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Abstract

Abstract

The potential of the new and promising archaeological site Sodicho Rockshelter to
provide a geoarchaeological context, for prehistoric human-environment interaction and
palaeoenvironmental shifts in its surroundings, has been investigated with a
multidisciplinary and multimethodological approach. The results now promote the site as
a new key site for geoarchaeological research in tropical regions. Located in the
southwestern Ethiopian Highlands, the site is part of a region that is renowned for the
study of human origins, evolution, and the dispersal of our ancestors across the African
continent and beyond its borders. Significant human fossil finds from sites such as
Omo/Kibish or Herto highlight the importance of this region. In Ethiopia, the dispersal of
the anatomically modern humans (AMH) can be seen as a movement to another region
or a migration into another continent, but also as an upward movement to elevated
regions.

Hypotheses that the topographical and climatic diversity of Ethiopia favored the
development of environmental, and ecological refugia in the highlands, raises several
research questions, such as the climatic impact that forced the humans to adapt or
retreat, and the identification of push and pull factors for their dispersal. Furthermore,
questions emerged as to why humans repeatedly chose to disperse into the mountains,
and how they coped with the harsher conditions in higher altitudes (e.g., higher ultraviolet
radiation, lower oxygen levels) that are challenging for the human body. However,
comprehensive terrestrial palaeoenvironmental archives and continuous archaeological
records are still very scarce in Ethiopia. Chronostratigraphic gabs, discordances, and the
influence of erosion create common uncertainties about the forcing factors for regional
environmental and climatic variability. Moreover, it remains unclear what impact the
mentioned changes had on the landscape, flora, fauna, and of course our human
ancestors.

In this doctoral thesis, a multiproxy, geoarchaeological approach is chosen to address
research hypotheses on prehistoric human-environment interaction and palaeoclimatic
driven dispersal theories in the tropical highlands during the Late Pleistocene and the
following Holocene. This study is integrated into the multi- and interdisciplinary approach
of the Collaborative Research Centre 806 "Our Way to Europe - Culture-Environment
Interaction and Human Mobility in the Late Quaternary" (CRC 806), which focuses on
the climatic, environmental and cultural context to understand the migration of
anatomically modern humans from the African continent into Central Europe as one of

the “sinks”.
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By approaching the study area and addressing the research questions, using different
spatial and temporal scales, it has been shown that the Sodicho Rockshelter is a unique
site that contains evidence on repeated high-altitude occupation during the last 27 ka cal
BP. It is the first site in southwestern Ethiopia that holds dated occupation phases during
the Last Glacial Maximum (LGM, ~ 21 + 2 ka), and thus contributes to the research
debate on an environmental refugia.

This study presents the geoarchaeological results of micromorphological investigations
various sedimentological, and geochemical analyses, radiocarbon dating, and the
evidence from collaborating disciplines of archaeology, and archaeobotany, in relation
to the local archaeological record and regional paleoenvironmental changes. Based on
the results, processes such as site formation, post-depositional disturbances and the
identification of the geogenic, biogenic und anthropogenic depositional agents were
determined. The archaeological evidence and sedimentary stratigraphy provide insights
into human behavior such as stone tool manufacturing, fire activity, site maintenance,
and dumping activities. In addition, a more detailed examination at the microstratigraphic
record enabled the identification of shifting moisture conditions during the African Humid
Period (AHP, ~ 15 £ 5 ka). By identifying specific palaeoenvironmental signals in the
sediment sequences, a comparison with supraregional palaeoclimatic records was
possible. This highlights the potential of multiscale research in the volcanic rockshelter
and the possibility to be correlated to other archaeological and palaeoenvironmental sites

at the Horn of Africa and beyond.
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Das Potenzial der neuen und vielversprechenden archaologischen Fundstelle Sodicho
Rockshelter, um den geoarchaologischen Kontext flir prahistorische Mensch-Umwelt-
Interaktionen und Paldoumweltveranderungen in der Umgebung zu liefern, wurde mit
einem multidisziplindren und multimethodischen Ansatz untersucht. Die Ergebnisse
verdeutlichen nun, dass die Fundstelle als neuer wichtiger Standort fir die
geoarchaologische Forschung in tropischen Regionen betrachtet werden kann. Die
Statte liegt im stidwestlichen Hochland von Athiopien und ist somit Teil einer Region, die
fur die Erforschung des menschlichen Ursprungs, der Evolution und der Ausbreitung
unserer Vorfahren innerhalb des afrikanischen Kontinents und Uber dessen Grenzen
hinaus bekannt ist. Bedeutende menschliche Fossilfunde, die aus Fundstellen wie
Omo/Kibish oder Herto stammen, unterstreichen die Bedeutung dieser Region. In
Athiopien kann die Ausbreitung des anatomisch modernen Menschen nicht nur als ein
Auszug in eine andere Region oder Migration in einen anderen Kontinent betrachtet
werden, sondern auch als eine Bewegung nach oben in hdher gelegene Regionen.
Die Hypothese, dass die topografische und klimatische Vielfalt Athiopiens die
Entwicklung &kologischer Refugien im Hochland begunstigt hat, wirft mehrere
Forschungsfragen auf, z. B. nach den klimatischen Auswirkungen, die Menschen zur
Anpassung oder zum Rlckzug zwangen, und nach der Identifizierung von Push- und
Pull-Faktoren die verantwortlich waren fur ihre Ausbreitung. Au3erdem stellt sich die
Frage, warum sich die Menschen immer wieder fir eine Migration in die Berge
entschieden und wie sie mit den fir den menschlichen Kérper belastenden Bedingungen
(wie hoéhere UV Strahlung, geringer Sauerstoffgehalt) in héher gelegenen Regionen
zurechtkamen.
Umfassende terrestrische Paldoumweltarchive und kontinuierliche archaologische
Aufzeichnungen sind in Athiopien jedoch noch sehr rar. Chronostratigraphische Liicken,
Diskordanzen und der Einfluss von Erosion schaffen generell Unsicherheiten tber die
treibenden Faktoren fir die regionale Umwelt- und Klimavariabilitdt. Sowie die
Auswirkungen, die diese Veranderungen auf die Landschaft, die Flora, die Fauna und
naturlich unsere menschlichen Vorfahren hatten.
In dieser Doktorarbeit wird ein geoarchaologischer Multiproxy-Ansatz gewahlt, um
Forschungshypothesen zur prahistorischen Mensch-Umwelt-Interaktion und zu
paldoklimatisch bedingten Ausbreitungstheorien im tropischen Hochland wahrend des
spaten Pleistozans und des folgenden Holozans zu untersuchen. Diese Studie ist in den
multi- und interdisziplinaren Ansatz des Sonderforschungsbereichs 806 "Our Way to
Europe - Culture-Environment Interaction and Human Mobility in the Late Quaternary"
[
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(SFB 806) integriert, der sich auf den klimatischen, 6kologischen und kulturellen Kontext
konzentriert, um die Migration des anatomisch modernen Menschen (AMH) vom
afrikanischen Kontinent nach Mitteleuropa, als eine der "Senken", zu verstehen.

