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Abstract

This master's thesis is a study of the soil micromorphology of sediment samples taken
between 2013 and 2022 from the TD-10 units at Gran Dolina (Atapuerca, Burgos, Spain). Gran
Dolina is one of the most important sites present at Atapuerca . Several occupation layers have
been discovered inside this site, including two in TD-10 units. This units is therefore being studied
in depth in order to gain a better understanding of its depositional context, both sedimentary and
environmental, and its post-depositional evolution (e.g. taphonomy).

Although numerous studies have been carried out on the TD-10 units (e.g. facies
definition and description, micro-vertebrate and pollen studies chronological investigation...)
several problems remain. In addition to the presence of two discontinuities within this stratigraphy,
which poses a problem, the environment and in particular the variations in climate of this layer
remain unclear. This study use soil micromorphology approach and analyse to understand the
different facies which compose this layer and the climatic record associate.

The result of the investigation shows that Gran Dolina TD-10 layer is composed of three
facies types, 1) Rhythmic very fine gravelly mud or muddy very fine gravel lamina set; 2) Rhythmic
sandy mud to fine gravelly mud in fine bed-set facies; 3) Sandy mud in fine lamina set. Those
different facies are mostly associate to grain and debris flow transport process. Other types of
deposits like solifluction and small rock fall were also detected and constitute an important part of
TD-10 post depositional feature. In addition, the analysis of the different types of soil and soil
features have allowed to establish that Gran Dolina TD-10 layer was formed during a succession of

cold period with different degrees of intensity interspersed with warmer and more humid period.

Key world: Micromorphology; Facies; Climatic data; mode of deposits; Gran dolina TD-10
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Chapter 1: Introduction

General presentation

The micromorphology is the study of burial soil in their undisturbed form at a
microscopic level. This includes the study of all the relates material at a microscopic level (Stoops
George, 2003). It is a part of the geology study field, and it uses to understand and analyse the
genesis, the classification and the management of the soil(Stoops George et al., 2010). Studies using
micromorphology cover a wide range of subjects, from the analysis of agricultural soils to improve
their yield to the investigation of archaeological sites.

Even if we can place the start of micromorphology at the early 20th century (Delage &
Lagatu, 1904), the first major advance in this disciplinary happens in 30s years with the publication
of Kubiena's book "micro pedology" (1938). The term of micromorphology was then introduced by
the same authors in his following study and writing(W. L., Kubiéna, 1953; W. L. Kubiéna, 1948) The
second major advance arrives during the 60s years. In that time, technical progress allows prepared
thin sections in a more efficient and easy way (Altemiller, 1962; Borchert, 1961; Jongerius &
Heintzberger, 1962), and therefore makes micromorphology more accessible. Despite the
continuous progress of thin section preparation techniques in micromorphology (Guilloré, 1980), it
application of for archaeology context remains rare (Bronnikova et al.,, 2016). The first text of
micromorphology in archaeology, “Soil and micromorphology in Archaeology”(Courty et al., 1989)
is published in the start of the ninety. All this reason can explain why the micromorphology is
considerate as a young disciplinary, particularly in archaeology where this type of study, although a
definite increase, is still not widespread (Bronnikova et al., 2016).

Today, micromorphological analyses as part of archaeological studies are used in two
major cases: to understand the human influence on local or regional soil formation; and to obtain
information of palaeoenvironment (e.g. regional landscape evolution, climate evolution).(Macphail

& Gildberg, 1995) . This study belongs to the last category.

The micromorphology is a very powerful tool to understand the soil formation and
processes (Sageidet, 2000). This includes all the environmental data that palaeosols can contain, but
also they used as stratigraphic markers. To extract this data, it is imported to formulates two initial
hypotheses. Firstly, it should be considerate that all the pedological featured formed by past

pedogenic processes are comparable to those formed by the same modern process. And secondly,



we must assume that some pedofeatures and processes are specifically associate to with some
environment (Birkeland, 1984).

Therefore, palaeosol and micromorphology analysis can contribute to the Quaternary
studies. They can be particularly interesting for the site presenting a little or contradictory
information.

Thus, this master thesis seeks to provide information on the environments that compose
the TD-10 layer of Gran Dolina and its evolution. Previous study on micro-vertebrates and pollen
have already established that this layer of the site has faced change of environments (e.g. (Cuenca-
Bescos et al., 2011; Cuenca-Bescos & Garcia, 2007)). Despite, the succession of those environments
has not yet been fully understood, especially the climate condition of this layer formation. The
precise determination of the general environments conditions and it climates is important as TD-10
units of Gran Dolina present human occupation remain. The better the environments will be

understood, the better the condition of human occupation, but also its evolution will be known.

Aims and Objectives

The aim of this thesis is to carry out an in-depth study of the TD-10 layer at the Gran Dolina site
(Atapuerca, Burgos, Spain).

In order to achieve this aim, the following objectives have been defined

1) Determine the different modes of deposition making up layer TD-10 in order to understand its
organization, and obtain a detailed stratigraphy of this layer. For this, the paper by Bertran et all

(1999), and Blikra (1998) were used as a reference.

2) Determine the nature of the soils, sequences and phases present, in order to use them as markers

of the different potential environments of the TD-10 layer.

3) Determined the soil formation processes, in order to understand the factors involved in soil

formation.

Sites presentation
The sites study inside this master thesis is Gran Dolina, one of the most important sites inside

Atapuerca.



The Sierra de Atapuerca
The sierra de Atapuerca is a hill located at 14-15 km east of the Burgos City inside the autonomous

community of Castilla y Leén (Spain) (Figure 1.A)(Ortega et al., 2017). It presents an important
Karstic system, which has created a lot of galleries and caves with archaeology remains inside. Since
its discovery in the 19t century, it has revealed dozens of archaeological sites from the early
Pleistocene to the present day. Some of them are among the most important prehistoric sites in
Europe. It is the case of Gran Dolina, which is the site of this research, but also Siema del Elefant or
Siema del Huesos.

Atapuerca sites can be devised in two parts, the sites of the “Trinchera del Ferrocarril”(TF), and the
one of the “Cueva Mayor”. The most important site of the TF section is Gran Dolina (Carbonell et

al., 1999).

Geological Context of Atapuerca

The Sierra Atapuerca is an anticlinal formation composed of limestone dating from the Mesozoic
(Olivé et al., 1990; Pineda & Arce, 1997). It runs NNW-SSE with an NE orientation. The karstic
systems from which the various archaeological sites originate are formed by the more modern layers
of the anticline (Upper Cretaceous) composed of calcarenites, limestone, marly limestone,
dolomites and marls. It is positioned at the most north-western part of the Iberian chain, at the
junction of different Sierra (Montagne/hill), Sierra de la Demanda in the south and Sierra de Ubierna,
Penahoradada and Temino at the north, inside the Duero Basin (Figure 1.B) (Pineda, 1997). In
addition, it presents a multi-level system, compose of three sub-horizontal levels (Ortega, 2009;
Ortega et al., 2013). Gran dolina is present at the intermediate level of this system (Campana et al.,

2017).
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Figure 1: Map Showing the Localization of Atapuerca

Figure extracts from extract from “ Palaeogeographical reconstruction of the Sierra de Atapuerca
Pleistocene sites (Burgos, Spain) “fig 1 ” Study area framework. A) Situation of the NE Duero Basin
in the Iberian Peninsula. B) Location of the Sierra de Atapuerca in the NE Duero Basin. Legend: 1,
Palaeozoic; 2,

Triassic; 3, Jurassic; 4, Cretaceous; 5, Oligocene-Early Miocene; 6, Miocene; 7, Pleistocene; 8,
Holocene; 9, faults; 10, drainage network; 11, Reservoir” by Benito-Calvo et al., 2017

Gran Dolina
Gran Dolina is an ancient cave site completely filled with sediment. It presents an important

stratigraphy, one of the most important of Atapuerca. Indeed, Gran dolina stratigraphy presents a
profile of 19 m thick from the early Pleistocene to the late Pleistocene. It is devised into 11
lithostratigraphic level, the Trinchera Dolina (TD), with TD-1 represent the bottom and the most
ancient part of the stratigraphy and TD-11 the top and the most recent part of the stratigraphy (Gil
et al., 1987; Parés & Pérez-Gonzélez, 1999). From the bottom to the

those units are devised into two categories, the unit compose of autochthonous sediment (TD-1 and
TD-2) and the unit compose of allochthonous sediments (TD-3 to TD-11). Only the unit TD-3 to TD-
11 represent an archaeological interest, while the TD-1 to TD-2 are archaeological sterile (Campaniia
et al., 2017).

This stratigraphy is mainly composing of mass flow and fluvial deposits with the formation of terra
rossa soil in roof chimmeys (Campaiia et al., 2017). A lot of archaeological remain were found in all

the stratigraphy of Gran Dolina, going from humans remain to fauna fossils and pollen including



lithic industry. However, the Human remains were found in only two units of the site, TD-6 and TD-

10. Those units are respectively dating from the early Pleistocene and the Middle Pleistocene.

TD10 Gran Dolina chronology and preliminary modelled Bayesian dates
Some statistical analysis was effectuated on previous published dates of TD-10, TD-9 and TD-11

(Moreno et al. 2015; Berger et al., 2008; Falguéres et al., 1999), in order to be correlated the Marine
Isotopique Stage (MIS) with the TD-10 unit.

Several, dates were picked for each subunit and TD-10 (TD-10.1, TD-10.2, TD-10.3 and TD-10.4 ), the
top part of TD-9 and the bottom of TD-11. For each layer’s dates, a preliminary Bayesian model was

made thank to Oxcal software (Figure 2).
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In addition, the Bayesian model also gives the degree of reliability of the dates by their
accuracy (e.g A:117)

According to the Figure 2, we can see that the TD-10 unit is associated to 5 MIS (red line) : MIS
12b, MIS 12a, MIS 11b, MIS 11a, and MIS 9c.

The MIS 12, coincide to a glacial inception, in which the MIS 12 a and b correspond
to two glacial substages (Regattieri et al., 2016). It is also correlate the TD-10.4 subunit (Figure
2). During this period, we can note an important reduction of the precipitation, which has
contributed to the decrease of lake levels but also to the increase of erosion (Regattieri et al.,
2016).Therefore, we can assume that the climate associate to TD-10.4 must have been dry
and cold, with the presence of erosion.

The MIS 11, encompasses the stratigraphic subunits 10.3 and 10.2, with MIS 11b
connect to TD-10.3 and MIS 11a with TD-10.2. Globally, the MIS 11 is a warm stage associate
to a global ice volume reduction. Its organization, correspond to one unique interglaciate and
several interstadials (Candy et al., 2014). Indeed, the MIS 11b represent a short stadial event,
while MIS 11a is composed of 3 short stadial events and probably “Heinrich types” events
(Palumbo et al., 2013; Voelker et al., 2010) which correspond to detachments of icebergs from
Laurentide Ice Sheet and rise toward the North Atlantic (Rodriguez-Tovar et al., 2019).

Finally, MIS 9 represents an interglacial period that is considered to be as warm as
modern times. (Webb, 2013; Wu et al., 2023). It is divided into five sub-stages, with three
warm periods and two cold periods. MIS 9b corresponds to one of these cold periods and is

associated with TD-10.1 (Wu et al., 2023).

In some, according to the MIS, TD-10 unit present two cold period, TD-10.4 and TD-10.1 in

alternance with one warm phase, TD-10.3 and TD-10.2, according to the MIS.

Gran Dolina TD-10 stratigraphic unit

TD-10 layers can reach three meters thick, and represent the most important middle
Pleistocene layer of Gran Dolina (Ortega et al., 2017). This layer presents four subunits, from

the bottom to the Top TD-10.4, TD-10.3, TD-10.2 and TD-10.1 (Figure 2)
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Figure 3: Stratigraphic units proposed from TD-10 of Gran Dolina site based on field observation-Sinthetic
logs from site outcrops with the position of the samples for soil micromorphology and petrographic studies
included in this MTh..

