and bone fragments (b) in sample GB 10

2a, PPL. ) Same area as in (i) showing the deposits in XPL. Note the calcitic nature of the sediment in the
upper part of the image.
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Unit C1 (AL 6a/b, samples €8 083, 084ab, 094, 1019, 1623 - see figure S3

in supplementary material for sample location)

In the field the deposits show interfingering darker lenses (from 5 to 10 cm thick)
that are both laterally and vertically discontinuous, pinching out along the profile. In thin
section, thee areas often contain dabhllite (confirmed by FatRlyzes) expressed in the
form of amorphous yellow fluffy masses in the matrix (Figurecy,kand occasionally in
association with stringers of manganese within reddish groundmass (Figurén 7d)
addition, redbrownish isotropic nodules of authigenic minerals appear to be precipitated
in the silty sand matrix (Figure #¢ FTIR analyzes have shown that these authigenic
minerals do not correspond with phosphates, but unfortunately, theirahogieal nature
has not been possible to attest either by petrographic or FTIR characteristics.

The calcareous nature of the deposits is still evident in several domains of the
analyzed samples. The presence of rare calcitic voids coatings is rareglalthaurall
they are being decalcified. Despite localized decalcification, bone fragments are still
present, although not abundant, and are somewhat bedded in sampld&igure

7a).

50



Figure 7: Photomicrograph of Unit C1la) Detail of one of the rarareas where somewhat bedded altered
bones (b) are present in Unit C1 deposits. Note that the remaining silty andizamdmponents are,
conversely, not bedded, PPlh) (Photomicrograph showing the pafpositional processes that locally

affect this achaeological layer, with phosphatized domains of dahllite (Pd) [confirmed by] Fdll®&ved

by micritic cementation (Cd), PPLc)(Same as (b), but in XPL where it is possible to see the bright areas
cemented by micrite (Cd) versus the isoitapature of the phosphatized domains (Pd).0omains with
accumulation of stringers of manganese (arrow) in a reddish brown groundmass rich in quartz grains, PPL.
(e) Photomicrograph showing the presence of authigenic red minerals (AM) growing on R®Idsf)
Enlargement of area marked by square in (e) showing one of the authigenic minerals, PPL. The scale bars
in photomicrographs (ac) and (e) is 1 mm, and 100 um in (d) and (f).

Unit C2 (samples 035b - see Table 1 in supplementary material fample
location)
Unit C2 constitutes a calcareous crust that caps the Unit C deposits and is
a stratigraphic marker throughout the CEA, despite the fact that it can be somewhat
discontinuous locally and truncated by the overlying Unit D deposits.
Micromorphological observations of these sediments show characteristics associated with
a calcareous globular calcrete layer that incorporates quartz grains, occasiorseand

bone fragments and rounded soil aggregates. The deposits show the presencétlas rhizol
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(that is, calcareous root replacements) and other types of thin sparitic coatings on voids
(Figure 8). Iron staining and phosphatized domains are also present in sar3ple, 09
showing that the calcitic crust is being decalcified. As seen in the fiddndurated C2

Unit is locally displaced (Figure 8a) indicating that slumping of the deposits into a
putative swallow whole in the areas of GH3 occurred (or continued to occur) after the

deposition and cementation of this crust.

ONTREBANDIER
H17 -H18
VIEW/ S C
10-MAY- 08

Figure 8: Unit C2 (a) Field photograph of the top of the cemented crust Unit C2 in squares H17/H18,
where it is possible to see that the cemented deposits are broken and slumping towards the interior of the
cave. The approximate direction of slumping is indicated by theewlrow, and the arrow on the top of

the photograph shows the direction of the caveds
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cm increments;k) Field photograph of rhizoliths (root casts) just above the cemented Unit C2. Thesscale i
subdivided into 10 cm incrementsg) (Photomicrograph of Unit C2 deposits with the presence of
ubiquitous quartz grains and the globular arrangement of the finer matrix,dRBlanie as (c) but in XPL.