Durch die Annaherung an das Untersuchungsgebiet und die Auseinandersetzung mit
den Forschungsfragen, auf verschiedenen raumlichen und zeitlichen Ebenen, konnte
gezeigt werden, dass das Sodicho Rockshelter eine einzigartige Fundstelle ist, die
Beweise flr eine wiederholte Besiedlung vom Hochland wahrend der letzten 27 ka cal
BP erhalten hat. Es ist die erste Fundstelle im Siidwesten Athiopiens, die datierte
Besiedlungsphasen wahrend des Letzten Glazialen Maximums (LGM, ~ 21 + 2 ka)
aufweist und somit einen Beitrag zur Forschungsdebatte um ein Umweltrefugium leistet.
In dieser Studie werden die geoarchaologischen Ergebnisse mikromorphologischer
Untersuchungen, verschiedener sedimentologischer und geochemischer Analysen,
Radiokohlenstoffdatierungen und die Hinweise aus den kooperierenden Disziplinen der
Archaologie und Archaobotanik, in Bezug auf die lokalen archaologischen Befunde und
regionalen Palaoumweltveranderungen prasentiert. Auf der Grundlage der Ergebnisse
wurden die Entstehungsprozesse der Fundstellen, sedimentare Ablagerungsprozesse
und postsedimentare Stérungen und die Identifizierung der geogenen, biogenen und
anthropogenen Ablagerungsfaktoren identifiziert. Die archaologischen Befunde und die
Sedimentstratigraphie geben Aufschluss UGber menschliches Verhalten, wie
beispielsweise die Herstellung von Steinwerkzeugen, Feueraktivitdten, die
Instandhaltung des Standortes und Entsorgungsaktivtaten. Darliber hinaus ermdéglicht
die detailliertere Betrachtung des mikrostratigraphischen Sedimentarchivs die
Identifizierung variabler Feuchtigkeitsbedingungen wahrend der Afrikanischen
Feuchtperiode (AHP, ~ 15 + 5 ka). Durch die Identifizierung spezifischer Palao-
umweltsignale in den Sedimentabfolgen war ein Vergleich mit Uberregionalen
paldoklimatischen Aufzeichnungen mdglich. Dies unterstreicht das Potenzial der
multiskaligen Forschung in vulkanischen Abris (Felsiberhange) und die Méglichkeit,
diese mit anderen archaologischen und paldodkologischen Fundstellen am Horn von

Afrika und dardber hinaus in Beziehung zu setzen.
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1. Introduction

1.1 Geoarchaeological approach

Where do we come from? This question does not only regard to the fundamental issue
about the African cradle of our human ancestors. Furthermore, it connects the research
topics of past human migration, adaptation, and the external natural factors that
influenced the expansion across the globe and the preference for certain regions. The
reconstruction of past geomorphological, climatological, and environmental conditions in
research areas and archaeological significant sites can help to narrow down
palaeoenvironmental factors that were responsible for pushing and pulling past human
dispersal in the past. Geoarchaeological multiscale investigations offer an
interdisciplinary approach and a broad spectrum of research methods to link earth
sciences with archaeological research, in order to tackle the above-mentioned research
topics (Gilbert et al. 2017). In general, the focus lies in the investigation of human-
environment interaction, such as geomorphological, climatic, and human induced
landscape changes, as well as the reconstruction of palaeoenvironmental conditions,
and past human activity (Goldberg and Macphail 2006, French 2015, Siart et al. 2018).
With regard to research on the subject of human dispersal in eastern Africa, Ethiopia in
particular (White et al. 2003, Aubert et al. 2012, Schaebitz et al. 2021) is still seen as
one of the key regions for the multi-regional development of anatomically modern
humans within the African continent and the expansion beyond its borders (Hublin et al.
2017, comp. Scerri et al. 2019).

At the current state of research, the oldest fossils that show features of the early stages
of anatomically modern humans date back to 300 ka and originate from the site Jebel
Irhoud, western Morocco (Hublin et al. 2017). The oldest fossils from Ethiopia, where
found within the Kibish formation at the Omo River (Omo/Kibish, ~ 190 ka) (McDougall
et al. 2005, Fleagle et al. 2008, Aubert et al. 2012) in southern Ethiopia and at Herto,
Middle Awash (~ 160 ka) (White et al. 2003). Several Ethiopian cave and rockshelter
sites, as well as open air sites, hold evidence for human occupation since the Late
Pleistocene (Tribolo et al. 2017, Blinkhorn et al. 2022). However, archaeological records
are often fragmented and incomplete, and the fossil evidence is sparse. Past and also
present environmental changes, disturbances and erosion events, are the most probable
causes for the interruption of past occupation phases, leaving the cultural and

environmental records incomplete. Nevertheless, palaeoenvironmental research allows
1
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to study the relationship between migrational response of humans and past climate
change (Foerster et al. 2012, Foerster et al. 2015, Schaebitz et al. 2021). The refugial
hypothesis suggests that East Africa provides suitable conditions due to its diverse
ecology, topographic complexity and therefore habitat heterogeneity (Basell 2008,
Brandt et al. 2012, Mirazén Lahr 2013, Mirazon Lahr and Foley 2016).

Within this doctoral research, a variety of geoarchaeological methods are integrated to
address research topics about past human-environment interaction in the prehistoric
southwestern Ethiopian Highlands, at different spatial and temporal scales. The main
research area is the new promising site Sodicho Rockshelter and its surroundings. For
the first time at this site, a multi-method approach is used to reconstruct site formation,
(post-) depositional processes and the impact of prehistoric hunter-gatherers.
Geoarchaeological research is a continuously changing discipline, as new methods are
introduced or developed within the associated interdisciplinary fields. Such is the case
with the concept of digital geoarchaeology, where the research fields of geosciences
overlap with those of humanities and computer sciences (Siart et al. 2018). With help of
the geoscientific field and laboratory methods, and digital tools different spatial and
temporal scales are considered. This allows the study of entire geographical regions by
expanding the spatial resolution to a macro scale or the investigation of a local scale,
such as around an archaeological site (Siart et al. 2018). By focusing at a micro scale,
individual thin sediment deposits within an archaeological stratigraphy can be examined
(French 2015). At this point, it should be mentioned that the classifications of the scales
are not clearly defined within the scientific community. Thus, the terms often differ for
scales that describe the same characteristics (comp. Goldberg and Macphail 2006,
French 2015, Garrison 2016, Siart et al. 2018, Cordova 2018). This means that the
applied scales for this study are specifically determined.

As already stated in publications on geoarchaeology (a.o. Goldberg and Macphail 2006,
French 2015, Siart et al. 2018, Stolz and Miller 2022), the strength of this research field
lies in its integrative approach and the ability to be merged with research concepts from
other disciplines. According to several geoarchaeological research designs that have
already been developed (French 2015, Siart et al. 2018, Stolz and Miller 2022), the
different types of data obtained by the diverse disciplines can be used to generate a wide
range of information (Fig. 1.1). This includes the natural science data from geo-archives
and bio-archives, along with data from the humanities, archaeological, historical and
ethnographic research, as well as information obtained from various dating methods.
The data obtained provide information about local sedimentary deposits, soil
development, erosion, vegetation change or chronostratigraphic periods of human

settlement activity, among other variables. At a higher level, the interpretation of the
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collected data can provide information about the influence of short and long-term sub-

regional climatic events, on the environment and humans (French 2015).

Data types

pollen, phytoliths geoarchaeology  field survey & test historical ecology &  '*C, OSL, artifacts
& isotopes excavation ethnographic survey & dendrochronology

Information generated

’ ’ ’ | |

vegetation sequences soil/sediment forms/types of types of recent land dating and
& climatic signals sequences land uses and usefagricultural chronology
insification systems

Cultural & environmental sequences

human/naturally induced stability & erosion
comparison with past & modern cultural record

L

Outcomes

1st level — key criteria

factors responsible for sustainability causes of degradation
v 2nd level — broad implications 4
factors of ecosystem information to policy makers/
resilience I/ development planning

Visualisation

3D-modeling, agent-based modeling
& idealised scenarios of past landscape dynamics

Figure 1.1 Idealized geoarchaeological research design in order to merge an archaeological
record with past landscape processes (modified after F. Sulas and C. French (French 2015)).

1.2 Sodicho Rockshelter as a potential human-environment archive

For a reconstruction of human and palaeoenvironmental influences at a certain site, a
complete preservation of the archaeological material as well as of the sedimentary
deposits are crucial. Caves and rockshelters, such as the Sodicho Rockshelter provide
excellent study conditions for geoarchaeological research, as they function as sediment

traps that allow the investigation of different depositional conditions. This means that
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multiple sources of deposits, such as autochthonous geogenic, allochthonous geogenic,
anthropogenic and biogenic sediments entered cave and rockshelters, depending on the
variability and intensity of external environmental factors (Goldberg and Sherwood 2006,
Mentzer et al. 2017). This is especially true for rockshelters, which are often described
as cavities that are wider than they are deep, and that are usually filled by direct and
indirect sunlight (Birndorfer et al. 2022). Consequently, there is often a greater impact on
the sedimentological, archaeological and zooarchaeological record from changing
external environmental conditions within rockshelters. Thus, a reconstruction of the
external circumstances could be reflected more precisely.