NORTH / WEST (m) EAST / SOUTH (m)

Following stratigraphic representation (Figure 3), unit TD10 can be separated into three well-
differentiated lithologic units (TD10a_b_c). However, archaeostratigraphic studies distinguish
4 units (TD10-1 to TD10_4) from units based on preliminary work developed in the 90s.

The sediments of unit TD10_1to TD10_3 show common features as they are secondary/illuvial
filling of breccias with angular Cretaceous dolomitic rocks of a size around the small boudoir

(128 - 256 mm).
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The stratification of TD10_1, and the upper part of TD10_2, is a lamination made of very fine
to medium mud and gravel (2 to 16 mm). The lamination of the lower part of TD10_2, where
TD10_Bone bed, and TD10_3 are included, is coarser and consists of medium to very coarse
mud and gravel (8 to 64 mmm). The angular character of these breccias indicates that they
are related to colluvial rock falls. In order to explain the secondary sedimentary filling and the
microstratification / lamination of the sediments in these breccias of TD10_1, TD10_2 and
TD10_3, we can refer to their similarity to slope deposits described as ordered scree or screes,
formed by runoff or solifluction (debris creep)(Bertran & Texier, 1999; Blikra & Nemec, 1998;
Lenoble, 2005) linked to grain flows.

TD10_4 contains very small boulders (64 - 128 mm) well sorted with variable support matrix
to clasts very little stratified. These very fine boulders are subrounded and show a black patina
and developed cortex. The matrix is very muddy and forms cracked prisms with blackened
faces.

The sorted character of the very fine boulders, their patina and their watering indicate their
relationship with resedimented debris-fall deposits. The poorly stratified and very muddy
character of the sediment of TD10 4 / TD10 c is related to erosion deposits where the
decantation of the mud is put in place in subaquatic conditions, during the fall of the high

water current regime (Lenoble, 2005).
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Chapter 2: Set of Art

The Sedimentary facies constitute an important part of any stratigraphic studies,
in particular inside archaeological research. Thank to them, the archaeologist can understand
the environmental/ geographical context of the different sediment deposit that constitutes
the sites (Nichols, 2009). In some context, they can provide the only environments data
disponible. For example, some sites due to conservation problem presents a lack of faunal
and/ or pollinic remain (e.g. oxide condition for pollen). Therefore, the sediment become the
only remain of the past environments. Understanding the different sedimentary facies is
therefore essential to archaeological sites comprehension.

The literature review of this master thesis has to objective to present the
significant information on the previous research conducted on the depositional context and

the sedimentary facies of Gran Dolina TD-10 unit which is the focus of this study.

Gran Dolina TD-10 layer
Previous Research on the Geological Depositional Context of TD-10 units

Since its discovery, the stratigraphy of Gran Dolina and the different sedimentary facies which
compose it have already been the subject of numerous studies. Those studies have been able
to put out the evolution of Gran Dolina cave during the Middle Pleistocene. Indeed, 12 facies
have already been observed and describe in all the stratigraphy of Gran Dolina, and can be
class into different groups. Gran dolina present so, debris fall facies, debris flow facies, channel
facies, mud flow facies, floodplain facies and decantation facies (Campafia et al., 2017).

The TD-10 layer constitutes the moment where the roof of the cave falls apart,
creating in consequence the fall of important pieces of the roof block and therefore an
increase communication between the outside and inside of the cave. This is why, this layer
presents an important proportion of sediment coming from outside the cave. The opening of
the roof during the formation of TD-10 units happened progressively and begin during the
transition between the TD-9 to TD-10 units. This led to the cave system to change from an
endokarstic to an exokarstic comportment (M. Hoyos & Aguirre, 1995). Because of that, the
TD-10 layer can be seen as a detrital unit with different subdivisions. This indicates a notable

change in the regime and evolution of the cavity, which is entering a new cycle of karstic
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activity (Gil et al., 1987). All those changes are reflecting inside the different sedimentary
facies, and have been interpreting differently according to the authors. Two main hypotheses
explain the formation of TD-10 units. The first one hypothesis associates the TD-10 unit debris
flow, but also mud flow and decantation facies which are associated to fluvial environments
(Campania et al., 2017). However, some authors associate the formation of TD-10 units to
gelifluction, rock fall deposit and debris flow as part of avalanche (M. Hoyos & Aguirre, 1995).

This two vision of TD-10 oppose two types of deposits : alluvial (fluvial flow) and
alluvial deposit (avalanche). The colluvium deposit and process are often confused with
alluvial deposits and processes inside the literature. In fact, historically speaking, the term of
alluvium and colluvium are linked. Indeed, the term of colluvium was first introduced to
designate deposits where it was impossible to tell whether they were alluvium or diluvium
(Miller & Juilleret, 2020). This term was also used to designate deposits that were neither
alluvium nor diluvium (Emory, 1857; Schott et al., 1854). Before the definition of Kerr (1875),
alluvium like with rock fragment bigger than the one finds inside alluvium, the colluvium
deposit was not considerate as a sediment category (Miller & Juilleret, 2020). Since then, the
term "colluvial" has been used by many authors who have given it their own definition.

Inside this master thesis, we will use the colluvial definition of Blikra (1998).
Colluvial processes are so one of the geogenic processes that add new sediment to sites and
designate any clastic slope waste material (Blikra & Nemec, 1998). Generally, colluvium are
deposits link to gravity process , and are accumulated in the lower part of a slope (Bates &
Jackson, 1987; Blikra & Nemec, 1998; Holmes, 1965). Colluvial processes are numerous and
correspond to several types of transport and deposition. In fact, Rock fall, debris fall, debris
flow, snow flow and water flow are all part of the deposition process and colluvium facies . All
these alluvial deposits generally take the form of a fan or cone, which is rather short and steep.
(Blikra & Nemec, 1998).0n the other hand, an alluvial deposit is defined as : “ (...)Materials
deposited on the land surface from transport by flowing water confined to a channel or valley
floor” (Eggleton, 2001).

Therefore, colluvial and alluvial deposits present some differences. Firstly, alluvial
fans and colluvial fans are not found inside the same geomorphological context. If both of
them are associate to slope, alluvial fans are identified in mountains and mountain base, while
alluvial fans are located inside the mountain floodplain and valley floor. The types of sediment

transport are so different from each deposit. Colluvial present avalanche depositional
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processes (e.g. Rock fall, debris flow, snow flow, small water flow in gullies...) while alluvial is
the result of debris flow and water flow associates to fluvial context (e.g. braided streams).
Secondly, the colluvium fan presents a slope steeper (35-45° at the apex and 15-20° at the
toe) than the alluvial fan slope (10-15° at the apex and 1-5 at the toe). Because of that, the
surface occupied by the fan is different according if it has a colluvial or alluvial origin. Alluvial
fans are more spread out (10 to 100 km) than alluvial fans (0,5 to 1,5 km). The sediment that
composes those deposits are also different. The alluvial fan present mostly gravel very
immature and alluvial fans can present gravel but also sand which can be immature to mature.
(Blikra & Nemec, 1998). Yet, all that information was made on no burial colluvial and alluvial
fan, the difference between the two types of deposit can be more difficult once burial and
with age. This is why the utilization of other characteristic, like microscopy, to describe the
colluvial can be very interesting.

Nonetheless, in the absence of any international convention, the term colluvium
remains ambiguous, as it has different meanings depending on the author and the country.
This explains why colluvium processes are still often confused (Miller & Juilleret, 2020). For
all those reasons, the term of slope deposit could be more adapted for the TD-10 unit
description. This broader qualification could help to avoid any confusion that the term
colluvial can bring but also expand the possible transport types responsible for the formation
of TD-10 and the utilization of microscopic features as criteria of classing. Indeed, the different
mass movement, which can form the slope deposit (Blikra & Nemec, 1998) present different
microstructures. The rockfall and debris fall can be recognized by the presence of openwork
and clast presence showing random orientation. The clasts coming from free fall are angular
and unsorted. Some inverse grading can be observed in those deposit due to the dry grain
flow (Karkanas & Goldberg, 2018). The solifluction is typical of periglacial environments.
These types of deposits are characterized by plates and granular microstructures forming due
to the ice presence (Bertran & Texier, 1999; Van Vliet-Lanoe, 2010). Some vesicular crust and
capping can be observed at the surface (Karkanas and Goldberg 2019; Harris and Ellis, 1980;
Courty and al, 1994b).Debris flow presents a fine-grained silty clay matrix more or less
homogenous where coarse particle spread inside. They can present vesicles even if there are
not characteristic of debris flow (Bertran & Texier, 1999). In addition, those deposit do not
present any regular microscopic lamination, grading, or good sorting which are typical of

water flow. Rotational features are often meet inside debris flow. The mud flow presents
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some porphyric-related distribution with a dense and homogenous matrix presenting a lack
of pores with the exception of the vesicles presence (D. Friesem et al., 2011; D. E. Friesem et
al., 2014; Gé & Guillore, 1993; Karkanas & Efstratiou, 2009; Karkanas & Goldberg, 2018)
Water flow present lamination of fine-grained sheets wash deposits as characteristic
microstructure (Bertran & Texier, 1999; C. A., Mucher et al., 2010). The laminations present
are moderate to very well differentiated in size. Those laminations can only be horizontal or
sub-horizontal (H. J. Mlcher & Vreeken, 1981). Other features can be observed like loose
aggregate, free-clay wash, and loose to dense infilling of packed rock and mineral grain or clay-
rich aggregates in case of intense rainfall (Karkanas & Goldberg, 2013; H. J. Micher & De
Ploey, 1977).

The main paper dedicated to slope deposit facies. Once of the most important
work on the subject is the paper of Bertran and al (1999). This paper presents the different
facies and microfacies of the different slopes deposit, rockfall, streamflow, hypercontracted
flow, rock avalanche, debris flow, solifluction and earth slide, both at macroscopic and
microscopic scale. Therefore, this paper and its various descriptions provide an excellent
comparison for analysing the different deposits on the TD-10 layer by using microscopic
characteristic as classing tools, and so, to try to distinguish the deposit context of Gran dolina

(fluvial flow VS gravity flow). That is why it is one of the refers papers of this master thesis.

TD-10 units present an interesting alternance of matrices and clast deposit,
described by Camparia as debris flow and decantation or mud flow facies. However, simpler
hypotheses utilizing a single mode of transportation exist to explain the clast/matrix
alternatives, for example, the concept grain flow or greze lité deposits. Grain flow is a slope
deposit processes resulting from a mix of important sediment concentration and air. As the
TD-10 is the layer of cave roof fall, the presence of grain flows inside it deposits seem possible
(Bertran & Texier, 1999; M. Hoyos & Aguirre, 1995).

The “gréze lité” was firstly defined by Guillen in 1953 as “(...) slope deposit which
can be defined as greze, and which present a superposition of beds more or less continuous,
thick, homogenous in vertical cut”. Later the term of “lit gras” and “lit maigre” was introduced
to differentiate the different bed. The association of one “lit gras” and one “lit mince”
successive form a “cyclothéme” (Dewolf & Guillien, 1962). It exists different hypotheses

which tries to explain the formation of “greze lité”. Those formation could be the result of
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freeze/thaw. The water coming from the ice melt percolated on the rock formation taking
debris with it. The difference of the thickness of the different bed, “lit gras” and “lit mince”,
are so explained by the inequality of water debit (Guillien, 1951). Other hypotheses attributed
the formation of “lit gras” by freeze-fluction (congelifluxtion) and the formation of “lit maigre”
by the washing of lit gras superior part and percolation due to liquefaction (Bertran et al.,

1992; Journaux, 1976). In this case the percolation plays an important role (Washburn, 1979)

The utilization of the slope deposit, “gréze lité” or grain-flow model imply to
change the facies description of TD-10 units. This change could be necessary as some point of
TD-10 are not well understood. Indeed, the climate and it variation of TD-10 need more
investigation. Certain data attempts to define warm and humid climates and other rather cold
climate sometime in the same sub-layer. This is why the description of the facies of TD-10
presented in this literature review seems insufficient to be able to point out the last grey area
that this layer of Gran Dolina presents. Therefore, this thesis will take back the analysis of the
TD-10 layer specifically to define new facies at a smaller scale, by using micromorphology tools

instead of field observation as it was previously made.