The photomicrograph scale is of 1 mm.

Unit D (AL Za/b/c, samples G9ab, 099, 0910ab, 0935a, 0943, 164, 1011,

1012, 1018 1022, 1624 - see figure S2 in supplementary material for sample
location):

The darker brown coloration of this Unit seen in the field is associated with an
increase in chapal burned bones and organic matter. Seen in thin section, the deposits
consist mainly of an unbedded, jumbled mixture of anthropogenic inputs: calcitic ash
charred organic matter, shells (some burned), and bone fragmdmitstiey various
degrees of thermal alteration (Figure 9). Amorphous yellow grains were occasionally
observed, probably corresponding to carnivore coprolites. The original structure of the
anthropogenic materials, namely the ashesl asociated combusted remains, was
repeatedly disrupted by abundant samd postdepositional bioturbatiomnd possibly
also by trampling (the latter expressed by the fragmentation of several components such
as shell fragments). Bioturtban is expressed mostly in the form of very frequent
channels and chambers, alongside with abundant fecal pellets, wasp cocoons and
coalesced aggregation of the matrix due to earthworm activity. In additierizeth
rhizoliths were also observed in theld, namely towards the base of subunit D1 (Figure
8b).

Postdepositional features are likewise expressed as secondary calcitic

cementation of the matrix, thin calcitic coatings on some of the voids, and calcitic
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infillings; these, however, are latesaliariable. In fact, in squares located along the
central axis of the cave, the sedimentary matrix is decalcified and phosphatized (see
Figure 15). It is relevant to note that this localized decalcification occurs in the area
where the deposits are dippinghus, it is possibly correlated with both a higher input of
phosphate (possibly guano) and enhanced water percolation in this location, since the
dipping of the deposits resulted in a depressed topography with preferential water

circulation.
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Figure 9: Samples from Unit D:&) Macrophotograph of sample CBQa from Unit D showing the
coarse, anthropogenic nature of the deposits with chaotic organizatiorsifennbones (b) with several
degrees of thermal alteration, and shell fragments (s), PPL;tlediglew = 50 mm; §) Macrophotograph

of sample CB0®9a from Unit D with common bones (b) and shells (s), PPL; height of view = 75anm; (
Field photograph of the sharp contact between the darker deposits of Unit D and the reddish sediments of
Unit E with common drsized roof fall in squares G17/18])(Photomicrograph of Unit D deposits with

the presence of reworked calcareous infillings (Ci) corresponding to rhizoliths in a micritic matrix, which
includes a subounded clay aggregate (CA), XPLg) Phobmicrograph of calcitic rhizoliths attesting to
plant growth in localized areas, XPLlf) Photomicrograph showing the presence of-simed charcoal
fragments and bone fragments, PRI); RPhotomicrograph of red pedorelicts (Pd = soil agates) rich in
silt-sized quartz grains in Unit D sediments, PPh), ihassive, secondarily cemented accumulation of
calcareous ashes Unit D incorporating shell fragments and quartz grains, PBLsame as (h) but in
XPL. Note the caldic nature of the astieposits; j) cmsized calcarenite fragment rich in bioclasts, XPL;
(k) Photomicrograph of phosphatized domains in sample €R1®PL; ) same as (k) but in XPL. Note

the isotropic nature of the phosphatized domains.sthk bar of the photomicrographs is 1 mm.
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Unit E and F (AL 4, samples &&-c, 0930, 0936, 0939ad - see figure S1 in
supplementary material for sample location):

Unit E/F truncates the underlying Unit D deposits and is expressed in the field as
a sharp contact or with an irregular undulating morphology. However, this contact was
not possible to observe in thin section since bioturbdtasisomewhat masked the limit
between these two Units at the micromorphological level. Uni¢gosits were sampled
in the area of squares G/J -18, where they were excavated, and are
' ithostratigraphically correlated with Uni
JIK 2219), although the latter were not the target of excavations yuthent team.