With this information in mind, the sediment stratigraphy at Sodicho Rockshelter can be
used as a record of local climatic and environmental variability. By identifying single
depositional processes, and the comparison with climatic records from lacustrine
sediments or calculated models, the research scale can be expanded to a supraregional
scale, while at the same time it demonstrates the potential for using existing research
and methodological approaches in order to investigate rockshelter stratigraphies. The
last mentioned must be considered, since countless factors may be responsible for failing
a preservation of key indicators in a rockshelter stratigraphy, which could relate to the
past environment. These include post-sedimentary influences of organisms, but also
facts such as the climatic circumstances at the site. For instance, sites in tropical regions,
e.g. parts of Ethiopia, are often characterized by warm and humid tropical climates, which
are associated with a high intensity of weathering. Climatic fluctuations, in some cases
very rapidly shifting, may also have affected sedimentary deposits in the past. Studies in
southeastern Ethiopia and northern Kenya, identified rapid climatic changes that had an
impact on the landscape, flora, and fauna, especially during the Late Pleistocene and
the following Holocene (e.g., Junginger and Trauth 2013, Foerster et al. 2015, Gebru
Kassa 2015, Trauth et al. 2019, Schaebitz et al. 2021, comp. Schaebitz et al. 2021b).
Changes from cold dry, with a reduction of about 15-20 % moisture availability as during
the Last Glacial Maximum (LGM, ~ 21 + 2 ka), to extremely humid conditions during the
African Humid Period (AHP, ~ 15-5 ka), with a calculated increase of 25-40 % moisture
availability did affect the environment and especially the vegetation cover significantly. It
also forced humans to adapt to the circumstances and abandon certain regions (Basell
2008, Fischer et al. 2021). In the context of this study presented here the migration does
not only refer to the lateral movement into another preferred region or as far as another
continent, it could also refer to a vertical movement into high-altitude landscapes with
more favorable resources (Basell 2008, Brandt et al. 2012). In terms of
geoarchaeological research, summarized by Rdpke et al. in the subchapter on high

mountain ranges (Birndorfer et al. 2022) mountainous landscapes are of
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geoarchaeological interest as they exhibit increased geomorphological dynamics, with
an increase in erosion and accumulation processes. With increasing height, the mean
temperatures fall, and physical weathering increases, unlike decreasing chemical
weathering (Cordova 2019). The complex orographic effect, especially in tropical
highlands plays a crucial role in the variability of rainfall intensity (Fazzini et al. 2015, Van
den Hende et al. 2021). In addition, the physical strain on humans increase at higher
altitude, not least by increased UV radiation and decreasing oxygen content (Aldenderfer
2006). Thus, the vertical landscape structure and the dynamic geomorphodynamic of
highlands, such as the study area in the southwestern highlands of Ethiopia, offer an
attractive landscape for studying prehistoric settlement phases, as they hold a variety of
suitable and therefore potentially preferred environments. Studies on prehistoric high-
altitude settlement and vertical use patterns of the mountain areas can also be found, to
name but a few, in the regions of the Peruvian Andes (occupation in height ~ 4500 m
a.s.l.) and the Tibetan Plateau (occupation in height 3280 m a.s.l.) (Rademaker et al.
2014, Chen et al. 2019). Fincha Habera in the Bale Mountains, at an altitude of 3469 m
above sea level, is the oldest dated archaeological site of a mountain region in Africa
with an age of 47 to 31 ka BP (Ossendorf et al. 2019). While in the Bale Mountains the
groups of hunter-gatherers are likely to have moved along the ice-free edges of glaciers
in search of suitable raw material, there is evidence of the exploitation of different tropical
ecozones along the mountain slopes in the highlands at other sites of Ethiopia. These
include sites, such as the small rockshelter (DEN12-A01) and several other finds around
the crater lake of Dendi, with an altitude of 3000 m a.s.l. (Vogelsang et al. 2018, Schepers
et al. 2020). Moving closer to the main Sodicho Rockshelter site, Mochena Borago is
located on Mount Damota at 40 km in immediate vicinity, and again, studies of settlement
patterns suggest similar use of the different altitudinal zones in the highlands (Vogelsang
and Wendt 2018). This pattern in mind, the tropical ecozones offered a variation in
vegetation, provided protection and food for a wide range of animals. It is hypothesized
that prehistoric foragers were thus able to exploit an abundance of vital resources within
the different ecozones of the highlands (Vogelsang and Wendt 2018, Schepers et al.
2020).

According to the Mountain Refugium Hypothesis, mountainous locations like the
Ethiopian Highlands were a possible environmental refugium for prehistoric groups
coping with cold and hyper arid conditions in the surrounding lowlands (Basell 2008,
Stewart and Stringer 2012, Brandt et al. 2012 and 2017). Based on the study of Blinkhorn
et al. (2022), a research on the evaluation of refugia in Africa, the basic concept of a
refugium is a region that enables a given group of organisms, in this case humans, to

cope with conditions of increased climatic and environmental stress and to adapt to new
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conditions. The data review in Basell 2008 pointed to the formation of forest refugia in
the highlands of Ethiopia and Kenya during MIS 6 and 4, phases that were longer, colder
and comparably dryer to the LGM. Clear evidence for these circumstances and the
human response for MIS 6 and 4 is still scarce in eastern Africa and even more limited
for MIS 2 (Basell 2008). In the Horn of Africa discontinuous archaeological stratifications
are quite common. Studies at sites such as Goda Buticha, the Ziway-Shala basin and
Mochena Borago observed a chronological gap, that has been dated to a timeframe that
correlates to the MIS 2 (Tribolo et al. 2017). Archaeologically, this phase is of interest as
it marks the progression from the lithic typologies, defined as the Middle Stone Age
(MSA) to the Late Stone Age (LSA). The transition between these important
technological innovations is still not clearly defined and remains poorly understood in the
Horn of Africa (Basell 2013, Tribolo et al. 2017, Leplongeon et al. 2021). It should be
noted that up to this point in research it cannot be determined how great the influence of
precise habitat preferences of prehistoric humans was (Basell 2013) and which role
factors such as cultural innovations, traditions or individual adaptation played (Fig. 1.2).
The present study therefore does not address this issue, but rather relies on the new
geoarchaeological results to discuss push and pull factors, including vital resources and
environmental drivers, to address the question regarding the migration of prehistoric

humans to regions such as the southwestern highlands of Ethiopia.
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Figure 1.2 lllustration of several dependencies (push and pull factors) that influenced prehistoric
humans to occupy a particular region, in this case the highlands.
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1.3 The Collaborative Research Centre 806

This PhD dissertation is embedded in the Collaborative Research Centre 806 “Our Way
to Europe — Culture-Environment Interaction and Human Mobility in the Late
Quaternary”, funded by the German Research Foundation (Deutsche Forschungs-
gemeinschaft, DFG). Since its beginning in 2009 the CRC 806 established a research
focus during the past two funding phases that concentrated on cultural-environmental
context and palaeoclimatic conditions that lead to dispersal processes of anatomically
modern humans (AMH) from Northeastern Africa to Western Eurasia. This involves the
study of push and pull factors within different temporal scales, starting with the Marine
Isotope Stage MIS 6 (about 190,000 years ago) to the MIS1 on a regional and continental
scale.