Dolina TD-10 Units, Previous Sedimentary Facies Description Research

The most recent description of the TD-10 units facies is the one realizes by
Campafia and al (2017) and associate TD-10 unite with alluvial deposits. He defined three
debris flow facies as : “(...) clast support boulder with muddy matric facies”, “(...) matrix
supported boulder and gravel with muddy matrix” and “(...) Grain supported boulder” ,
respectively designate as Facies C, Facies D and Facies F. They present a number of similarities.
All three facies contain boulders, but also gravel. Moreover, they do not present any grad and
Facies C and D present a low sorting (poorly sorted inside the Facies C and unsorted inside the
Facies D). However, if these facies are observed more closely, several significant differences
can be noted. First of all, those facies present boulder from different size, small subangular
and elongated boulder for the facies C, medium boulder for the facies D and medium to small
for Facies F. The concentration of gravel is also different, and only present in low

concentration inside the Facies C. To finish, the Facies C and F present massive facies while

the Facies D is a chaotic. (Campaia et al., 2017). In addition, to the debris flow decantation
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facies and mud flow have been identified. The decantation facies present with a yellowish-red
colour due to the presence of clay and silt and very thin horizontal lamination. Contrary to the
facies discuss above, no clast or gravel is observed. The contain sand is also very low (<20%).
The principal size of the clay is coarse silt. Inside TD-10 units, the decantation facies do not
exceed more than 10 cm thick (over 2-3 m). The mud flow facies present inside Gran Dolina,
and so in TD-10 units are linked to distal sediment or low energetic flow. Generally, it presents
a tabular form (5 to 30 cm thick), with no sorting and fine sediment (around 80% of clay and
20% of sand). It has been observed that this facies are more frequent inside the SE than the
NW section (Campana et al., 2017). We can so give the description of TD-10 as a succession of
debris flow coming from the west opening of the cavity and with little input of lateral opening
and rock fall even inside a fluvial environment indicated by the presence of small decantation
and mud flow facies (Campafia et al.,, 2017). The repartition of this different facies vary
according to the stratigraphy of TD-10. Mud flow facies are found in subunits TD-10.4. This
could be the result of a reduction in the size of the inlets (Pares and Perez-Gonzalez, 1999) or
a distal position within a debris flow (Campafia et al., 2017). In addition, this subunit has a high
percentage of the matrix. This high matrix content could indicate that the soil formed outside
the cave-in warm, humid conditions (Blain et al., 2009; Cuenca-Bescos et al., 2005; Garcia-
Antodn, 1995). Yet, some authors have interpreted this subunit as being the result of a cycle of
gelifluxion of the ridge bed and a significant amount of water from melting ice, due to the
significant presence of gravel. The deposit would have accumulated before sliding down the
slope, with a low velocity and showing little or no internal modification of the primary
structure. Within this sub-layer, there would be 3 subunits, 2 of which would correspond to a
cold phase separated by a warmer, wetter subunit (little or no winter process) (M. Hoyos &
Aguirre, 1995).

Other fluvial event, probably decantation facies are present at the top of TD-10.2,
and three other are observed at the bottom, at the middle and at the top of TD-10.1 sub-layer
(Campania et al., 2017). Despite, the sub-layer TD-10.3, TD-10.2 and TD-10.1 present a poor
matrix unit and an important presence of debris flow facies (Facies C and Facies F) which could
indicate a poor soil formation outside. The reason of it could be due to more cold climate
condition as the pollinic and faunal data suggest (Garcia-Anton, 1995 ; Lopez-Antoianzas et
Cuenca-Bescos, 2002), yet, the lack of glacial vertebrate remain seem in contradiction with

the presence of glacial climate (Blain et al., 2012; Rodriguez et al., 2011).
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The TD-10.3 sub-layer present three subunit (M. Hoyos & Aguirre, 1995), and also at least 3
debris flow facies F event (Campafia et al., 2017). The boulder finds inside this sub-layer
correspond to part of the cave roof which falls due to the intern evolution of the cave: the
erosion inside (roof ) and outside (slope) the cave contributes to thinning the roof of the cave
until it collapses. (M. Hoyos & Aguirre, 1995).Those events could have created an
enlargement of pre-existing entries or an opening of new entries. A new entry seem
compatible with the present of deposits from the SE inside this sub-layer, while the majority
of the facies sediment of TD-10 come from the NW section (Campafia et al., 2017).

The TD-10.2 is a subunit of run-off water transport. It does not present or very few
channel structures. The opening/ fall of the roof continuous inside this sub-layer probably
due to weak intensity gelifluction process. This probably indicates cool climate condition with
humidity seasonal variation (P. A. Hoyos & Cortes, 1981) To finish, according to Hoyos et al.

(1995), the TD-10.1 is a washing layer, which could indicate a more humid condition.

As mentioned above in this literature review, the description and the
interpretation of the unit TD-10 of Gran Dolina presents several challenge, particularly
regarding the depositional modes involved and the potential climate variation. As a result,
the established descriptions of TD-10 different facies appear insufficient. Therefore, this
master thesis take back the analyses of TD-10 facies specifically to define new facies at a
smaller scale, by using micromorphology tools instead of field observation as it was previously

made.
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Chapter 3: Material and method

Thin section preparations:

The samples used in this study are coming from Gran Dolina, Atapuerca (Spain) and have been
taken from the Layer TD10 of this site. Those samples are undisturbed sediments of three
different columns (N12, N16/N17 and K22). They were extracted using the plaster method due
to their friable and loose nature. This extraction is a key step, as any disruption of the vertical
continuity present in the samples must be avoided to conserve the stratigraphy of the samples.
The orientation of the samples must therefore be marked. (Fiztpatric, 1984; McBurney,s.d).
Pictures have been taken before and after the plastering and extraction to record their position.
After their extraction, all the samples have been sent to the units of geoarchaeology laboratory
of IPHES in Tarragona (Spain). Each sample taken was labelled according, the name of the site,
the years of extraction, the sample outcrop area and grill and the strata sampling (i.e. ATA
22°TD 10/2/N17/1.). The labels of the samples specially collected for this study are summarized
in Table 1. The nine sample’s plastered, have been open and dry for 5 weeks, in a drying furnace
at 20 °C, with the last 48 H heat at 35 °C and a daily monitoring of the sediment drying process
(McBurney, s.d). This drying process has been realized thank to an oven Selecta DRY BIG
2,003,741 (IFigure 4) equipped with an air supply motor and an extraction motor. This step
allows avoiding any moisture formation and extracted all water present inside the porosity of
the sample in order to obtain a good impregnation of each block (Fitzpatrick, 1984; McBurney,
s.d). Once the samples have been dry, their thickness has been reduced with great care to limit
the use of the impregnation resin and obtain a better result.

To impregnate the sample, more than 80 L of polyester resins and 20 L of acetone have been
used. To obtain a really efficient resin polymerization and a good impregnation, a rapport of
3:1 resin/acetone combines with 0.004% of a catalyser, the methylethylketine peroxide (MEK),
and 0.002% of an accelerator, the cobalt octoate have been used (Fitzpatric, 1984; McBurney,
s.d). The blocks with the impregnation polyester resin were placed for 48 H at 40 atm (400 mb)
inside a vacuum chamber (Figure 6) to dry and avoid any fast movements of the air present
inside the sample porosity (Jogerius et all, 1975; McBurney,s.d). This equipment is equipped
with an air extraction, which traps the air from the vacuum chamber inside an aqueous solution.
Once this first step of dryness has been complete the blocks have been put to continuous to dry
in a ventilate place for a time of five weeks (McBurney, s.d). It is important to keep changes in

temperature and light exposure to a minimum to minimize the risk of cracking in the resin.
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When the resins have been solidified, the different blocks were cut with the help of a 500 mm
water jet saw (BROT 1.02.04) (Figure 5). The water jet saw is equipped with an articulated air
extraction system and a mud decanter to collect the mud and polyester resin mixed to avoid any
environmental contamination. The excess of resins was removed and thrown in a special bin
for security reasons (McBurney,s.d). The blocks were shaped in a glass size of 14x6x0.2 cm.
For each block extracted, several impregnated blocks of the glass size were cut, some to
continuous the thin sections preparation and some to archive. It is important to note that a small
notch has been realized on each block shape cut and isolated to indicate the top of the block

and conserve the orientation indication. (McBurney, s.d).

N16/N17 block column | Block length (cm) K22 block columns Block length (cm)
label

ATA’22 TD10/2/N17/1 | 50 ATA’22TD10/2/K22/1 | 34

ATA’22 TD10/2/N16/1 | 20 ATA’22 TD10/2/1.22/1 | 20

ATA’22 TD10/3/N17/1 | 32 ATA’22TD10/2/K22/2 | 20

ATA’22 TD10/3/N16/1 | 30 ATA’22TD10/3/K22/1 | 30

ATA’22 TD10/4/N16/1 | 24

Table 1 Labelled monoliths extracted from unit TD 10 in Gran Dolina, Atapuerca (Spain), years 2022 and
their length associated
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Figure 4: Drying Furnace

=

Figure 5: Water Jet Saw

Figure 6: Vacuum Chamber
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The impregnated blocks, cut in the good dimension, were glued with epoxy resin to a 14x6x0.2
cm temporary glass inside large fume hood (BORDINOLA V21 SPACE ST2100) (McBurney, s.d).
The epoxy has been realized thank to resina EC-232 and W-232 in a ratio of 10:2. The block
and the temporary glass were let to dry underweight to avoid any deformation of the block
(McBurney, s.d)

During that time, the final glasses were prepared. For that purpose, lines were drawn on
glasses to serve as markers during the polishing. The final glasses were polished until the line
disappears plus five minutes more to obtain exactly the same plane on each glass. The
polishing was made thanks to a multiple grinder for 3 samples of size 14x6x0,2 cm (BROT 1
03 12P) (Figure 8.A), equipped with a polishing disc of a bronze alloy and synthetic diamond
spikes with a grain size of 30 microns (Figure 8.B). The grinding machine has been
decimicrometric feed on a rotary (Figure 8 A) to have a better control of the thickness of the
sample its polishing. Cooled paraffin oil (BROT RS5) have been used during the polishing for
lubrication. The multi-plate grinding machine is also used to grind the block glue to the
temporary glass following the same step of preparation (line draw, polished...) (Figure 8.B).
This allows us to have the same plane surface between the final glass and the impregnated
block. The polished blocks are then degreased from the paraffin oil using to no toxic
hydrocarbons in a large extraction hood (McBurney, s.d). The final glasses and the polishing
blocks were glued together inside a large fume hood. The glue between the block surface
and the final glass is realized with epoxy resin using a bounding unit (BROT 1 04 04) heated
to 40 ° C (Figure 7) during 24h to avoid any air bubble formation and deformation inside the

thin section (McBurney, s.d).

weight

sample

heater

Figure 7: Bounding units (Photo-
Opeyemi Adewumi, 2019)
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Figure 8: Multiple Grinder Machine with A) General view of the multiples grinder machine, B) Grinder
system

Grinding disc for 3
samples

Decimicrometric
rotary system

the dirty oil is collected (on
the left)before to passes
through a filter system (on
the right) and being re-
injected into the circuit
(closed circuit).

Jet of cooled parafine oil for
lubrification purpose

Sample with line draw as a marker for
the polishing process

Polising disc made of bronze
alloy and diamond spike
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To finish the thin sections were clean with Quina paraffin to remove any oil and dust before to
be covered with thin glass protection with resin (Figure 9). Cover the samples allow a better
conservation and observation in a petrographic microscope, but prevents the possibility of
chemical analysis.