Alongside with the field evidence of a major roof fall episode at the base of Unit
E/F, the micromorphological analyses show that-rtorumsized calcarenite roof spall
fragments are frequent in thin section. On the whole, the deposit$ sewéar geogenic
components as the underlying Units, but are, however, strikingly different in the decrease
of the anthropogenic signal when compared to deposits in Unit D. Nonetheless, scattered
bone fragments and shells are still observed throughongt Mlevant is the presence of
rare charred remains (specifically charcdoagments and thermally altered bones) in thin
section, since no macroscopic evidence of use ov@® identified during excavation of
these layerge.g., samples CB039a and 0&%a). However, direct evidence of ashies

the microscope, was not observed.
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Bioturbation is extensive resulting in the local reworking of the sedimentary
components. Accordingly, the distinctiveness of dhiginal microstructure might have

been obliterated resulting in an apparent homogeneity of these deposits.

2.7.2 Micromorphological observations in Sector V

Unit G (AL I\+2, samples 028, 1816ab bottom, 121 - see Table 1 in
supplementary materiabf sample location):

Unit G was only identified in excavation sector IV and corresponds to the
stratigraphically uppermost Aterian occupations with an age of 92 + 6 ka (Jacobs et al.
2011). The sediments consist of pebbly silty sands with a lateral changelor and
stone abundance, varying from pale brown almost-siggported with common shells in
the southern areas of sector IV to a lighter yellowish brown msipported towards
north. Micromorphological observations show a clear contact witlallbge deposits of
Unit F (Figure 10). Common human inputs in the form ofsipe shell fragments and
bones are observed and the mineral fraction shows a chitonic to enaulic c/f distribution.
Overall the sediments were decalcified in the southern areagaandaterally towards
the north, where the pale color in the field can be associated with an increase in carbonate
content. In fact, the deposits in the northern part of sector IV show relatively fewer
anthropogenic remains in thin section and are cheniaetl by a crystallitic calcareous b

fabric, with c/f distribution pattern varying from close to loose porphyric (Figure210d

57



Unit H (AL IV-1a-b, samples 029, 106ab top- see Table 1 in supplementary

material for sample locatigon
Unit H correspnds to the Iberomaurusian occupations present only in

sector IV and expressed in the field by loose and modersoelgd deposits. In thin
section, the fine matrix is sparse and coats the coarser components (chitonic c/f
distribution), namely quartz gres, sanesized bone fragments, and rare phosphatic
grainsi probably corresponding to coprolites (Figure 11). The porosity is composed of
packing voids, as well as channels and chambers, the last frequently corresponding to
wasp cocoons. The micromorphoicg characteristics make these deposits very distinct
from the older sediments of the cave: they are generally finer grained, moderately sorted,
and the fine matrix coatings that equally affects the geogenic and the
anthropogenic/biogenic components. Taet that the anthropogenic components are also
surrounded by partial or complete surrounding coatings suggests that the depositional

processes of these inputs are not distinct from those of the mineral (quartz) fraction.
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Figure 10: Unit G. (@ Macrophobgraph of sample showing the contact (dashed line) between Unit H and
Unit G in the southern area of excavator sector 1V. Note the frequency-sifzerahell fragments in Unit G
depositsvs. the better sorted sediments from overlying Unit H; the heightiefv = 75 cm; )
Photomicrograph of Unit G sediments where several bones, includingsizempongy bone fragment
show signs of burning, PPLc)(Same as (b) but in XPL. Note the presence of calcite cementation
associated with some calcareous asthin the bone microfracturesd) Photomicrograph of Unit G
deposits toward the northern area of sector IV illustrating the presence of rounded to subrounded quartz
grains embedded in a calcitic matrix, PPE) $ame as (d) but in XPL. Note the ddcnature of the
matrix, and the lack of porosity, when compared to photomicrographs foom the southern sectiorf) (
Macrophotograph of sample CB-2Q located toward the northern area of sector IV. This sample displays
a somewhat finer nature ofdtdeposits, though small size shell fragments and a burned bone (black) are
visible in the upper part of the slide; height of view = 75 cm.
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Figure 11: Field Photograph of excavation sector IV where it is possible to see the geometry of Unit G
underlying deposits and the Iberomaurusian bearing deposits of Unit H filling the cut/fill type of structure.
The dashed line shows the contact between the two Units. Note the presence of abundant roof fall blocks in
this area; the scale is subdivided into 10inorements; lf) Macrophotograph of sample CB@9 in PPL.