The collaborating institutions comprise of various university departments, institutes, and
non-university institutions within the fields of geosciences, archaeology (prehistoric
archaeology), meteorology and philosophy from the University of Cologne, the University
of Bonn and the RWTH Aachen University. In this case, the CRC 806 benefits from the
diversity of scientific disciplines and research methods in order to address
interdisciplinary research questions. The research structure of the third and final funding
phase (2017-2021) has a circular form (Fig. 1.3).
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Figure 1.3 Structure of the CRC 806, during the third funding phase. Project A1 is part of research
group “R* = Regional Models, marked in red (mod. after Richter et al. 2017).
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The Regional Modal Groups (A1, B1, B3, C1, D1 and D4) in the center are symbolizing
the investigations and interpretations concerning important key sites in northeast Africa,
Levant, Eastern and Western Mediterranean, Balkan Peninsula, Near East and Central
Europe. The outer circle is divided into three parts, representing the cooperating Supra-
regional System (S) Group, the Timelines (T) Group, and the Z-Group concerning data
management and administrative tasks.

The projects of S Group (E1, E3, EG, E7, E8, E9) will provide further datasets through
the use of an additional methodological spectrum. These include modelling of population
dynamics and regional climatic conditions on the basis of already available data,
investigation of faunal assemblages, but also a philosophical reflection addressing
concepts such as materiality and agency in archaeology and anthropology. The timeline
group (F2, F5 and F6) covers the chronological framework of the CRC and supports the
hypotheses and research aims of the CRC with dating methods such as '“C, optically

stimulated luminescence dating and palaeomagnetic dating.

1.3.1 Research by project A1 in Southwestern Ethiopia

Project A1 “Out of Africa — Late Pleistocene Rock Shelter Stratigraphies and
Palaeoenvironments in Northeast Africa” covers study areas in the Eastern Egyptian
Desert and in Ethiopia. Under the direction of the principal investigators Prof. Dr. Olaf
Bubenzer, Dr. Karin Kindermann and Dr. Ralf Vogelsang the following major research
objectives were set for both research areas:

1) investigation of key stratigraphies at rockshelters and their surroundings to establish
a chronological framework,

2) reconstructing different Pleistocene landscape settings in the research areas with help
of archaeological sediments, which offer the possibility for a reconstruction of the
environmental and cultural history,

3) identification of implications on the dispersal/migration of Homo sapiens.

Archaeological and geomorphological research in Egypt focused on archaeological
layers from Sodmein Cave, with oldest layers of about 130 ka, and on Sodmein Playa
basin, comprise of surface concentrations of Middle Stone Age (MSA) artifacts
associated with Pleistocene lacustrine deposits (Kindermann et al. 2013, Kindermann et
al. 2018, Henselowsky et al. 2022).

Since the first funding phase of the SFB 806 in 2009, the stratigraphies at the Mochena

Borago Rockshelter on Mount Damota in the southwestern Ethiopian Highlands has
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been a main focus. Through a cooperation with the Southwest Ethiopia Archaeological
Project, under the direction of Steven Brandt (University of Florida), with Elisabeth
Hildebrand (Stony Brook University, New York) and their team, 2 m of stratified Late
Pleistocene and Holocene sediment deposits and cultural remains were investigated
(Gutherz et al. 2002, Fisher 2010, Brandt et al. 2012). Stone artifact assemblages
comprise of obsidian MSA and LSA artifacts.

The depositional processes that developed a very complex and inhomogeneous
stratigraphy in Mochena Borago occurred in multiple phases and composed of geogenic
and anthropogenic deposits. The cultural remains in the main trench were dated to the
Late Pleistocene with an age of 36 and > 50 ka and the Holocene occupational layer are
dated back a calibrated age of ~ 8 ka cal BP (Brandt et al. 2017). A chronostratigraphic
hiatus of ~ 30 ka between the two epochs, which is also identified at other sites in
Ethiopia (see chapter 1.2), leaves unanswered questions about the settlement history
and environmental changes in the area. Multiple episodes of water saturation which lead
to major erosion processes have been suggested in the development of the gap, that
encompasses the hyper-arid period of the LGM (Brandt et al. 2012, Brandt et al. 2017).
So far cultural occupation at Mochena Borago has only been recorded during periods
with intermediate humid conditions, which means that this site does not provide robust
evidence for the use of the region as a refugium during extremely dry periods, such as
during MIS 2. First test excavations in 2015 at the new site Sodicho Rockshelter,
revealed parts of a stratigraphy that has the potential to preserve a comparable multi-

layered deposit with cultural remains of hunter-gatherer communities.

1.4 Aims and objectives of this thesis

The main aims of this doctoral thesis are an understanding of prehistoric human-
environment interactions in the southwestern Ethiopian Highlands during the Late
Pleistocene and Holocene. Furthermore, this study attempts to close chronological gaps
and to verify and challenge the current state of research for the mentioned time periods.
For this purpose, a variety of geoscientific methods are applied at different spatial and
temporal scales. The addressed main aims include objectives that are proposed by
Project A1 - Late Pleistocene Rock Shelter Stratigraphies and Palaeoenvironments in
Northeast Africa, of the CRC 806, concerning the establishment of a geo- and archaeo-

chronological framework in the study area.
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1. Recent relations of the hydrological system are also applicable for the past

The actual hydrological system and the location of archaeological sites provide suitable
insights into ancient morphodynamics, and their influence on prehistoric human mobility,
as well as the accessibility of past obsidian raw material sources in the southwestern

Ethiopian Highlands.

Objective 1.1.: Investigation of the current hydrological system and geomorphological

processes that relate to erosion and the human influence

Complex relief and mountainous formations, given in the Ethiopian Highlands, are driven
by tectonic and climatological processes as well as morphodynamic changes. Excessive
erosion processes, like gully erosion and badland formation are very common
phenomena (Billi and Dramis 2003, Mukai 2017). Human impact and the intensification
of agriculture and cattle farming which is often connected to the removal of the natural
vegetation cover, are further causes on today’s soil erosion and morphodynamic
transformations (Fryirs and Brierley 2012, Castillo and Gémez 2016). For this study high
resolution satellite imagery and digital elevation models (DEM) were used to investigate
the current landscape dynamics and the actual hydrological system. In this context the
three following research areas are being focused on: the volcanic mountains Damota
and Sodicho, and the banks of the Bisare River, a tributary of the Bilate River.
Hydrological data such as the catchment area and the stream networks are
reconstructed with the modelling tool ArcHydro in ArcMap. The temporal classification is
based on radiocarbon dating of selected drilling cores from the swampy, upper Bisare

catchment.

Objective 1.2.: Implications for prehistoric settlement activity by combining GIS based

mapping with systematic survey of archaeological open-air sites and obsidian raw

material exposure

Well-preserved archaeological and terrestrial palaeoenvironmental archives that allow
an understanding of the interaction between prehistoric settlement activity and
palaeoenvironmental conditions are still rare. So far, within the study area, prehistoric
settlement activities are documented by cultural finds within the Mochena Borago
Rockshelter on Mount Damota, including oldest MSA artifacts dating > 50 ka (Brandt et
al. 2012, Brandt et al. 2017). Most of the obsidian raw material used for stone tool
production came from the outcrops of the Baantu area, located about 20 km from the
site (Brandt et al. 2017). Furthermore, MSA and LSA surface artifacts occurrences are
found on the flanks of Mount Damota (Vogelsang and Wendt 2018). According to studies

by Benito-Calvo et al. (2007) surface finds of archaeological artifacts and the occurrence
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of obsidian raw material qualify the region around the Bisare River as suitable for
geoarchaeological investigations. For the area at Mount Sodicho, no comparable
observations have yet been made so far.

To investigate the interplay between past hydrological conditions, prehistoric settlement
activity and raw material availability, geomorphological-hydrological datasets are
combined with mapped locations of archaeological sites, and raw material outcrops. This
method aims to understand the effect of the hydrological system on present accessibility
of obsidian raw material sources and the visibility and preservation of archaeological

sites, in general.