All the impregnation and thin section preparation processes were carried out in accordance with
the method developed by Guilloré (1980) and Mcburney (s.d).

Figure 9: Final Thin section of a thickness of 30 micron (Photo-Opeyemi Adewumi, 2019)

Thin section observation and description

The thin sections have been observed thank to a ZEISS (AXIO scope) microscope with object
x10, x20, x50, x100 and x 200 in normal polarized transmit light, and normal incident light as
well as with an OLYMPUS (BHSP 203976) microscope with the objective x10, x40, x100,
x200 in normal polarized transmit light and normal incident light. The main difference between
those microscopes is that the OLYMPUS microscope is equipped with two sets of two ocular
and so allow two monitors in the same time. This microscope was mostly used, during the
discussion. Moreover, all the thin sections were scanned thank to an EPSON V500 PHOTO
and picture of the microstructure and pedofeatures have been obtained with a DELTAPIX
invent 5 S digital cameras mounted on the ZEISS Axio Scope. All those different equipments
have allowed us to observe the thin section at different scales, to identify the different elements,
mostly microscopic structure, inside the thin section. Both microscopes were used for the
observation and description. The scanner was used to obtain a global vision of thin sections and

the observation of some feature, like the class distribution, porosity, aggregate... which are
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better observe in that mode. To finish the camera has enabled us to take precise picture of
microstructure present inside thin sections.

In addition to the thin sections prepare by ourselves, thin sections already made and coming
from the same columns (N12-N16/N17 and K22) have been included in the description and
discussion of this study. In total, 43 thin sections have been analysed, for a total of 28 block
extracted from the site (19 from 2010 and 9 from 2022). The thin sections are named according
to the label of their block and their position inside the block, superior (sup), medium (med) and

inferior (inf). The labels of each thin section are resumed inside the Table 2

To obtain a better and efficacy observation on the microscope, thin sections were first organized
in microfacies thank to macro-observation in accordance with the macro-feature observes like
the fabric, the grading, the sorting and the sphericity. This step allows specially to observe the
clasts and pebbles present inside the thin section. After that, microfacies obtains by macro-
observation have been quickly analyze under a microscope to first determine their
granulometries according to trigon showing the size particle distribution (Blott et all, 2012) as
well as the sorting for the microfacies composes of clay, silt and sand (Bullock et all, 1985).

The combination of all those observations give the texture of each microfacies.
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Thin section name Columns | Thin section number | Stratigraphy level
(cm)

ATA’10 TD10 K22-1 Sup, Inf K22 1 TD 10 SOUTH EST -14

ATA’10 TD10 K22-2 K22 2 TD 10 SOUTH EST -34

ATA’ 10 TD10 K22-3 Sup, Inf K22 3 TD 10 SOUTH EST -54

ATA’ 10 TD10 K22-4, Sup, Inf K22 4 TD 10 SOUTH EST -80

ATA’10 TD10 K22-5 K22 5 TD 10 SOUTH EST -
106

ATA 10°'TD10 K22-6 K22 6 TD 10 SOUTH EST -
116

ATA’ 10 TD10 K22-7 Sup, Inf K22 7 TD 10 SOUTH EST -
148

ATA’22TD10/2/K22/1, Sup, Inf K22 7 (22) TD 10 SOUTH EST -
114

ATA’22 TD10/2/122/1 K22 8 TD 10 SOUTH EST -
166

ATA’22 TD10/2/K22/2, Sup, Med, | K22 9

Inf

ATA’22 TD10/3/K22/1, Sup, Inf K22 10 TD 10 SOUTH EST -
186

ATA’10 TD10 N12 1 Sup N12 1 TD 10 NORTH EST -10

ATA’10 TD1I0 N12 2 N12 2 TD 10 NORTH EST -18

ATA’10 TDION12 3 N12 3 TD 10 NORTH EST -38

ATA’1I0 TDION12 4 N12 4 TD 10 NORTH EST -46

ATA’10 TDION125 N12 5 TD 10 NORTH EST -56

ATA’1I0 TDION126 N12 6 TD 10 NORTH EST -66

ATA’1I0 TDION12 7 N12 7 TD 10 NORTH EST -76

TA’10 TD10 N12 8 Sup, Inf N12 8 TD 10 NORTH EST -92

ATA’1I0 TDION129 N12 9 TD 10 NORTH EST -
110

ATA’10 TD1I0ON12 10 N12 10 TD 10 NORTH EST -
124

ATA’10 TD10 N12 11 Inf N12 11 TD 10 NORTH EST -
136

ATA’10 TD10N12 12 Sup N12 12 TD 10 NORTH EST -
156

ATA’22 TD10/2/N17/1 Sup, Med, | N17 1(22) TD 10 NORTH EST -

Inf 132

ATA’22 TD10/2/N16/1 Sup, Inf N16 2(22) TD 10 NORTH EST -
190

ATA’22 TD10/3/N17/1 Sup, Inf N17 3(22) TD 10 NORTH EST -
220

ATA’22 TD10/3/N16/1 Sup, Inf N16 4(22) TD 10 NORTH EST -
252

ATA’22 TD10/4/N16/1 Sup, Inf N16 5(22) TD 10 NORTH EST -
278

Table 2: Thin section labelled used in this study, their numbers associated and with their stratigraphic
level
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Following this step, all the thin sections, microfacies by microfacies have been observed deeply
into the microscope to determine precisely the microscopic features present inside. This step
permits the grouping of the microfacies, established on macro-observation, according to the
microscopic features that they share and so give the final microfacies and final
microstratigraphy. Due to the determination and definition of the microfacies, the different
macro-units, link to the different sedimentary process can then be identified thank to reference
studies which link some microstructure or pedofeatures to some type of deposit. In this study,

the main reference papers used are the paper of Bertran and all (1999, 1997).

In a second point, the microfacies obtains previously have been studied to determine the types
of soil. Inside each microfacies from the microstratigraphy established by ourselves, the
groundmass (coarse and fine section limit and ratio), the coarse material (fragment of rock and
main mineral, carbonate, silicate, ferromagnesium), the fine material (types, and factor of
influence of the b fabric), the microstructure and the edaphic trait were analysed thank a
petrographic microscope. The description obtain by those observations were then used to
establish the type(s) of soil(s) formation and the evolution of the pot-deposition deformation.
This sequence can then be put in relation with palaeoclimate data, by using the microscopes
features observed as markers of palaeoclimate condition and change. They analysed gave so
information about the palaeoclimate of the unit TD 10.

All the terminology used for description are based on the one Bullock et all (1985), Stoops
(2003 and 2010), Bertran et all (1999 and 1997).
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Chapter 4 : Result

4.1 General Characteristic of the facies and microfacies.

Inside the TD 10 layer, 3 facies, have been identified.

In general, all the samples are poorly sorted with fine to very fine sub-angular to angular gravel and
an unordered to weakly preferred orientation fabric.

The ratio between the coarse and the fine material vary and present some gefuric to monic
distribution which are mostly porphyric to eunaulic . The fine material presents also two colours
common to all the samples, red and brown to yellow/brown with cloudy and dotted limpidity and a
first order attenuated colour interference. The b-fabrics of the layer TD-10 are mostly
undifferentiated to crystallites.

In addition, some textural pedofeaures were observed in all the samples. Indeed, continuous silty
clay coating around grain (Figure 10.1); dusty clay hypocoating (Figure10.2); equigranular xenotopic
crystal intergrowth with low birefringence and brownish colours (Figure 10.3); Pure amorphous
cryptocrystalline continuous coating juxtaposed to dusty clay hypocoating (figure 10.4) and
Equigranular xenotopic fabric superimposed on complete and dense infilling with juxtaposed
sparitic coating (Figure 10.5) The common microstructures to the samples are compound void

packing (Figure 10.1), planar void (Figure 10.1) and vesicles (Figure 11.3)

4.2 CLASSIFICATION OF THE FACIES

4.2.1 Rhythmic very fine gravelly mud or muddy very fine gravel lamina sets (Facies 1):

Description:

We can observe rhythmic very fine mud or muddy very gravel lamina-set inside the samples 1 to 10
(include) of the column N12, the superior part of the sample 1 of the column N16/N17 and to finish
the first 3 samples of the column K22.

In general this facies is characterized by the presence of inverse grading.

The coarse and fine material
These facies present a ratio of coarse material/ fine material (C/F) of 3:7 to 2:8. The component of

the coarse and fine material vary in function of the type of support.
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Planar void

Figure 10: Photography of pedofeatures

1) silty clay coating around grain; 2) dusty clay hypocoating; 3) equigranular xenotopic crystal
intergrowth with low refringence and brownish colours; 4) Pure amorphous cryptocrystalline
continuous coating juxtaposate to dusty clay hypocoating ; 5) and Equigranular xenotopic fabric
superimposed on complete and dense infilling with juxtaposed sparitic coating coating
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Three types of support were found inside these facies, Openwork to Clast support, Openwork to
Matrix support and Matrix to Openwork support (Annexe 1,Figure 1).

The composition of the coarse material vary from very few carbonate (2-5%), very few carbonate
silicates (2-5%) and no Ferromagnesium inside the coarse to medium sand fraction to few to common
carbonate and silicate (10-20%) and few to very few ferromagnesium (2/5-10%) inside the fine sand
to coarse silt fraction inside the Open work to clasts support macro-unit. The two other sub-facies
present inside this facies (Openwork to Matrix support and Matrix to Openwork support) the
composition of the coarse material vary from very few carbonate (2%), and no silicate and
ferromagnesium to very few to few carbonate (2-5%), few silicates and ferromagnesium (5%) inside

the fine sand to coarse silt fractions.

The Microstructures and pedofeatures
Three types of microstructure have been described inside each type of support: Crumb, Granular ,

and Sub-granular . For each type of support and microstructures one Halotypes was defined (Figure
11). Along with them, the microstructure granular is the most important one, and is present inside in
24 of N12 microfacies, 4 of N16/N17 microfacies and 9 of K22 microfacies (Annexe 1,Figure 1).

In addition to these main microstructures some channel microstructure have been noticing inside the
microfacies N12 XVI, XVIII.

The porosities which have been identified vughs, channels and simple and complex packing.

The observable impregnative pedofeatures are crystal, amorphous cryptocrystalline and silty clay
hypocoating (Figure 12.1, 12.2 and 12.3) and intercalation, rotational structure (Figures 12.4 and
12.5). On the other hand, the textural pedofeatures are, discontinue layered sorted silty clay capping
(Figure 12.6); inverse graded capping around grain and silty clay aggregate(Figure 12.7); ; dusty clay
coating (Figure 10.2); very few discontinuous horizontal micro-layered vesicular crust (Figure 12.8);
spiritic coating (Figure 12.9); discontinue and loose microsparitic and complex packing (Figure 12.10
and 12.11); complete and dense spiritic infilling (Figure 12.12); gefuric to monic infilling (Figure
12.13); some crystal intergrowth like microsparitic crystal intergrowth and crystal intergrowth with
basic orientation referred to channel (Figure 12.14) and discontinuous and loose infilling
superimposed to crystal intergrowth (Figure 12.15). and to finish silty clay coating superimposed by
crystal intergrowth (Figure 12.16)

Figure 11: Halotypes of the facies 1:

A) Openwork to clast support; B) Openwork to matrix support; C) Matrix to openwork support
1) Crumb; 2) Granular; 3) Sub-granular
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Interpretation:

Mode of transport and deposit
The granular microstructure can be the result of different activities, Biological, Frost, Colluvial, and

due to the rubification process. Inside these facies and microfacies the granule mostly present random
coarse material fabric, no association to plates or lentils which these granular microstructures are
probably to colluvial or rubification activities (Bertran & Texier, 1999; Mentzer, 2014; Stoops George
et al., 2010; Van Vliet-Lanoe, 2010). The presence of continuous silty clay coating around grain,
which is typical of alluvial deposits and of turbulent flow of secondary illuviation when it not show
layered (Fedoroff et al., 2010; Goldberg & Macphail, 2006; Kiihn et al., 2010; Miedema, 2002;
Muecher, 1974), seem to indicate a colluvial process. To be more precise the presence of many
inverse grading in crudely stratification and an porphyric coarse/fine related distribution with a
crystalllitic b-fabric seem to indicate a grain flow mode of deposit (Bertran & Texier, 1999). In this
hypothesis, the Openwork to clasts support part find in the different thin section regrouped into the
facies 1 represent what Bertran and Texier call the top of the sole layer and the matrix to openwork/
Openwork to matrix support part of the basal sole layer of a grain flow deposit. The associate of both
types layer than form one grain-flow event (Bertran & Texier, 1999). However, the succession of
inverse grading forming the three types of support, the openwork to clast support forming the top of
the grad and the Openwork to Matrix/ Matrix to Openwork to basal part of the grad, can also be
explained by the concept of “gréze litée”. Inside this facies, who can find some part rich in gravel
(coarse material) and some part which are muddier (fine material) in more or less succession. So, it
corresponds to “lit maigre” (poor in matrix) and “lit gras” (rich in matrix )(Dewolf & Guillien, 1962)

In this case, this facies most be associate to cold climate (°°).