Note the well sorted silty nature of the sediments; height of view = 75 aghfahétomicrograph of Unit H
deposits where it is possible to view the fine matrix coating the mineral sandy quaitm f(ahttonic
related distribution) and the abundance of packing voids (white areas),dyMhatomicrograph showing

the presence of bones (b) in the deposits with similar coatings as the quartz grainse) PPI; (
Photomicrograph illustrating a subundedphosphatic grain (P; coprolite?) and the presence efizéd

bone fragments in the lower part of the image, PBLsgme as (e) but in XPL. Note the isotropic nature of
the phosphatic grain. The scale of the photomicrographs is of 1000 um.
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2.7.3 Micranorphological observations in Sector V

Unit V-A (AL 2, samples 16, 1017, 1620, 1025 - see Table 1 in
supplementary material for sample location):

Unit H is distinguished in the field by a darker color and the presence of
combustion remains. In thigection, the deposits show an enaulic to porphyric related
distribution with a relatively higher proportion of fines when compared with the
sediments from the CEA. Charred remains, namely asttemcoalfragments, and
burned bones are observed and often scattered in yellowish red groundmass that shows an
undifferentiated Habric (Figure 12). The original microstructure of the combustion
deposits is commonly bioturbated, with abundant channels and wasp borrowings. The
arthropogenic asheare commonly decalcified, but bone fragments are still preserved,
some with evidence of weathering. Yellowish phosphatic components are common and
expressed as lumps or stringers of apatite or as rounded isotropic(gigure 12&c).

Occasional rounded clay aggregates are also present.
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Figure 12: Photomicrographs of Unit M deposits. 4) presence of scattered rounded bone fragments (b)
surrounded by common yellow phosphatic grains (p; coprolites?), BP$arfie aga) but in XPL showing

the isotropic nature of the phosphatic grains and silty size quartz grains, ¢XRlri{gers of amorphous
phosphates in Unit\A, PPL; d) charcoafragment with disturbed by a passage feature, P&ldgtail of
ashdeposits with embedded silt size quartz grains. Note the pale brown coloration and the bioturbated
nature of the asheBPL; ) same as (e) but in XPL. The aslaes altered by phosphatization and aeckl

in XPL. Scale of the photomicrograph is of 1 mm.

Figure 13: (a) Field photograph of profile in Unit A8, illustrating a phosphatic alteration rim around the
roof spall fragments (white arrow). The scale is subdivided into 5 cm incremenkda¢rofhotograph of
indurated manganese lenses visible toward the bottom of the slide; height of view = 78) cm; (
Photomicrograph view of the manganese lenses staining bone fragments (b)))fXantple of a poorly
preserved bone fragment stained by mangafwhkée arrow), PPL; € Photomicrograph of roof spall
calcarenite fragment (CF) being dissolved and displaying a phosphatic alteration rim (arrowf) Bathe(

as (e) but in XPL where the isotropic nature of the alteration rim is clear, ¥PBhptomicograph of
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matrix in Unit V-A where the increase in clay fraction (namely when compared with deposits from CEA) is
visible. Note also the phosphatized nature of the sediments, PRgnGe as (g) but in XPL.