2. The sediment stratigraphy of Sodicho Rockshelter holds crucial information
about site formation processes in a volcanic rockshelter and prehistoric human
activity

The Ethiopian Highlands hold important archaeological records in caves and rockshelter
covering human occupation phases of the Late Pleistocene and Holocene (Brandt et al.
2012, Tribolo et al. 2017). The well-studied key stratigraphy of the Mochena Borago
offers insights into complex site formation processes within a tropical rockshelter and
into the past of prehistoric hunter-gatherer during > 50 ka to ~ 36 ka (Brandt et al. 2017).
Nevertheless, a major chronostratigraphic gap of about 30 ka within the sediment
records leave unanswered questions. The Sodicho Rockshelter has the potential to be
a further important site in this area. Comparable sediment accumulation processes could
give information about regional palaeoenvironmental shifts and human settlement

phases.

Objective 2.1.: Understanding site formation processes in volcanic rockshelters in the

tropical highlands

The development of archaeological stratigraphies within caves and rockshelter depends
on dynamic depositional processes, environmental changes and the conditions within
the shelter (Goldberg and Sherwood 2006, Mentzer et al. 2017). In tropical regions,
humidity and the influence of changing moisture conditions have a major effect on
deposits. At the Sodicho Rockshelter, the human impact is an additional factor, which
influences site formation and post-depositional processes. A variety of
geoarchaeological methods will be used to determine the complex sediment
composition, to distinguish geogenic, biogenic and anthropogenic sediment deposition

and alteration processes, and to determine the pace of shifting conditions.
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Objective 2.2.: Identifying the human context and human behavior at the site

At prehistoric archaeological sites evidence of human behavior is often limited to the
discovery of lithic artifacts (Cornelissen 2013). In the Horn of Africa further findings that
represent human presence are given, but the archaeological sequences are often short
and discontinuous (Tribolo et al. 2017), which leads to missing information about the
transition between African prehistory, such as the Middle Stone Age (MSA) and Later
Stone Age (LSA) (Leplongeon et al. 2021). The determination of the sediment
composition in Sodicho is followed by an in-depth study of the human impact on the
deposits, considering microstratigraphic changes. Attention will also be given to the
micromorphological investigations on human behavior, with emphasis on the

reconstruction of human fire activity and indication for site maintenance.

Objective 2.3.: Establishing a comprehensive radiocarbon chronology

Several archaeological sites in Ethiopia that have preserved prehistoric cultural material
share a major chronostratigraphic gap of roughly 17.5 to 33 ka, thus spanning certain
parts of the MIS 2 (Tribolo et al. 2017). This includes for instance Mochena Borago with
a hiatus from ~ 38 to ~ 7,6 ka (Brandt et al. 2012, 2017), and Goda Buticha from ~ 25
to ~ 7.5 ka (Pleurdeau et al. 2014, Tribolo et al. 2017). First test excavations at Sodicho
yielded sediment deposits that have the potential to be comparable in thickness and age
to Mochena Borago. Radiocarbon dating and a first calculated age-depth model will be
used to get chronological control of the stratigraphy and to diminish the major

chronological gap that is known for the Horn of Africa.

3. The geoarchaeological research contributes to the Mountain Refugium
Hypothesis

There is still an ongoing discussion on the effect of short and long termed climatic events
that had a major impact on past African environment and therefore on prehistoric humans
(Foerster et al. 2015, Trauth et al. 2019). In many studies, the adaptation of the
prehistoric hunter-gatherer to harsh environmental conditions is linked to a retreat into
an environmental refugia (Basell 2008, Stewart and Stringer 2012). The Ethiopian
Highlands are proposed as one such potential environmental refugium during cold and
hyper-arid phases, such as during the MIS 4 and MIS 2, when smaller groups were
forced to abandon the lowlands and moved up into higher mountain ranges (Brandt et
al. 2017).
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Objective 3.1.: Identifying regional palaeoenvironmental signals within _the

sedimentological record at Sodicho

In course of this study, the results on sediment deposition and alteration processes will
be linked to local and supraregional environmental signals (e.g., shifting moisture
conditions, volcanic eruptions, natural bush fire) to identify possible differences in the
deposits, that could mirror long-term climatic trends or even short-term events. The
determination of possible proxies for the degree of weathering - changes in moisture and
dryness - will be investigated using sedimentological, geochemical and

micromorphological investigations.

Objective 3.2.: Implications for prehistoric human occupation and cultural adaptation to

a changing environment

Evidence of prehistoric human settlement in the Ethiopian Highlands can be found in
archaeological open-air sites or within rockshelter stratigraphies. The Mochena Borago
Rockshelter is the only well studied and securely radiocarbon dated site (Brandt et al.
2012, Brandt et al. 2017) within close vicinity of the Sodicho Rockshelter. In order to
identify the environmental circumstances driving human migration (testing the Mountain
Refugium Hypothesis), the detected depositional processes of Sodicho are compared

with information on regional settlement history and past climate events.

4. The geoarchaeological research results are applicable to other archaeological
research sites at tropical caves and rockshelters

Rockshelters and caves often provide a record of repeated human occupation and a
geo-archive of past environmental and climatic changes (Woodward and Goldberg
2001). Differences in depositional conditions are based on parent rock, climatic and
environmental conditions, and biogenic impact. It is particularly evident in a tropical
regime, where sediment and soils are often exposed to highly fluctuating moisture

conditions, which can alter the deposits.

Objective 4.1.: Linking and highlighting the results in comparison to other important

geoarchaeological research sites

The Sodicho Rockshelter is a promising site, that persevered archaeological information
about prehistoric hunter-gatherer occupation and the past environment. Due to
discontinuous, short stratigraphies, as well as major chronostratigraphic gaps, there is a
lack of comprehensive evidence on the way of life of East African hunter-gatherers and

the environment in which they moved. The new geoarchaeological research results shall
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be linked to other rockshelter sites, in order to highlight the importance of the data and
to identify the extent spatial and temporal transferability. Sodicho could act as a new
potential key site for geoarchaeological research at difficult archaeological stratigraphies,
and at the same time be a prime example of research approaches and methodological
practices in tropical rockshelters. Thereby, it can be determined which combination of

methods shall be applied for the different scale levels.

1.5 Research design and applied methodology

The research design of this doctoral research comprises of an interdisciplinary
geoarchaeological approach that is based on the initial research questions formulated
by Project A1 from the CRC 806 (see chapter 1.3). It addresses the former mentioned
hypotheses and formulated objectives of this thesis. This combines a variety of
geoscientific field and laboratory investigations, computer methods and the cultural-
historical context, which is clarified by archaeological investigations. The following
design represents a workflow with important steps and applied methodology based on
the understanding of different scales of geoarchaeological investigation (Fig. 1.4). While
the regional landscape scale focuses on the investigation of the research area from a
distance, with help of satellite-derived GIS analysis, further sedimentological and
geochemical methods zoom into the sediment stratigraphy at the Sodicho Rockshelter.
Supporting studies and external palaeoenvironmental records are consulted for the
verification of the results and the correlation of the data. The main aim of this study will
be the reconstruction of the human environment-interaction, palaeoenvironmental
changes and the impact of prehistoric human occupation in the southwestern Ethiopian

Highlands.

1.5.1 Fieldwork

As part of the third phase of the CRC 806, two final fieldwork and excavation campaigns
were conducted at the Sodicho Rockshelter during 2017 and 2018. A first
geoarchaeological survey took place in November 2017 within the Sodicho Rockshelter
itself and the close surroundings by a geomorphological mapping the location of raw
material outcrops and scatter finds at Mt. Sodicho. Rock samples were examined and
described in the field to investigate the mineralogical composition of the rockshelter

bedrock and lithological changes at Mt. Sodicho.
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Research framework
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Stratigraphic description of the sediment layers at the excavation site was done
according to the description of sediment texture, sediment color (Munsell Soil Color
Charts©) and special characteristics. Bulk sediment samples, in a two 2 cm resolution,
were taken from two excavation profiles for sedimentological and geochemical analyses,
and phytolith investigations. During a second, shorter field stay in November 2018,
further bulk sediment samples were taken from the lowest excavated stratigraphic layers.
In addition, micromorphological monoliths were extracted and 20 bulk sediment samples
were taken from each sediment unit within two excavated profiles for black carbon
analyses. After the completion of the excavation, a short raw material survey was

undertaken to the area of Fulasa and Chebe, east of the Wagebeta Caldera complex.