Microstructure and Pedofeatures
Several other pedofeature link to cold climate or frost action were found inside this facies. For

example, the different types of capping (inverse and microlayered) were commonly found. Generally,
the presence of capping indicates some freeze-thaw cycle sequences. The cap is then organized in
two parts: a base made up of fine particles and a skeletane made up of all the coarse particles that
have been expelled from the base by the freeze/thaw cycles. It results in an inverse graded capping
(Van Vliet-Lanog, 1987). Inside these facies, most of the cappings do not present any skeletane. We
can emit two hypotheses, firstly, it is possible that the number of freeze/thaw cycles was not enough
to expelled any coarse material present inside the capping. The other hypothesis is that taphonomical
transformation has washed away the skeletane of the capping. It could explain why, some microfacies

present inverse capping and/or gefuric to monic infilling. In all the hypotheses discuss above, the
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granular microstructure should be the result of frost action (Stoops George et al., 2010; Van Vliet-
Lanoe, 2010)

On the other hand, these facies present a lot of carbonates in infilling form. The granular
microstructure could then be the result of a dissolution and the recrystallization of the carbonate
would then have led to the deformation of the groundmass into a granular microstructure juxtaposed
with carbonate granules in the form of infilling. However, this phenomenon appears at only high
temperature (Mentzer, 2014). Few granules present cluster of coarse material fabric, which are typical
of the biological activities. The presence of channel microstructures is also coherent with the presence
of biological activities, like root and animal passage and a surface soil (Stoops George et al., 2010).
The crumbs microstructure can also be an indicator of the soil surface, especially of mollisols and
verticals, inside this facies (Adderley et al., 2010; Gerasimova & Lebedeva-Verba, 2010; Kovda &
Mermut, 2010)(Kovda & Mermut, 2010a). Sub-angular microstructure can also be an indicator of
surface soil (Kovda & Mermut, 2010b), even if this microstructure type is not typical of any types
of soil and can also be an artefact of the drying process, or the result of frost action. (Stoops George
et al., 2010). The latter seems possible, given the presence of other pedofeatures linked to the frost
action. The presence of dusty clay hypocoating can be attributed to a clay accumulation as the
presence of dusty clay hypocoating juxtaposed to pure amorphous black cryptocrystalline coating
indicates a bad drainage possible of the soil. The explanation of dusty clay coating is still debated.
For long times those types of coating were simply interpreted as clay coatings that would simply
have aged (Bronger, 1969). However, the discovery of these coatings in young soils calls into
question this explanation (Kuhn, 2003).

Concerning the microsparitic, its infilling form like all the carbonate infilling is common in arid
climate (Stoops George et al., 2010). Its coating and hypocoating form are mostly the result of soil
solution percolation on pores or fissure (Courty & Fedoroff, 1985; Kemp, 1995; Sehgal & Stoops,
1972).

Soil determination
The absence of relict features (e.g. peat), the important presence of granular peds and weathered

minerals seem to indicate that this facies is mostly composed of Mollisol or Vertisol, which would
have undergone freeze/thaw cycles but not sufficiently or not intensely enough to transform this soil

into gelisol (Retallack, 2001), but enough to create frost pedofeature related.
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Figure 12: Photography of pedofeatures 2

1) crystal hypocoating: 2) amorphous cryptocrystalline hypocoating: 3) silty clay hypocoating ; 4)
Intercalation; 5) Rotational structure; 6) discontinue layered sorted silty clay capping; 7) inverse graded
capping around grain and silty clay aggregate; 8) very few discontinuous horizontal micro-layered
vesicular crust; 9) spiritic coating; 10) discontinuous and loose microsparitic; 11) discontinuous and
loose complexe packing; 12) complete and dense spiritic infilling; 13) gefuric to monic infilling; 14) some
crystal intergrowth like microsparitic crystal intergrowth and crystal intergrowth with basic orientation
referred to channel; 15) discontinuous and loose infilling superimposed to crystal intergrowth; 16) silty
clay coating superimposed by crystal intergrowth
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4.2.2 Rhythmic sandy mud to fine gravelly mud in fine besets (Facies 2)
Description:

Those kind of bet-sets are observed inside samples 1 (medium and inferior part), to 4 (included) of
the column N16/N17, and the samples 5 (inferior part) to 7 22 (superior part) and 7 13 to 10 (include)
of the columns K22.

The coarse and fine material
This facies is characterized by the presence of inverse grading, like the facies 1, but also the presence

of some crudely stratification which are not observed in the facies 1.

These facies present a ratio coarse/ fine material which varies from 3:7 to 2:8 and 1:9 to 2:8.The b-
fabric present inside are reticulated and parallel striated b-fabric.

The composition of the coarse material of these facies varies according to the type of support and
microfacies. The variable support (matrix to openwork support) compose of granular microstructures
(Figure 13) is composed of few to common carbonate (20%), few to very few silicates (5-10%) and
very few ferromagnesium (<5%) inside the coarse to medium sand fractions and very few to few
carbonate and silicates (5-10%) and no ferromagnesium inside the fraction fine to coarse silt.

The Variables support granular to plates microstructure (Figure 13, figure 18) is composed of few
carbonate (5%) and silicate (5-10%) and no ferromagnesium inside the coarse to medium sand
fractions and few carbonate (5-10%), few to common silicates (20%) and to finish very few
ferromagnesium (<5%) inside the fine to coarse silt material.

The part Matrix support presenting plates microstructure (Figure 13) present a variation of the
composition of coarse material. The part without diamicton (Figure 18) is composed of few carbonate
(5-10%), few to very few silicates (2-5%) and no ferromagnesium inside the coarse to medium sand
fractions and few carbonate (5-10%), few to common silicate (10-20%) and very few to no
ferromagnesium (<5%). On the other hand, the part presenting diamicton (Figure 18) is composed
of few silicates (5%) and no carbonate and ferromagnesium inside the coarse to medium sand
fractions. It is composed of few to very few carbonate (5-10%), few to common silicate (10-20%)
and very few to no ferromagnesium (<5%) inside the fine sand to coarse silt fractions.

To finish the variable support (Matrix to clast support) with granular microstructure (Figure 13,)
(figure 18, K22 columns) is composed of few carbonate (5-10%), and no silicate and ferromagnesium
inside the coarse to fine sand fractions and, no carbonate, few to common silicate (10-20%) and few

to very few ferromagnesium (2-5%) inside the fine sand to coarse silt fractions.
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Along the microscopic features, plate microstructures is the most important one, and is present into
most of the N16/N17 columns (microfacies VII to X1l included) and a small part of K22 (microfacies

L to LIl included) (Annexe 1,Figure 1)..

Microstructures and pedofeatures
The porosities identified forming the microstructures are few complex and simple void packing, few

channels and some vughs.

Concerning the pedofeature present inside this facies, we can have observed a lot of pedofeatures
links to the frost action like the different capping (microlayered and invers graded), already observed
but also some link capping (Figure 14). It also presents some intercalation (complex and simples) and
rotational structures. This facies is also full of loose and discontinues microaggregates infilling as
well as monic to gefuric infilling. There are also some silty clay hypocoating and pseudomorphic

cristallitic coating.
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Figure 13: Halotypes of Facies 2

A) Matrix support
B) Variable support
1) Granular

2) Plates
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Interpretation

Mode of transport and deposit

The presence of crudely stratified diamicton and the alternance of diamictic and openwork ( dark
green microfacies altering with dark brown microfacies) present inside the columns N16/N7 are
typically the lithofacies associate with solifluction deposit process as well as the plates
microstructures. (Bertran & Texier, 1999). However, the absence of plates inside the microfacies
K22 XXXVII to XLIX, seems to suggest that solifluction is probably not the only mode of deposition
for this facies. It is more likely that solifluction is a deposit mode superimposed on a previous
transport and deposit mode.

The presence of the crudely stratification, diamiction, porphyric relative distribution of the coarse/
fine material as well as the undifferentiated or crystallitic b-fabric are also compatible with debris
flow. The important presence of boulder, with variable support texture (clast to maxtrix support )
inside the microfacies K22 XLII to XLIX and N12 XXXVIII to XLl is, however, compatible with rock
avalanche (Hsu, 1975; Melosh, 1987).

We have so hypothesis that, the facies 2 was created by debris flow process, with possibly some
small rock fall inside the microfacies cite above, in which some solifluction has occurred inside the

microfacies N16/N17 V to XlIl and K22 L to LII.

Microstructures and pedofeatures
The plates microstructures associate to the granular microstructures are typical of frost action (Van

Vliet-Lanoe, 2010). The void like planar or vughs are also often associated with those
microstructures in case of frost action, as it is the case for the capping present inside these facies.
(Van Vliet-Lanoe, 2010). Inside this facies appears, the link capping, which can explain the
appearance of b-fabric (reticulated and parallel b-fabric). Besides, the vughs porosities are often
associated to frost action or ancient granular soil which have been thought some compaction
process. (Stoops George et al., 2010; Van Vliet-Lanoe, 2010). Both possible seem compatible with
these facies (As TD 10 is buried under TD 11,which represent several m).

We have also identified some intercalation as well as rotational structures. Those pedofeatures are
typically in situ formed (Stoops George et al., 2010). Moreover, clay intercalations have been
associated to waterlogging (Fedoroff & Courty, 1987). The rotational structures are also creating in
presence of water. Their presence has been documented in case of subglacial diamicton (Khatwa &
Tulaczyk, 2001; Menzies, 1998, 2000; van der Meer, 1993, 1997) and debris flow (Lachniet et al.,
1999, 2001). In the case of diamicton presence, the rotational structures are formed in a transitory
turbulent movement around the diamicton (Phillips, 2006). It is mostly possible that the rotational
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structures present there are the result of subglacial diamicton as the plates suggest a cold climate
and several diamictons have been found in these facies (microfacies N12 XXXVIII; XXXIX; XL; XLI;
N16/N17 VII; IX; X; XII; XTI and K22 XXXVII; XXXVIHI; XXXIX; XL; XLI; L; LI; Li).

With all these elements, we can deduce that most of the granular microstructure present are the
result of frost action.

The silty clay hypocoating present diffuse boundary and a composition close to the groundmass,
which indicate an in situ formation. (Stoops George et al., 2010).

The carbonate depletion indicates a migration of the carbonate and so a dissolution and potentially
recrystallization. The carbonates are really sensitive to water presence as well as pH change (Becze-
Deak et al., 1997). It can indicate potentially a change in water concentration or in pH. The presence
of water was already confirmed by the presence of intercalation and rotational pedofeatures
(Fedoroff, 1997). Though, the presence of pseudomorphic crystallite coating is in direct
contradiction with the intercalation and rotational structure as it needs water to be created and
pseudomorphic crystallites coating are typically an indicator of semi or arid environment(Stoops

George et al., 2010).