Unit V-B (AL V\1lab, samples 037, 0938, 0942 - see Table 1 in supplementary

material for sample locatign
The matrix of the upper part of Unit-B is reddish brown under the

microscope and includes rare, samkd rounded bones and common roof spall
fragments. The latter are being decalcifigdg@re 13€f), in accordance with field
observations of frequent phosphatic react.i
deposits. Roughly towards the middle of the Unit, stringers and lumps of manganese are
present and occasionally coat the coarsenponents, including bone fragments that
exhibit various degrees of weathering (Figuretiiclsotropic dusty gray brown grains
(possibly coprolites) are scattered throughout in addition to very rare chixegpraents.
On the whole, thaleposits are being decalcified, with only localized calcitic domains

remaining.

2.8 Discussion of the Site Formation Processes

2.8.1 Sedimentar§ources and namics

The micromorphological analyses shed light into the reconstruction of the

sedimentary histry at Contrebandiers CaveThe stratigraphic framework varies
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according with the location inside the cave and, consequently, the sedimentary sources
and dynamics will be discussed individually for each sector of excavatiocificgléy

the CEA, sector V and sector IV.

Central Excavation Area (CEA)

As stated above, the original processes involved in the formation of the lowermost
Unit A are related to a marine environment. This is evidenced microscopically by the
composition, grain size, textural selection, and sedimentary structures. The same
characteristics (e.g., composition and granulometric homogeneity of the sediments), most
likely point to an association of this facies with a beach depositional environment and not
due tostorm surges, for instance, since the latter would impart poorer sorting of the
bioclastic sand¢Kilfeather et al., 2007)Unit A sediments occur at about 7.5 m above
present sea leveh accordance, or slightly above the overall estes of 5 to 7 m higher
sea levels during MIS5@.g., Kopp et al., 2009; Rohling et al., 200Bgspite this initial
depositional dynamic, micromorphological observations show the incorporation of
terrestrial elements into the mineral fraction (bones e@opfolites) that would not be
compatible with a high energy coastal marine environment, and clearly attest to a local
reworking of the deposits after the seabs
mean age of ~126 ka falls within the lower ramjesealevel interval with higher sea
level peaks (from ~130 to ~125ka) that precedes the brief fall to near or below present

sea level values around 125 (kéearty et al., 2007)
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Continental sedimentary dynamics prevailed for the succeeding sedimentary
sequence. Combined field and micromorphological observations indicate that there was
not a substantial change in tgeogenicsources and style of sedimentation throughout
the subsequent sequence (Units B to F). This constancy is expressed by the similar
mineral fraction seen in all the Units. In effect, the ubiquitous presence of
monocrystalline quartz grains in the silt and sand fraction constitutes a background
presence in all the examined slides and can ultimately be associated with two main
sources. @ one hand, similar shape and size fractions of quartz are observed in the
encasing calcareous sandstone (calcarenite). Roof spall is a common process, and it
seems to have been a more or less continuous contributor of siliciclastic and carbonated
materiab into the archaeological deposits. Gradtywen calcarenite fragments are
commonly affected by in situ dissolution of the carbonate content, with the consequent
release of the quartz components into the sediments. Thus, this disaggregation
encompassese release of unbleached or partially bleached quartz grains, that is, grains
that have not been exposed to sunlight prior to their burial (Jacobs et al. 2011). Since this
process is so widespread at Contrebandiers, OSL dating usinggnairtialiquots, wh
age averaging of quartz grains, results in an overestimation of the sedimentary age, not
taking into account the separation of older, unbleached bedro@n grains
(Schwenninger et al., 20Q9)in contrast, the singlgrain OSL method used at
Contrelandiers allows for the separation of bedraged grains and constitutes a
cautionary tale for the use of OSL dating aliquots for cave settings where weathering of