1.5.2 Previous fieldwork of the CRC 806

Previous to this study, geoarchaeological research trips to the study area took place in
context of the CRC 806 studies from 2012 onwards and sample material was collected,
that was incorporated into this study. Percussion drilling cores were obtained in the basin
of the Bisare River area during the field campaigns of 2014 and 2015 (see chapter 1.5.6).
At Sodicho Rockshelter, the main site itself, the excavated archaeological material
(especially the lithic artifacts) has been documented since the first excavations in 2015.
Charcoal and seed samples have been taken from the excavation site, for radiocarbon
analysis (see chapter 1.5.6). In addition, 6 of the 10 micromorphological monoliths were

already sampled in 2016 (see chapter 1.5.4).

1.5.3 GIS-Methods

Geographical Information Systems (GIS methods) were used for geomorphological and
hydrological mapping of the study area in the southwestern Ethiopian Highlands, and to
incorporate information from field survey data, such as mapped geomorphological
information or archaeological findings. The base “maps” for all analyses were extracted
digital elevation models (DEM) covering the different study areas. The DEM was
generated using high-resolution panchromatic satellite images of Pléiades 1A satellites
(by Astrium Services/Spot Image, Airbus Defence and Space) with a 2 m resolution.
ASTER GDEM data (by METI and NASA), with a resolution of 30 m was used to fill the
gaps between the study areas of choice. Within the image analysis software ENVI (5.3
by Harris Geospatial Solutions) two satellite images of one area were manually fitted
together, by setting tie points, in order to create a panchromatic image. The

geomorphological surface data (terrestrial analyses) were determined by the GIS-
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software ArcGIS 10.6 by ESRI. In order to reconstruct the hydrological system, the
modelling tool set of ArcHydro (ESRI) was used. Again, the DEM functioned as a base
map and features such as flow directions, flow accumulation, surface runoff, and
catchment areas were calculated. In order to create visual maps, such as those used in
introductions, additional Natural Earth raster map data was used to produce illustrative
geomorphological maps. The raster data for introductory maps featuring lithological

properties of the surface geology were provided by USGS.

1.5.4 Laboratory investigations

Bulk sediment samples were determined with a 2 cm resolution at two columns at two
excavation profiles. Exceptions were difficult areas around bigger rocks, increasing the
sample thickness to 4 cm. All samples were analyzed at the Institute of Geography at
the University of Cologne, Germany. Pre-treatments include drying all samples at 40 °C
in the drying chamber and sieving to less than 2 mm. A part of the material was grinded
and homogenized for geochemical analysis with a zircon ball mill. A simple overview of
the methods applied to individual sediment samples is provided in the tables A1 to A5 in

Appendix A.

a) Micromorphology

Micromorphology is a method to analyze unconsolidated sediment and soil samples
(Stoops 2021). The sampling of undisturbed sediment blocks was conducted at four
excavation squares (F35 North, F35 West, G35 South, J29 South), during the
excavations in 2016 and 2018 (Fig. 1.3). The micromorphological monoliths were taken
from all sediment layers, also covering the layer boundary, to enable a gapless sampling.
The removed sample were secured with commercially gypsum bandages. Thin sections
preparation was performed at the thin section laboratory of Mr. Dipl. -Ing. Beckmann,
Schwilper-Lagesbuittel. The impregnation of the sediment monoliths in a vacuum as well
as the preparation of the < 30 um thick, uncovered thin sections followed the instructions
of Beckmann (1997). The observation and description of the thin sections followed the
guidelines and terminology of Stoops (2021). A first microscopic examination was carried
out with a polarizing microscope BH-2 (Olympus, Hamburg, Germany). For further
detailed observations, the polarizing microscope Axiolab (Zeiss, Oberkochen, Germany)
was used in polarized light (PPL), between crossed polarizers (XPL), and under oblique
incident light (OIL). During the microscopic analyses the thin sections were covered with
oil to enhance the feature contrast. Digital images were performed by using the digital

image capture software Axiovision (Zeiss, Oberkochen, Germany). In order to document
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the overall composition, the thin sections were flatbed scanned with help of a CanoScan
9000F (Canon) (Arpin et al. 2002), under PPL and XPL, and using black and red

backgrounds. Additional information about each thin section and its position in the

stratigraphy can be found in Appendix B.

SODICHO 21022018

80 J29

8-PROFILE
MICROMORPH 01

SODICHO
MICROMORPH
18-02

17.11. 2018

Figure 1.5 Strategy used to collect the micromorphological samples at the Sodicho Rockshelter.
(A) Sample blocks SOD_2 to SOD_5 (from the top) at profile F35, SOD_5 was lost during the
sampling process; (B) Sample block SOD_1 at profile J29; (C) Sample block SOD_|II at profile
F35, supported in gypsum (Photos by R. Vogelsang, 2016 (A-B); E. Hensel, 2018 (C)).

b) Granulometry

The grain size distribution was determined with a Laser Diffraction Particle Size Analyser
(Beckmann Coulter LS13 320, Beckmann Coulter, Inc.) in which a suspension is laser
scanned. The sediment particles refract the light waves and the resulting scattering
provides information about the diameter. All ungrounded samples were pre-treated with
hydrogen peroxide (H20-, 15 %) to remove organic opal and washed with demineralized
water, after the reaction has subsided. In order to prevent an aggregate formation
coagulation sodium pyro-phosphate (NasP207, 46 g/l) was added and the samples
placed in a horizontal shaker for 12 hours before the measurement. In a second run,
focusing on the silicate composition of the sediment, a selection of samples (comp.
appendix A) were additionally treated with HCI (10 %) following the dissolution of the

organic material in order to dissolve carbonates from the sediment. In this step, the
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carbonates are dissolved from the sediment. Subsequently, these samples were also
washed and dispersed with NasP,0O7. The Fraunhofer optical mode was chosen during
the measurement and the calculation of grain size parameters are based on Folk and
Ward (1957). The results were statistically evaluated with the GRADISTAT software
version 8 (Blott and Pye 2001).

¢) Sediment color

Since the sediment color is an important soil and sediment characteristic for composition,
soil forming processes and past conditions, a spectral analysis was chosen, besides a
soil characterization with the Munsell Soil Color Chart in the field. The measurement was
performed with a bench-top spectrophotometer CM-5 from (Konica Minolta, Inc., Japan),
in the laboratories of the Geological Institute at the University of Aachen. The sample
material is placed into a quartz glass petri dish and measured without any further
preparation (Eckmeier and Gerlach 2012). The wavelength of the reflected light of the
sediment particles are measured in the visible range (VIS) from 360 to 740 nm. The
results are given in an Excel file provided by the SpectraMagic ® NX CM-S100w color
management software. The analysis provides wavelength, the Munsell color values
(Hue, Chroma, Value) and color coordinates of the visible light. This includes the CIELab
(International Commission on lllumination -L*a*b*). The value is pronounced with the L*,
and the color dimensions with a* (green to red) and b* (blue to yellow) (Markl 2008,
Eckmeier and Gerlach 2012).