Soil Determination
To resume, this facies present plates and a lot pedofeatures related to frost action, which could

indicate a gleisoil (Retallack, 2001). But the presence of a granular microstructure (Colluvial,
biological and rubification origin) associate with the generals reddish-brown colours are compatible
with Vertisol (Retallack, 2001), even if contrary to the facies 1, this vertisoil could come from deeper
Horizon. It will explain the observation of diamicton lamination, and why the channel void and in
general the diversity of the porosities and biological/ surface pedofeatures (e.g. granule of biological
origin) is less important compared to the N12 | to XXXVII microfacies.

For all those reasons, it is mostly possible that this facies was a Vertisoil which went by several or
important frost action which transforms the soil into a gelisoil with the conservation of some

characteristic of vertisoil.

Figure 14 Link capping pedofeatures
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4.2.3 Sandy mud in fine lamina-set (Facies 3)
Description:

Sandy mud in fine lamina sets are observed inside the sample 5 N16/N17 and inside the Sample 3
(inferior part), 4, 5 (Superior) and 7 22 (medium and inferior) of the columns K22, we can observe
gravelly mud lamina set (Microfacies N16/N17 XIV to XX included and K22 XVIII to XXVIII included
and XXXI to XXXV include) . (Annexe 1,Figure 1).

In general this facies can be separated in two parts. A matrix support part composes of complex
microstructures (Vesicular/Channel) and crumbs (Figure 15), which can also be defined as some
microlamination set of very well sorted sub-rounded to sub-angular silty clay to sandy silt. A variable
support (matrix to clast support) presenting some crumbs and granular (Figure 15) microstructures,
and which can also be defined as a horizontal lamina set of gravelly mud (Annexe 1,Figure 1).. These

two parts present a different coarse material composition.

The Coarse and Fine Material

The matrix support coarse/fine relative distribution is composed of no carbonate, silicate and
ferromagnesium inside the coarse to medium sand fractions and very few carbonate (5%), few
silicates (10%) and very few ferromagnesium (2%) inside the fine and coarse silt fraction. The coarse
material (Sand) also present a random orientation to micro-lamina formed a band with random
orientation.

It also presents a diversity of fine material colours more important than the other facies, sub-facies
and microfacies. Indeed, we can observe 5 different colours, brown to dark brown ; yellow-brown ;
red; grey and greenish to greyish green with respectively limpid, speckles, dotted and cloudy
limpidity, and a first order attenuated greyish colour interference to a high attenuates interference
colours. The b-fabric is reticulate striates and parallel striated.

In the other hand, the variable support coarse/fine relative distribution presented very few
carbonate (2-5%), very few silicates (2%) and no ferromagnesium inside the coarse to medium sand
fractions and few carbonate (5-10%), few to common (20-30%) and few to very few ferromagnesium
(<5%). The coarse material, gravel, present a preferential orientation which varies from none to
vertical (pseudo-bands). The sand varies from microlamination to random preferred orientation .
The fine material present the same colours and features that the one presented inside the general
characteristic description. It also presents some reticulated striates or/ and parallel striates b-fabric.
Microstructures and pedofeatures

The porosities clearly identify inside this facies are vesicles; vughs; and some fissure/ crack.
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Concerning the pedofeatures present inside, we can observe rotational structure; complex packing
infilling, loose and discontinuous microaggregate infilling, microsparitic crystal intergrowth, are
common to all the facies. The matrix support part of this facies present specific pedofeature like Fe
depletion zone (Figure 16.1); microlite limpidity mow refringence clay crust (Figure 16.2); speckles
yellow crust (Figure 16.3); discontinuous dark red micropan (Figure 16.4) ; cryptocrystalline
brownish, reddish to yellow with low refringence micropan (Figure 16.5); This macro-unit present
also some sedimentary clast or rip-up clast. As limpidity clay sedimentary clasts (Figure 16.6),
speckles with Fe depletion sedimentary clasts (Figure 16.7)and whitish sedimentary clasts (Figure
7.8).

The variable support part of this facies present, crystal hypocoating; dusty clay coating (Figure 10.2);
crystallites coating; a discontinuous and horizontal microlayered and vesicular crust; dense and
incomplete sparitic infilling discontinuous and loose complex packing. It also presents some frost

action pedofeatures like discontinuous layered sorted silty clay capping.
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Figure 15: Halotypes of Facies 3

A) Matrix support
B) Variable support
1) Crumns
2) Complexe
3) Granulars
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Interpretation:

Mode of deposit and transport

This facies present some particularity and different between the two parts that compose it. First of
all, the fine material colours differ from one part to the other. Secondly, we can observe that, the
variable support of this facies (K22 columns) present more common features with the other facies
than the Matrix support (sample 5 N16/N17).

Indeed, the matrix support part of this facies is unique compared to the other. It presents a
microstratification with different fine material colours and/ or composition as well as Rip-up-clast
in common quantity. They are well impregnated with a different groundmass. This indicates that
they are inherited, instead of in situ formed (Karkanas & Goldberg, 2013). Indeed, the dark red
micropan is rich in clay and iron with a dotted limpidity. This micropan can be associated to the
other rip-up clast with the same groundmass. Those rip-up clasts can then be the result of pieces of
micropan that would have been torn off.

The types of rip-up clast present inside this macro-unit are the whitish limpidity sedimentary clast
could correspond to phosphate limpidity rip up clasts (Karkanas & Goldberg, 2010). They present a
granular to nodular and crust, and so can be associate to Apaptite (Shahack-Gross et al., 2004;
Macphail et al., 2004; Cullen, 1988). Because of all of that, we can hypothesis, that the part of this
facies composing of the N16/N17 sample 5 is not a deposit facies but an erosion one.

In the other and the variable support part present a porphyric relative distribution of the coarse and
fin material, the absence of gradations and it relative stratification (gravelly mud horizontal lamina
set) seem to indicate water presence. It so seems to be the result of a debris flow transport even if

this facies do not present diamicton.

Microstructures and pedofeatures

A new type of microstructure appears inside this facies: the Complex microstructure,
vesicular/channel. The vesicular microstructure, when it is associated with various coarse and fine
materials, are associated to mass material with water saturates soil material (Fedoroff et al.,
2010).The channel microstructures presenting various coarse and fine materials are often
associated to soil (or sediment) presenting biological activities (mostly in the sub-horizon) (Stoops
George et al., 2010).

The presence of crumbs microstructures find inside this facies are also associate to surface soil like
Mollisol and Vertisol (Adderley et al., 2010; Gerasimova & Lebedeva-Verba, 2010; Kovda &

Mermut, 2010). It also seems coherent with the erosional description of these facies establish
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above. With those informations, it is most probable that the granular microstructures present inside
this facies are the result of biological activities, or rubification process instead of frost action or
colluvial transport.

Concerning the pedoefeatures, a yellow speckles crust was found. It is probably a sedimentary crust,
as this crust present coarse grain micro-layered formed (Stoops George et al., 2010). In that
hypothesis, the vesicles result of raindrops impact (Pagliai et al., 1983a, b; Pagliai, 1987; Valentin &
Ruiz Figueroa, 1987; Pagliai et al., 1989; Pagliai et al., 2004; ).

It will so indicate at one point or another the presence of water, which is also indicated by the
presence of iron depleition zone and the goethite, which is inside the N16/N17 sample 5 (Matrix
support part of this facies very common in this part. To be more precise, it even indicates a
prolonged saturated water condition (Arocena et al., 1994; PiPujol & Buurman, 1997). The variable
support part (K22 columns) of this facies, the vesicular discontinuous and layered crust is classified
into the sedimentary crust (Stoops George et al., 2010). Normally, vesicular crust is associate to arid
or semi-arid climate (Stoops George et al., 2010) even if some layered vesicular crust, have also been

observed into high montane areas or Arctic regains (Volk & Geyger, 1970).

Soil Determination

As the two parts probably result from the difference process (eriosn VS depot) the types of soil
composing those parts are also different. The N16/N17 sample 5, consisting of the Matrix support
part of this facies is complex. It is a nested horizon. It presents some reworked clay, iron
(precipitation and/or depletion form). Because of that it presents like a red soil, which class it into
the Alfisol category. Thought It also present some hydromorphy reworked trace (goethite, iron
depletion...), which is typical of vertisol. The concentration of the iron oxide indicates a good
drainage condition like for oxisol.

Because of all those elements, we have the hypothesis that this part of the facies (N16/N17 sample
5) is an oxisoil created from an alfisol which present more or less a reworked by mud flow.
Inversely, the variable support part of this facies (K22 columns) is way more simple. It presents a
granular microstructure associate to reddish-brown colours like vertisol. As it also presents some
lamina set, it is possible that this vertisol coming from deeper horizon than the one meets into the
previous facies. The presence of the vesicular discontinuous crust could be the result of a little
aridification compared to the other facies, sub-facies and microfacies. As this layered present also

some trace of frost action, it is possible that the aridification of this macro-unit was coming more
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from cod environment that warm environment. So this part is probably a vertisol coming from

deeper horizon which would have undergone the action of the cold leading to a slight aridification.




Figure 16: Photography of pedofeatures 3
1) Fe depletion zone; 2) microlite limpidity mow refringence clay crust ; 3) speckles yellow crust; 4)

discontinuous dark red micropan ; 5) cryptocrystalline brownish, reddish to yellow with low
refringence micropan; 6) limpidity clay sedimentary clasts; 7) speckles with Fe depletion sedimentary

clasts; 8) whitish sedimentary clasts
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4.3 TD 10 Resume- Stratigraphy

Figure 17: Stratigraphy Legend of the Columns N12 (A), N16/N17 (B) and K22 (C) of Gran Dolina TD-10
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Chapiter 5: Discussion

Stratigraphy to paleo-stratigraphy
TD-10 unit Soil horizon

The different microstructures and pedofeatures allow distinguishing different microfacies but also
the different Horizon of paleo-soil composing the different columns. Here we used the term of
paleosoil as it was defined by Stoop and al,(2010). It means that a paleo-soil, is any burial soil with
a function totally or partially stop by the burial (Stoops George et al., 2010). Soil horizon can be
defined as a layer presenting a specific kind and thickness (Lin, 2012). Indeed, the soil can be devised
in 3 categories, the master horizon, the gradation and the subordinate (Retallack Gregory J., 2001).

A modern soil is normally composed of 6 master horizon, O, A, E, B, C and R (Figure 19)

Figure 19: Schema of Soil Horizon Organisation

Surface

Surface horizon, below the O horizon, presenting organic material
accumulates and mineral fractions.

Eluvial horizon, where the organic material and mineral where drain
due to the water infiltration

Sub-horizon, presenting clay, carbonate, sesquioxides or organic
material accumulation

Sub-layer below the B horizon, presenting lesser weathering bedrock
than O, A, E and B horizon

Bedrock or parent material, present no alteration
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The surface horizon (O, A and E) presented different pedofeatures than the subsurface horizon (B,
C and R), but also different pedofeatures between the surface horizons themselves. However,
Finding O horizon inside a palesoil can be rarer. O horizon is constituted of leaves, needles, twigs,
moss or lichen litter at different stages of decomposition (undecomposed, partially or hightly) or of
organic material saturated with water for a long time (Lin, 2012). Because of that, it is easy to
imagine that old paleosoils do not preserve O horizon, except in specific condition of preservation .
Inside the TD-10 layer, for example, no O horizon was found.

The gradations horizon is horizon creating a transition between two master horizons. It presents
characteristics of two master horizons, yet, one master horizon is dominant compared to the other.
On the other hand, the subordinate represents a subcategory of a Horizon, as it is used to complete
the description of a Horizon (Retallack Gregory J., 2001).