roof and walls constitutes a significant sedimentary source (Jacobs et al 2011).
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Notwithstanding the relevance of roafallderived components, the weathering
of the encasing bedrock is insufficient to explain the volume of sediments filling the
cave. There is a concomitant contribution of siliciclatic materials derived from
allochthonous graty-driven sources. The presence in thin sections of soil material
(pedorelicts), in the shape of rounded to -saminded iron and quartzch clay
aggregates, i ndi dHatr ensoilstirbme areaserelativielk ¢losegto toef o]
site. Studies of soilormations in the Témara area confirm the ubiquity of siliciclastic
grains in these deposits, interpreted both as aeahdnresidual quartz inpu{Bronger
and BruhnLobin, 1997) Although the original topography surrounding Contrebasdie
Cavehas been intensively modified in recent years, one of the few photographic records
of the site prior to urbanization shows sl
(Figure 2a). Thus clay/soil aggregates and qugrains could have been derived from
colluvial processes resulting from erosion of soils around the cave. The constancy of this
sedimentary source throughout Units B to F reflects a somewhat continued
destabilization of soil profiles during most of MIS(5 110 to 95 ka), most likely
associated with relative retreat of sea lemadl the onset of changes in vegetation cover
and soil formation. Unfortunately, the ubiquitous presence of bioturb&iamtnres at
Contrebadiers hampers the distinction of the exact gradifyen process due to
obliteration of indicative sydepositional sedimentary structures (for instance, bedding
features and micro scale contacts).

The scarce development of microstructure also denotetative continuity in

sedimentation processes, related to somewhat rapid accretion rates. A rough estimate of
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the sedimentation rate can be attained from the OSL chronology, with a rate of ~2
cm/100 yr obtained for the time span between Units B to E. Tdirdy rapid
sedimentation may have additionally contributed to the relative homogeneity of the
deposits. Erosional contacts and periods of relative stabilization are, nonetheless,
discernible through micromorphological observations of ephemeral sudece®ped in

a temporal scale (e.g., centuries or even decades) that is beyond the scope of the current
chronometric dating techniques. In Unit B, ntinick tabular shaped phosphatic (apatite
rich) weathering crusts are interpreted as byproducts of guanmnatation on shott

lived surfaces during periods of ndeposition(ShahackGross et al., 2004; Stoops et al.,
2010) Micromorphological characteristics of this stratum attest to predominant humid
microenvironment, with dripping, clay illuviation and tbeposition of manganese rich
lenses.

A more widespread period of naeposition is associated with the cemented
calcitic crust of Unit C2. The micromorphological characteristics of these sediments
show a stabilization period, with carbonaieh waters dpping and cementing the silty
and sandy substrate. In addition, the colonization by plant vegetation is expressed by
common rhizoliths and the globular reworking of the matrix, concomitant with a wet
spell calciticrich microenvironment in the cavity. THiact that the indurated crust is not
formed by pure calcite/flowstone accumulation but contains common quartz grains and
bones attests to the fact that this layer formed in an aerated, somewhat open space
(Karkanas and Goldberg, 2010)he interpretatiorof Unit C2 as a shoitved surface

stems from the presence of roots, the lackes$ivagefeatures in the above Units, and
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more importantly, the microstructure of the matrix, which seems to have been transported
as aggregates and later cemented. Furtbkrmthe upper limit of this Unit is
subsequently truncated by the deposition of the overlying deposits of Unit D, again
implying deposition, cementation, and then erosion. These observations are not in
agreement with the interpretation proposed by Nif2{03).

Unit D has an overall similar geogenic background, with the distinguishable color
of these sediments relating to a higher contribution of human organic inputs (discussed
below), rather than a substantial change in the geogenic sedimentary dydm®iCSL
chronology established a temporal hiatus of 13 + 3 Ka between the deposition of Unit D
and the beginning of the lowermost Aterian occupations at Contrebandiers (Unit E/F)
dated to ~107 k&Jacobs et al., 2011This temporal gap is expressed ie field by the
sharp, erosional contact between these two lithostratigréafecs (Figure 9c), with the
onset of the Aterian strata in the CEA (Units E/F) associated with a generalized roof fall

episode.