The Redness Index (RI), which reflects iron oxides or pedogenetic induced haematite,
are calculated with the help of the CIElab values according to Barrén and Torrent (1986),
using the following formula:

1
a*(a*?+b*?)z101°

RI = 42—

d) Magnetic susceptibility (MS)

The mass specific magnetic susceptibility (MS) describes magnetizability iron-bearing
minerals in rock, sediment, and soil when exposed to a magnetic field (Dearing 1999,
Fassbinder 2007). The measurement provides information pedogenic processes (e.g.
palaeosoils), heat induces sediment transformations or the development of magnetite
(Fes04), by iron-reducing soil bacteria. In the best case, it enables a reconstruction of
transport, deposition and formation processes within sedimentary sequences (Dearing

1999, Goldberg and Macphail 2006). In an archaeological context, enhanced magnetic
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susceptibility vales allow an assumption of heated resp. burned sediment (French 2015).
The double determination of the samples was performed with a Bartington MS2 Magnetic
Susceptibility System with a MS2k sensor and measured twice under laboratory
conditions. The sieved sample material is weight into a plastic vessel (10m?) provided by
Bartington, slightly compacted, and afterwards measured with a low frequency (0.46 Hz)
followed by high frequency (4.6 Hz) (Dearing 1999, Bartington Instruments Ltd. 2015). A

calibrations sample (Si = 3.104 x 107, at 22 °C) prevents deviations.

e) Carbon content

In order to estimate the organic content in the sediment and the C/N ratio samples were
homogenized and measured with a Vario EL Cube (Elementar Analysensysteme GmbH,
Hanau, Germany). For the determination of total carbon content (TC) and the total
nitrogen content (N) 20 mg of the homogenized sample material were weighed into tin
boats and measured with blanks, and equipment/ laboratory standards. In a second
procedure, that focuses on the total organically bounded carbon (TOC), only a selection
of the samples was weight into silver boats. The samples were then dried on a hot plate
(120-140 °C) and the substrate pipetted with hydrochloride acid (HCI, 10 %) at regular
intervals, on the day of the measurement. As soon as the substrate no longer reacts, the
boats can be folded in tin foil and placed in the elemental analyzer. The two
measurement procedures are carried out in the “CN operation mode” with helium (He)

as carrier gas. The results are exported into Excel and given as percentage.

f) Major and trace element composition

The elemental concentration and composition within the sediment samples was
estimated with a portable X-ray fluorescence (pXRF) analyzer (Niton™ XL3t, Thermo
Scientific™) under laboratory conditions, i.e dried and homogenized sediment is pressed
into small pellets and measured three times in a custom-fit transportable test stand. For
the measurement, the samples were placed on a 4 ym thin barium foil, and analyzed in
the Mineral mode with four filters (Main= 50 kV, Low = 15 to 20 kV, High = 50 kV, Light
= 8 kV) for 40 sec each. Each measurement must be stopped manually for 160 sec. The
measurement results are downloaded from the device via the NTD software, converted
into Excel and given in the unit CPS/ua.

Using a handheld is very time efficient, but nevertheless not all elements, such as
phosphorus, can be measured accurately (Hunt and Speakman, 2015). Therefore, a
selection of the samples (tab. A1-A5) was measured at the Institute of Physical
Geography and Geoecology at the RWTH Aachen. Here the homogenizes samples were

pressed to tablets and measured twice with a SPECTRO XEPOS energy dispersive X-

20



Chapter |

ray fluorescence (ED-XRF, SPECTRO Analytical Instruments GmbH). In addition to the
element composition (%), the contained oxides (%) were also recorded during the
measurement and exported into an Excel file. From this information, further indices could
be calculated, such as the chemical index of alteration (CIA), calculated according to
Nesbitt and Young (1982):

Al, 04
~ ALO; + NA,O + K,0 + Ca0

CIA

g) Ammonium oxalate extractable Fe, Mn, Al, and Si

The determination of amorphous pedogenic oxides such as Iron (Fe), Manganese (Mn),
Aluminum (Al), and Silicon (Si) was performed by using acidified ammonium oxalate, a
moderate acidic reaction, following the instructions of Tamm (1932) and Schwertmann
(1969). For the analysis 20 reference samples (comp. appendix A) were selected from
all sediment units. For each sample, 0.5 g of dry fine sediment (< 2 mm) was mixed with
50 ml of extraction solution, consisting of 28.42 g of NHs-oxalate (2C,04 x H20) and
18.01 g of the anhydrous oxalic acid (H2C204), admixed with 1 | of ultrapure water. In the
following the samples were shaken for two hours, under completely dark conditions, then
centrifuged (5 min, 4000 rotations/per min), and afterwards filtered with qualitative filters.
While opal and crystalline iron oxides are not dissolved, active non-crystalline oxides,
organically bonded oxides and Fe, Al and Si from allophane and allophane-like
components are dissolved and can be determined in the extract (Rennert 2019). The
extracts were measured in an Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) (Thermo XSeries 2, Accela Pump). The results are given in mg

metal/kg of sediment based on the sample weight:

axb

FeO=

a = content of iron in the extract in mg/I
b = dilution in ml (usually 100 ml)
¢ = soil weight in g (usually 0.5 -1 g)
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1.5.5 Chronology - Age depth model

A classical model to estimate the calendar ages of deposits in a certain depth is a reliable
and well used tool in the study of drilling cores. The age-depth model for Sodicho
Rockshelter was established by using the clam2.3.5 package in the RStudio software
(Version 1.3.959) according to the code by Blaauw (2010). For this semi-automatically
process the uncalibrated “C ages (section 1.5.6 b), with their first standard deviation
errors distributions were included and modelled with a linear interpolation. The
developed model will be used to provide an overview of changes in sediment
accumulation rates. In an initial attempt, sedimentological and geochemical results will

be plotted against the ages to illustrate climatic and environmental changes over time.

1.5.6 Supportive investigations

Intensive interaction with cooperating research in the disciplines of archaeology,
archaeobotany, geology and mineralogy made it possible to expand insights in the

context of cultural remains, the palaeoenvironment, and the creation of a chronology.

a) Analysis of artifact typology

The durability of lithic raw material makes knapped lithic artifacts one of the most
important archaeological finds regarding prehistoric human behavior. At Sodicho, all
archaeological finds (e.g., lithic artifacts, charcoal, seeds) were single plotted using a
Leica TS02 total station during the excavations, individually bagged, and assigned a
unique identification number. The analyses of these artifacts include the observation and
description of tools, flakes (debitage), and residual, the identification of chosen raw
material, as well as the reconstruction of manufacturing and typo-technological

development.

b) Radiometric dating

To establish a reliable chronology (chapter Ill) via radiocarbon dating, several samples
were collected during the excavations 2015-2018 at the Sodicho Rockshelter. A total of
28 samples of seeds and charcoal were analyzed at the radiocarbon AMS lab Beta
Analytics Limited, Florida, USA. Additionally, two charcoal and one soot sample were
measured at the Center of Accelerator Mass Spectrometry (AMS) of the University of
Cologne, Germany. At both laboratories the inorganic carbon and humid acids were

removed with an acid and alkali (AAA) pre-treatment. The conventional radiocarbon ages
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where calibrated with Calib8.10, by applying the most recent calibration curve
IntCal20.'C (Reimer et al. 2020).

In order to obtain a chronological orientation/ framework within a fluvial sequence in the
basin of the Bisare River swamps, two out of eleven percussion drilling cores were
sampled and tested for radiocarbon dating. A plant sample and a sediment sample were
taken and analyzed at the Radiocarbon AMS laboratory of the University of Cologne.
The radiocarbon samples were then calibrated with OxCal v.4.2.3 by applying the
calibration curve IntCal13 (Ramsey et al. 2013, Reimer et al. 2013).