The different soil propriety depends mainly on the position inside the depth profile that they
occupied (Jenny, 1941). The surface horizons are mainly characterized by the presence of granular
microstructures, as well as pedofeatures linked to biological activity (pellets, deformation
vermiform, chamber...) and the weathering process (crystallization and dissolution of carbonate,
advantage degradation of minerals...). The subsurface presenting fewer pedofeatures links to
biological activity and weathering, no granular or minority of granular microstructure, for example.
It can also be characterized by plates, lenticular or sub-angular microstructures inside soil effect by
frost (Kovda & Mermut, 2010; Stoops George et al., 2010; Van Vliet-Lanoe, 2010).Argic horizon are
also typical of the subsurface horizon (Stoops George et al., 2010).

Inside the TD-10 columns, N12, N16/N17 and K22, three types of horizons have been observed, two
gradations, AB and BC and one master horizon B. In addition, 7 subordinates were used to
characterize the different horizon. All the different horizons, master, gradation and subordinates
evoke or find inside TD-10 are listed and defined inside the table 3

Inside the columns N12 we have found, 7 horizons, 4 inside the columns N16/N17 and 16 inside the
K22.

It is interesting to note that, the AB gradation, find in all tree columns, present much more diversity
than the B master horizon or the BC gradation. We note 5/7 AB gradation type for the N12 columns,
4/6 for N16/N17 and 9/21 for K22.
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Horizon Definition (Retallack Gregory J., 2001)

A (no present inside TD-10) The presence of an accumulation of organic

material (humified) and mineral fraction.

B Sub-horizon (below O, A or E) with an
accumulation of clay, carbonate, sesquioxide

or organic material

C (no present inside TD-10) Sub horizon present few weathered, less than

the A, E, or E horizon but more than the

bedrock(R)
Gradation Definition (Retallack Gregory J., 2001)
AB Horizon with features of layer A and B,

where A feature are dominant

BC Horizon of transition between the B horizon

and C (bedrock presenting few weathered).

Subordinate Definition (Retallack Gregory J., 2001)

kk Accumulation of carbonate but less than for
the horizon K and more than the subordinate
k

k Accumulation of carbonate, less than the

subordinate kk

f Soil presenting frost evidence

S Accumulation of sesquioxide resulting from

illuviation process

r Bedrock characterized by weathering or
softness

t Clay’s accumulation

e Presence  of organic  material in

decomposition (intermediate level)

c Presence of concretions or nodules.

Table 3: Listing and definition of the different master horizons, gradations and subordinates find or need to
define the horizon present inside TD-10 units



On the other hand, the BC gradation is the less present horizon and the lesser diversity one. It is
presented only inside the K22 columns (3/16). In total, we have 14 types of AB gradation, 8 types of
B master horizons and 4 types of BC gradations (Annexe 1 figure 2 or figure 20) . The distribution of
all those different horizons according to the microfacies define in chapter 4 are resuming inside the
Annexe 1, figure 2.. We can explain the important diversity of gradation AB compared to BC
gradations and B master horizon, by the types of transport and the deposit. Indeed, we have seen
that the different facies are the result of colluvial deposit, grain flow, debris flow, rock fall and
solifluction(Blikra & Nemec, 1998). It so corresponds to a mass movement more or less important.
Those mass movement can so stop or slow the development/ function of the soil by burial them
(Stoops George et al., 2010). Because of that, the soils do not have time to evolve in deeper horizon.
We can also hypothese that surface soils are more sensitive to environmental change due to its
position which presents more interactions with the atmosphere and biosphere. This could explain
why the AB gradation present more variation than the B master horizon which presents more

variation than the BC gradation, which is normally deeper than the B master horizon.

Furthermore, the horizon variation can allow to determine the evolution of the soil.
Inside the pedo-stratigraphy (figure 20) we can see that several composites vary frost evidence,
sesquioxide accumulation, clay accumulation, weathering, organic material.
The carbonate presence is a constant even if the quantity can vary from one horizon to another.
From all those composite variations, it seems that the soil formation factor which vary is climate.
The clearest evidence of that is the variation of frost evidence. However, the presence of
sesquioxide can also indicate a variation in climate since there is the result of alteration. The organic
material variation can also be the result of climatic change, e.g. a change of horizon with an
important organic material accumulation to no organic material indicate an important change like
climatic. Most of the time the sesquioxide accumulations are found in the horizon which does not
present frost evidence. With all that information, we can make the hypothesis that the TD-10 soil
has been formed into two types of climates. Cold periods which form soil showing frost evidence
e.g. cryosol or gelisol, and warm periods, the melt of the ice, help to the alteration of the soil and
resulting in a sesquioxide accumulation. Because of that, we can deduce that the soil of the TD-
layered has been formed in two phases, and so can be called a biphase soil. (Stoops George et al.,
2010) Indeed a biphase soil is forms when there are a superimposition of 2 biostasy period, which

is a phase with a climate favourable to soil development, are superimposed
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(Stoops George et al., 2010). This could explain the different types of soils find, vertisol and Mollisol

(Facies 1), Alfisol/ Oxisol (Facies 3) and gelisol (Facies 2) (see chapter 4).

TD-10-unit Soil Sequences and Classification

Thank to the determination of the different horizons, we have been able to detect the
different sequences composing the 3 columns studied. According to Schaetz and Anderson (2005) a
soil sequence consisted of related soil which presents gradual change due to a gradient from a
dominant soil formation factor (Climat, biology, topography...). The determination of the difference
sequence and their relationship allow then to classify the soil profile, which gives information about
the sedimentary accumulation of the profile and the condition of its deposit (Tabor & Myers, 2015).

As we can observe in the figure 20, the different horizons present some common
features, along with them kk is the most common. The subordinate f, s and t are also frequent, but
their presence vary more (Figure 20). Their presence or their absence inside the horizons allows to

determine the different sequences, but also to classify them.

Then, the columns N12 present four sequences. The first sequence is composed of
surface horizon and one subsurface horizon which present two types of subordinate, kk that is
present in all the horizon and f that vary and are only present in two horizons (Figure 20). The
overprint of the characteristic of B horizon and kk subordinate could suggest that this sequence
present a cumulic soil profile (Wright & Marriott, 1993). However, those soil profile should present
a thick B horizon, which is not the case inside this sequence (Figure 20). This sequence present also
clear defined horizon with frost features (f) and some without. This sequence can so be defined into
simple soil profiles (Wright & Marriott, 1993) according to the frost characteristic. The second
sequence is composed of the same horizon stop by the presence of the discordance (blue line), which
create a truncator inside this sequence. As this sequence is thick and present an overprint of B horizon
features, kk, f and s subordinate we can class this sequence in a cumulic soil profile (Wright &
Marriott, 1993).

The third sequence of this columns is composed of only one horizon. This horizon cannot be attached
to any other sequence. The truncator isolate this horizon from the sequence above and the horizons
following do not correspond to the normal deposit order. It is likely that this sequence was composed
of other horizons that have been eroded, hence the presence of the truncation. Without any other

information, we can classify this soil profile as cumulic due to the overprinting of B horizon
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characteristic (Wright & Marriott, 1993). The last sequence of this columns is composed of similar
horizon, AB, presenting the same features at different degree of intensity, k/kk, (table 4) and different
thicknesses, with one horizon thicker than the other (Figure 20). Therefore, we can classify this
sequence as composite soil profile due to the overprinting of AB horizon in all the sequence (Wright
& Marriott, 1993). The N12 columns is so composed of three types of soil profiles: cumulic/ simple,
cumulic and composites. It indicates that N12 columns was formed under different sedimentary
accumulation conditions. In fact, simple soil profile is formed with no sedimentary accumulation,
while the cumulic soil profile is created with slow, constant and small sedimentary accumulation. On
the other hand, the composite soil profile is the result of medium rapid and intermittent sedimentary
accumulation. We can note that inside this columns, the intensity of sedimentary accumulation
increase with the depth of the columns. It means that the intensity of sediment accumulation decreases
with the time in the TD-10-unit deposit.

Concerning the N16/N17, we can also observe 4 sequences. The first sequence is defined
by the presence of a discordance like the Ill sequence of the N12 columns. This sequence is only
composed of a AB horizon. Thus, the A-B characteristic overprint all the sequence and so can be
classified as a composite soil profile (Wright & Marriott, 1993). The second sequence of N16/N17
columns presents a very thick B horizon, almost half of the columns (figure 20). In addition, the
different horizon of this column presents few variations. We can note frost characteristic in the bottom
horizon (f), contrary to the horizon above which present clay accumulation (t) in the surface horizon
composing this sequence. We can so conclude that the soil profile of this sequence is cumulic (Wright
& Marriott, 1993). The two-last sequence of this column consists of a single horizon each. Even so,
these two sequences are composing of AB horizon, they cannot be grouping into a single sequence
to the presence of nodules or concretion inside the IV sequence (c). Those features are not in situ
formed and so derive from a previous and disappeared soil. The sequences |1l and IV of this column
are so classified into composite soil profile (Wright & Marriott, 1993). The N16/N17 is so mainly
formed under slow, constants and small sedimentary accumulation as the cumulic soil occupied
almost half of the N16/N17 and secondary into medium, intermittent and rapid sedimentary
accumulation.

Regarding, the K22, present an important number of sequences (11) compared to the two
other columns (Figure 20). The sequence | is composed of a B horizon. As it is the first horizon of
the TD-10 unit and is not associate to a surface horizon, we can assume that this sequence presents a
truncation above, and the surface(s) horizon(s) associated was/were eroded. The Sequences Il to V
present the similar characteristic between the horizon . There are composed of relatively thick AB

gradations compared to the B horizons associate (Figure 20). Therefore all those sequence can be
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classified as composite soil profile due to the overprinting of A-B features. (Wright & Marriott, 1993).
The following sequence, VI to VII also present similar characteristics between the horizon like the
sequence Il to V. However, contrary to the sequence Il to V, the sequences VI to VII present thicker
B horizons than AB horizons associates (Figure 20). We can so conclude that those sequences are
cumulic soil profiles (Wright & Marriott, 1993). The last sequence composing K22 columns, VII to
Xl present a new type of gradation horizon, BC, not find in the other sequences of the other columns.
This gradation is closer to the parent material and presenting fewer weathering pedofeatures than the
other horizon observe inside the TD-10 layer. (See table 4). Because of the presence of those horizons,
which can be associate to layer of no modified material compared to the other horizons, those
sequences can be associate to compound soil profiles. Those types of soil profiles are under rapid,
intermittent and large sedimentary accumulation (Wright & Marriott, 1993). As this column is
composed of composite and compound soil profiles, we can hypothesis that the intensity of
sedimentary accumulation was more important that the columns N12 and N16/N17. K22 columns
present less common characteristic than the columns N12 and N16/N17. It is probably due to the fact
that the columns N12, N16/N17 and K22 are alimented by different entries of Gran dolina cave . In
fact, Gran Dolina was presenting 3 entries (Campana et al., 2017), and so it is possible that the
difference notice between the three columns, even if they belong to the same unit, are due to their

different origin of entry.

To finish, the comparison between the stratigraphy and the pedo-stratigraphy (Figure 18
and Figure 20) allow the association of the different sequences with the facies define inside the
chapter 4. We can observe that the distinct facies of columns N12 and N16/N17 aligns effectively
with the different sequences that were observed. The Association of the facies and the sequence of
the N12, and N16/N17 resume inside the table 5:

. Columns N12 ) ) Columns N16/N17 . )
Facies Soil profile Soil Profile
Sequences Sequences
1 11l Cumulic | Composite
2 ", v Composite I, 1l Cumulic
3 v Composite

Table 4 : Correlation between the Facies defined inside the Chapter 3 and the different soil Sequences
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We can hypothesis, that each sequence can represent an event of grain flow, which is the types of
transport identify inside the columns N12 and K22 (See chapter 4). | will mean that the columns N12
was created by a minimum of four events of Grain Flow and the columns N16/N17 by a minimum of
three events of Grainflow.