Sector V

Thus far, theexcavations in sector V have descended only to ~130 cm, and an
unknown thickness of deposits is still to be excavated. The exposed sediments were
subdivided into two lithostratigraphitnits, both containing stemmed pieces, and,
accordingly, associated with Aterian occupations. The presence of combusted materials
(burned bones, ashasad charcoals) shows human occupation of this locus of the cave.

Under the microscope, the general mineral fraction is similtratioof the deposits in the
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CEA described above. However, sector V sediments are distinct in terms of the relatively
higher proportion of fine components (increase in the clay fraction), as well as the
abundance of roof spall, with the latter being moredpminant in Unit VB. The
geogenic sedimentary dynamics in this area of the site continue, thus, to show important
contributions from bedrock disaggregation, but are, most importantly, characterized by
higher inputs of clay/soil material. These deposiésraughly contemporaneous with the
sandrich Aterian strata from the CEA, with an age of ~107 £ 9 ka. The somewhat
concomitant accretion of clayey sediments in sector V and the sandier nature of
deposition in the CEA points to distinct sedimentary sourtése geogenic components,

with the enrichment of clay/soil material in sector V resulting from sediments directly
entering through the roof chimneys located in this area. The lateral variability in grain

size is not, consequently, associated with angidaape or climatic change.

Excavation Sector IV

Figure 14 illustrates the connection of the deposits excavated in sector IV and
those present in the profile resulting fro
that the geometry of the Unitsanes laterally, from the apparently horizontal thicker
sediments in the area of Rocheds trench to
interesting to note that the profile seen
illustrated in previoupublications of Contrebandiers Cafgouzouggar, 1997a; Niftah,
2003; Roche and Texier, 197@)he extension of our excavations thus serve as a relevant

example of the lateral variability in depositional and postdepositionalepses that
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characterize cave deposits and serve, in this sense, as a caveat for the necessity of not
focusing on a single Oreferenced profile
possible.

Understanding the causes of the truncation in sector IV sispis, however,
problematic and not straightforward. There is no bedding evidenced either in the field or
at microscopic scales. Although bioturbatlmnwasps is pervasive here, this alone would
not account for the sharp contact the large (> 2 m wide) depression seen in the
geometry of the upper limit of Unit G (Figure 14). The presence of large roof fall blocks
can, however, offer some evidence, since the erosion of part of the deposits can
potentially be associated with a redcordur ati on of the caveos
reconfiguration would imply that at least part of the roof collapsed, possibly resulting in
an opening to the plateau above the cave. This hypothesis could explain the localized
erosional environment of alrégdeposited strata from Unit G, as well as the loss of fines
in the southern area with part of these sediments being reworked, at least locally, towards
the interior of the cave. The inclination of the top of Unit G towards the back of the cave
is in accedance with this possibility, but our excavations were limited and further
exposure of these deposits could help to substantiate or disprove this hypothesis. For
instance, whereas the environment was mainly erosional in this area, one would expect
the presnce of higher proportion of fine sediments, possibly showing some bedding, in
the unexcavated area just to the east of
deposits vary from extremely cemented in the northern areas of sector IV (~ squares G/H

22-21) to almost clast supported in the concave area towards the south (squares E/F 22

70



21). Micromorphological observations show that the sediments in this south concave area
are somewhat mixed, with turnover of the deposits (expressed for example by the
chitonic to enaulic c¢/f distribution). This is furthermore shown by the sigghn OSL
indeterminate dates obtained for these sediments in the southern area. Jac{d31d4i)al.
recorded a wide dispersion of equivalent dosg (&tes for sample SC30 takengquare