This association, Facies/ Sequences are not really accurate for the columns K22. Inside this column,
the limit of the different Facies do not match the limit of the different sequences. It is probably due

to the presence of BC gradations, which is closer to sediment than soil.
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TD-Unit Palaeoenvironment data

Soil data and MIS correlation
All the TD-10 soils are formed in different climate conditions. Vertisol are due to the process of

wetting and drying of the clay that composes those types of soil. (Stoops George et al., 2010). The
environments where there were formed is grassland to open forest (Retallack Gregory J., 2001).
Mollisols can form under various temperature conditions, and so present a lot of suborder, but is
usually the result of grassland environments and sometimes in open forest (Retallack Gregory J.,
2001; Wilding et al., 1983). Both of them are created under sub-humid or semi-arid climate
(Retallack Gregory J., 2001). The Alfisol present a lot of characteristic with the Mollisol. Indeed, there
are formed under various temperatures like the Mollisol. The environment which creates vary from
open forest to grassland (Retallack Gregory J., 2001).

The Oxisol are very weathering soil, and so are mostly found in climates with intense weathering
like humid tropical climate, but also arid and cool environment (Ollier et Pain, 1996). Another type
of soil has been found inside TD-10, the gelisol. It soil form under cold climate (Retallack Gregory J.,
2001).

We have so two categories of soil found inside TD-10 units, grassland and forest soil, plus a gelisol .
They result of different climates. We can assume that the grassland soil, vertisol or mollisol, could
have been formed during the cold period, which could correspond to the horizon presenting frost
pedofeatures ( capping, granular ), and for the must colder period the gelisol (plates) but also during
less cold period, corresponding then to the horizon with no or weak pedofeatures.

The forest soil, alfisol and oxisol, have been identified inside the same horizon and as an oxisol
derived from an alfisol (Chap 4.2.3). This means that a part of the soil forming the facies 3
representing by the sample 5 of the columns N16/N17 was formed under a warm period as no frost
pedofeatures were found inside those horizons, this period was followed by a warmer and more
humid period, which has transformed the Alfisol into an Oxisol. It could so explain the important
presence of goethite of these samples. In fact, the goethite is forme under prolonged saturated
water condition (Arocena et al., 1994; PiPujol & Buurman, 1997).

The important presence of carbonate inside all the facies (Chapter 4) and there granular formed
indicated an important Taphonomical transformation. As evoke inside the Chapter 4, the carbonates
are sensible to weathering. The variation of cold and warm period could have influenced the
weathering process of the soil and so the presence and the shape of the carbonate present into the

TD-10 layer.
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When we compare the types of soil find inside our study with the stratigraphy of TD-10 layers, we
can see that the Oxisol derived from the Alfisol are only present inside the TD-10.4. To be more
precise it corresponds to the bottom part of the TD-10.4. The gelisol is also only find inside the TD-
10.2 and TD-10.3. In the other hand, the vertisol/mollisol are found inside all the sub-layer of TD-10
(TD-10.1, TD-10.2, TD-10.3 and TD-10.4). Those data seem in contradiction with the MIS correlation.
Indeed, we have established that the different sub-unit of TD-10 was associate to 2 cold period, TD-
10.1 and TD-10.4 and one warm period TD-10.3 and TD-10.2 (see chapter 1). But the presence of
gelisol, formed inside cold climate, inside the TD-10.2 and TD-10.3 seem incompatible with the
warm period of the MIS 11(a and b). Similarly, the presence of an oxisol, inside the TD-10.4 seem
incompatible with the cold period defined by the MIS 9b. In addition, all the subunit of TD-10 seems
to present the horizon with frost pedofeatures, characteristic of cold or cool climate, and horizon
without, characteristic of more warm an humid climate. There are so no distribution of frost
features following the repartition of the different sub-unit of TD-10. This difference, between those
data can be explained by the scale. The MIS give palaeoenvironment’s information for a large scale
(e.g. region and more) while the study of paleosol can only give local information as the soil is the
result of a local condition (e.g. hydrological system), and so influence all the palaeoenvironment
interpretation by mimicking climatic condition (Driese and Ashley, 2016).

To finish, we can notice that the TD-11 presents a more yellowish colour due to the importance of
carbonate in the contrary of the TD-10 layer which presents more reddish colours. We can
hypothese that, originally, the TD-10 layer could have presented a colour similar to the TD-11 layer.
The processes of weathering and transformation of the soil through a rubification process could
have left the TD-10 layer with less carbonate and into granular form. It is possible that the warmer
and more humid period correspond to a phase of carbonate dissolution and migration. On the other
hand, the colder periods could correspond to phases of recrystallization of carbonates in granular

form.

TD-10 unit micro-vertebrate reconstruction
In addition to the soil palaeoenvironmental data that we have obtained, several micro-vertebrates

found inside TD-10 units also give some environmental information .
According to the analysis made by Cuenca Bescds and al (2011) the TD-10-layer present 5 types of
animal environments: Open and dry environments (OD), Open and humid environments (OH),

Woodland, rock environments and Water-edge.
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The small mammal of the OD environment represents the majority of the small mammal found
inside TD-10, following by OH environments small mammals. The woodland, rock and water-edge
environments small mammal represents a minority(Figure 21) (Cuenca-Bescds et al., 2011). Even
so, we can observe some variation of inside the minimal number of individuals (MNI) groups. We
can observe inside the figure 21, reproduce from Cuenca Bescés and al (2011) study, that every
diminution of the MNI groups of OD environments, correspond to an augmentation of MNI groups
of OH, woodland, rock and water-edge environments (Figure 21). However, the augmentation of
woodland, rock and water-edge environments MNI groups are very little compared to the OH
environments MNI groups, as from the start this type of habitat is more represented. We can
observe three diminutions of the MNI groups from OD environments inside the TD-10 layer. That
corresponds to three passages from an Open and dry environment to Open and Humid
environments(Figure 21). It is interesting to note that inside our pedostratigraphy (Figure 20) we
can observe 3 passage from cryosols to entisols and alfisols no frost affected inside the columns
N12, 3 for the columns N16/N17 and 3 for K22. We can so hypothesis that during the TD-10
formation, the environments have passed from sol type(s) 1 to sol type(s) 2 in minimum tree time,
as the soil and micro-vertebrate data suggest. We can so make the hypothesis that what Cuenca
Bescds and al (2011) identify to OD environments correspond to what we have suggested to be a
cold period, and the OH environments to the warmer period. The formation of the ice could have
contributed to making the soil environments more dry, and it melting more humid. It would so

create a succession of Dry and Humid environments, as the micro-vertebrate data indicate.

TD-10 unit Palynology reconstruction.
The data obtain thanks to the pollen are less accurate than the one finds thank to micro-vertebrate

due to the lack of pollen inside the TD-10 layer. Indeed, pollen was found only at the base of the TD-
10 (TD-10.4) and are completely absent in the other sub-layer (TD-10.3,2 and 1) of TD-10. Despites
the pollen found present an important proportion of Pinus, contrary of the Mediterranean species
like Olea and temperate one, e.g. deciduous Quercus are less abundant. This could indicate a
transition to a cold phase (Garcia-Anton, 1995).

TD-10.4 seem so according to pollinic data warm phase, maybe the warmer one of TD-10. It also
what suggest the data obtain thank to soil study, as it is the only sub-layer where Oxisol were found.
Moreover, the bottom part of all the tree columns study, N12, N16/N17 and K22, do not or weakly
present frost pedofeatures. It suggests that the start of TD-10 layer deposit, TD-10.4 was a warm

period.
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Chapter 6 : Conclusion

Even if more study is needed to obtain better information about the environments, especially
at the transition of cold period and warmer period with potentially other environmental data
(e.g. micromorphology, stratigraphic, petrologic, micro-vertebrate...) This micromorphology
analysis have allowed to determine the transport and the deposit and the climatic variation

that was affecting the soil of TD-10.

In fact, thanks to the analysis of several samples coming from the two profiles of Gran Dolina
site, North-east and South-East, grouping into three columns, N12, N16/N16 and K22, we have
demonstrated that the TD-10 layer was created by slope deposits, more precisely by grain-
flow deposits (Facies 1 ), debris flow (Facies 2 and 3), and very few rock falls (Facies 2).
Moreover, some solifluction was also observing (Facies 2) superimpose to the initial mode of
deposits.

In addition, the micromorphology was used to classify the different soil that composing the
different columns through the determination of microfacies. The TD-10 layer is mainly
composed of surface soil, Vertisoil, Mollisoil or Afisoil which was going through different
processes which transforms them some time into Gelisoil or Oxisoil. The soil profile present
some cumulative, composite or compound soil sequence. It also shows a variation of the frost
impact inside the soil, with microfacies showing clearly a strong characteristic of frost action
(capping, plates, granular...). The soil sequences also reveal alternance of soil horizon
impacted by frost action and some without. This variation was interpreted as an alternance of
cold period and warmer period. Those results were in coherence with previous study realized
on micro-vertebrate and pollen, which show a variation of open-dry habitat (cold period) with
open-humid habitat (warm period), inside the TD-10.

To finish, the soil data obtain was compare to the environmental context give by the
correlation of the Marine Isotopies Stages (MIS) and Bayesian dates model produced with
previous published dates . The TD-10 units is associated to 5 different Marine isotopes Stages,
12b and a (TD-10.4), 11b (TD-10.3), 11a (TD-10.2) and 9¢ (TD-10.1) .However the environment

data obtain thank to the MIS correlation do not seem to match the soil data obtain. This is
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probably be due to the local context associate with soil investigation, contrary to the Marine
Isotopies stages.

In conclusion, we can say that the TD-10 unit still present some challenges especially with the
erosional facies find inside the TD-10.4. Futures studies would be necessary to fully
understand this depot and it context. The relation between TD-9, TD-11, and TD-10, no treat
inside this study, should also be considerate for furture analasys to obtain a better

comprehension of TD-10 units.
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Figure 1: Synthetic trees of Microfacies Classification composing the columns N12, N16/N17 and K22 of Gran Dolina TD
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Figure 2: List al all the types of Horizon find inside the TD-10-layer with the microfacies corresponding

87



	Abstract
	List of Figure
	List of Table
	Chapter 1: Introduction
	General presentation
	Aims and Objectives
	Sites presentation
	The Sierra de Atapuerca
	Geological Context of Atapuerca
	Gran Dolina
	TD10 Gran Dolina chronology and preliminary modelled Bayesian dates
	Gran Dolina TD-10 stratigraphic unit



	Chapter 2: Set of Art
	Gran Dolina TD-10 layer
	Previous Research on the Geological Depositional Context of TD-10 units
	Dolina TD-10 Units, Previous Sedimentary Facies Description Research


	Chapter 3: Material and method
	Thin section preparations:
	Thin section observation and description

	Chapter 4 : Result
	4.1 General Characteristic of the facies and microfacies.
	4.2 CLASSIFICATION OF THE FACIES
	4.2.1 Rhythmic very fine gravelly mud or muddy very fine gravel lamina sets (Facies 1):
	Description:
	The coarse and fine material
	The Microstructures and pedofeatures
	Interpretation:
	Mode of transport and deposit
	Microstructure and Pedofeatures
	Soil determination

	4.2.2 Rhythmic sandy mud to fine gravelly mud in fine besets (Facies 2)
	Description:
	The coarse and fine material
	Microstructures and pedofeatures
	Interpretation
	Mode of transport and deposit
	Microstructures and pedofeatures
	Soil Determination

	4.2.3  Sandy mud in fine lamina-set (Facies 3)
	Description:
	The Coarse and Fine Material
	Microstructures and pedofeatures
	Interpretation:
	Mode of deposit and transport
	Microstructures and pedofeatures
	Soil Determination


	4.3 TD 10  Resume- Stratigraphy

	Chapiter 5: Discussion
	Stratigraphy to paleo-stratigraphy
	TD-10 unit Soil horizon
	TD-10-unit Soil Sequences and Classification

	TD-Unit Palaeoenvironment data
	Soil data and MIS correlation
	TD-10 unit micro-vertebrate reconstruction
	TD-10 unit Palynology reconstruction.


	Chapter 6 : Conclusion
	Acknowledgements
	Bibliography
	Annexes 1