F22, associated with mixing of the grains. Conversely, samples from the Northern area
(SC39 and SC37) indicated normal dispersion of grains and dates of 96 + 8 and 101 + 9
were, respectively, obtained (Jacobs et al. 2011). We then suggest tieabtifeguration

of the cavebs roof may have promoted the
sediments, namely in squares E/F-222 through increased water decalcifying the
sediments and facilitating their reworking. This evidence indicates tkae thounger
Aterian strata at Contrebandiers are poorly preserved and that an unknown thickness of
sediment was eroded. Furthermore, this localized erosion can help explain why no
occupations postdating ~95 ka were identified at Contrebandiers thus fler Atdrian
occupations dating to ~73 ka are present at nearby sites like El Haroura 2 and El Mnasra
(Jacobs et al., 2012b)

The naturally truncated Unit G is unconformably overlain by Upper
Paleolithic/Epipaleolithic Iberomaurusian stratum (Unit H), whiiills the existent
depression. Roche had already noted that the Iberomaurusian occupations at
Contrebandiers were present only in localized depressions that he interpreted as anthropic
pit structures. H o w gsee prafile dRawindy ieER0che, IOM6a)e r v a t |

were made in grid rows 20/21, that is, two meters away from our current profiles in
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Sector IV where similar features continued to be recorded. If in fact these were pit
features, it would encompass strange shapes for hdomarieatures. In tbher words,
these would constitute at least 3 m elongated pits with asymmetrical limits that change
from two adjacent pits in Rochedbs profile
14). In addition to this uncharacteristic geometry, the micrphmogical observations
not only attest the erosional nature of these features, but also show that the infilling
archaeological content associated with Unit H is not in primary position.

Unlike the sandich deposits elsewhere in the Cave, Unit H is coseg by well
sorted, primarily silty deposits with finer matrix present as coatings around the coarser
components, as well as abundant calcarenite spall and large roof fall blocks (Figure 14).
Such evidence points to a substantial increase of aemdiatnibutions at this time and
fragmentation of the encasing bedrock, presumably related to the onset of drier climatic
conditions. It is important to note that both the mineral and the biogenic/anthropic
fractions (for example, sargized bondragments and coprolites) have the same type of
fine matrix coatings, pointing to similar depositional process for all the distinct inputs.
These micromorphological features have been shown to relate to aeolian tréagport
Courty et al., 1989; Frébagiet al., 2008)and the fact that these are also present around
the anthropic components shows that these have equally been reworked from elsewhere
in the cavei mo s t probably, near the cavebs entr
Equal Area orientatioanalyses of Unit H clasts shows, in fact, a predominant orientation
from North, toward the back of the cave, that is, following the geometry of the underlying

depression (Figure 14). This interpretation implies that the Iberomaurusian assemblages
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are not lere in a primary position, but that this topographic lower area acted as a
sedimentary trap during increased aeolian activity. In this regard it is interesting to note
that according to Roche the densest concentration of Iberomaurusian remains corresponds
to the area where the natural eroded features are present, which would not be expected if
these were just refuse pits and the main occupational space was elsewhere in the site.
Although chronometric dating of the Iberomaurusian deposits are still onglomglear

that there is a substantial temporal hiatus between the underlying Aterian MSA
occupations of Unit G and the deposition of Unit H, with a clear shift in the sedimentary
sources and dynamics towards dried climatic conditions observed in assowi#h UP

occupations.
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Figure 14: Top Detail of the location of Iberomaurusian in the Contrebandiers Qasdenap. 1: current

dripline; 2: Calcarenite bedrock; 3: large roof fall blocks visible in the present surfacé fear caveds
entrance; 4: area with Epipaleolithic (Iberomaurusian) occupations reported by Roche (1976); 5: Area with

dense Epipaleolithic occupations reported by Roche (1976). The Schimdt Equal Area dlaffyaior (

Unit H artifacts shows the preferent@ientation towards the back of the cave and somewhat less towards

North. Bottom Field photograph facing the cavebs entranc
l ater al variability between the apctlerrenoationfisiviei zont al
in our excavation sector IV. The letters in white correspond to the lithostratigthpitéc
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