¢) Black Carbon content and quality

For the chemical analyses of fire residue within the sediment deposits of Sodicho, the
black carbon (BC) content and composition were determined by oxidation of BC to
benzene polycarboxylic acids (BPCA). 20 samples were taken from two squares F35
and G35, dried (40° C), sieved (> 2 mm), milled and then prepared according to the
instructions of Glaser et al. (1998) and Brodowski et al. (2005). The samples were
measured with a gas chromatograph equipped with a flame ionization detector (FID;
Packard 6890 gas chromatograph, Hewlett Packard GmbH, Waldbronn, Germany), and
an HP-5 capillary column (30 m x 0.32 mm i.d., 0.25 mm film thickness, Macherey-Nagel,
Duren, Germany). For each sample a threshold of 5 mg organic carbon was maintained
and the ratio of BS5CA/B6CA was used as a proxy for changes in combustion
temperatures (Schneider et al. 2010, Wolf et al. 2013).

d) Phytolith ratio

Opal phytoliths are inorganic silicate bodies, that develop in plant cells and tissue. Plant
roots take up monociliate acid (H4SiO4) through polymerization. For this preliminary
qualitative analysis, 15—20 g bulk sediment of 15 samples were chosen. In each sample,
300 phytoliths with the morphotypes elongate (ELO_ENT), blocky (BLO) and acute
bulbosus (ACU_BUL) were counted. The ratio of burned (clear, transparent) to unburned
(brownish, black core) phytoliths were noted. This ratio is suggested to be a further
indication for possible fire intensity/ combustions temperature. In this research, detailed
quantitative analysis of the phytolith morphotypes was not included, since a comparison

with recent phytoliths from the Southwest Ethiopian Highlands are needed.
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1.6 Thesis structure

This thesis includes three peer-review publications concerning geoarchaeological
research at the Sodicho Rockshelter and in the surrounding area, in different spatial and
chronological scales. With each chapter an attempt is made to narrow down the spatial
scale of research, according to the research design (Fig. 1.4), beginning with the analysis
of regional satellite images, proceeding with the formation processes of the site’s
stratigraphy, and reaching the finest microscopic changes within the sedimentary layers.
The order of the included publications is arranged by the date of publication and
submission, respectively. The following short overviews describe the primary focus of
each chapter.

The first chapter | of this doctoral thesis introduces the research aims, the design of this
dissertation, and the different scales that are used in this geoarchaeological research. In
addition, an introduction to the research area, and its geological, geomorphological and
climatological setting is presented. Furthermore, the state of the geoarchaeological,
archaeological and palaeoclimatological research in southwestern Ethiopia is described.
Chapter Il focuses on the research about the distribution of mapped archaeological sites
and obsidian raw material outcrops and its relations with the hydrological systems within
the catchment around Mt. Sodicho, Mt. Damota, and of the Bisare River catchment. The
publication gives a first introduction into the broader study area and presents the results
of geomorphological-hydrological analyses and structured field survey with help of GIS-
mapping. In addition, three radiocarbon dates built the chronological framework.

In chapter lll the spatial scale is narrowed down to the excavated stratigraphy at the
Sodicho Rockshelter. It is focusing on site formation processes, palaeoenvironmental
changes and settlement phases of Late Pleistocene and Holocene hunter-gatherers
during the last 27 ka years. This chapter presents the first results of sedimentological,
geochemical analyses, a preliminary chronological frame via radiocarbon dating, and the
first insights into the analyses of archaeological finds. With the help a classical age-depth
model anthropogenic and environmental proxies were established that provide an insight
into occupation phases that were interrupted by local environmental changes that
correspond to lacustrine records of southwestern Ethiopia and supraregional climatic
shifts.

Based on the knowledge about site formation processes, the radiocarbon chronology
and the initial palaeoenvironmental implications, further results of the geoarchaeological
research at the Sodicho Rockshelter are presented and discussed in chapter IV. Within
this study micromorphological observations were used to verifies the information about

sediment deposition and post-depositional alteration and to quantify microscopic signs
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for human behavior. By comparing the observations with black carbon analysis and a
qualitative ratio of burnt and unburnt phytoliths, behavioral patterns such as human fire
activity can be determined. For a deeper insight into the weathering state of the sediment
an acidic ammonium oxalate extraction was used. These results contribute to an
understanding of the influence of changing moisture conditions on a rockshelter
stratigraphy and the preservation of information.

Chapter V discusses the key findings and interpretations of the previous chapters by
relating to the working hypothesis of this thesis. It also highlights the significance of the
new results in the context of the geoarchaeological research field.

This final chapter VI concludes this doctoral research by highlighting the significance of
the geoarchaeological results. The agenda for further research at the Sodicho

Rockshelter and other possible sites in the research area is discussed in a subchapter.

1.7 Setting of the study area
1.7.1 Present geological and geomorphological setting

Ethiopia is a country of many different landscapes and offers the contrast between high
elevated plateaus, a rift fault system and extensive depressions. The research area is
located in the southwestern Ethiopian Highlands, an elevated region in the Southern
Ethiopian Plateau (SEP), close to the border of the western central and southern Main
Ethiopian Rift (MER) (Fig. 1.6). Here the mountain ranges can reach heights of ~ 2000—
3000 m above sea level (a.s.l.). Today, tectonic and residual landforms characterize the
study area; extinct volcanic cones alternate with caldera complexes, steep slopes,
gorges, prominent fault systems, and natural basins. A prominent feature in the north of
the study area is the Wagebeta Caldera complex, a series of three almost circular
depressions with steep slopes, that date back to 3.6 to 4.2 Ma. They are the origin of
Pliocene volcanic activity that is connected to tectonic stress of the late development of
the MER system (WoldeGabriel et al. 1992). The calderas are aligned above the Goba-
Bonga lineament, a west-east transverse depression, that crosses the western central
and southern Main Ethiopian Rift (MER) (WoldeGabriel et al. 1990, Abbate et al. 2015).
To the south of these formations several volcanic domes and lavas characterize the
landscape. They consist predominantly of fine-grained basalt, light colored rhyolite and
trachyte, ignimbrite, and welded tuff (Chernet 2011, Abbate et al. 2015).
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Figure 1.6 Location of the study area (red square) within the Southwestern Ethiopian Highlands
(Raster map data by Natural Earth).

Most of Ethiopia's lakes are centered along the NW-SW trending Ethiopian Rift System,
which are fed by rivers draining in from the highlands (Ayenew and GebreEgziabher
2015). Within the study area the western permanent streams flow into the Omo basin, of
the north-south running Omo River, which flows into Lake Turkana (WoldeGabriel et al.
1992). River systems to the east flow directly in Lake Abaya or join the Bilate River, a
maijor river, which is a tributary river to Lake Abaya itself (Corti et al. 2013). In general,
the soil development on the southwestern Plateau is influenced by rising topography,
increasing rainfall and dropping temperatures. Although the formation of deep soils is
favored in the hilly terrain, these are often only moderately fertile (Yeshitela and Bekele
2002). Soil erosion, river erosion and gully formation are very common degradation
processes in the study area, that expose bedrock and common soil types, such as
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Chromic Luvisols (LVcr) [clay rich, nutrient-holding capacity, with red faint], Umbric
Nitisol (NTum) [mixture of clay and iron coatings, phosphate-fixing capacity], Haplic
Vertisols (VRha) [clayey soils, common shrink and swell processes, because of
montmorillonite] (IUSS Working Group WRB, 2014). Where the top soil has been
removed by erosion or gully incising has been advanced, badland-type morphology
develops (Billi 2015).

1.7.2 Research site description

This study focuses on a study region in the southwestern Ethiopian Highlands, around
320 km from the capital Addis Ababa, and in particular on an area that belongs to the
administrative zone of KembataTembaro and Wolayita, which are part of the southern

situated regional state Southern Nations, Nationalities, and Peoples' Region (SNNPR).
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Figure 1.7 Map of the study area with locations of research sites discussed in the following
chapters (DEM data by ASTER GDEM and Natural Earth raster map data).
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Sodicho Rockshelter on Mount Sodicho

The Sodicho Rockshelter, the main archaeological site of this doctoral research, lies on
the southwestern flanks of the trachytic Mount Sodicho (Fig. 1.7). The mountain itself
has an irregular dome structure with greyish to yellowish trachyte cropping out. At the
western mountain flank rhyolite lava and welded tuff are common, and basaltic material
was exposed only at the western foot of Mt. Sodicho. A hydrological system with episodic
and permanent streams did incise into the mountain (Fig. 1.8 B). From the flat and wide
summit of the mountain, with a height of about 2100 m a.s.l., the basin of the Omo River
can be seen to the southwest, the edges of the Wagebeta Caldera complex to the north,
and a series of further volcanic formations in close distance (Fig. 1.8 C). The prominent
features of the summit of Mount Damota rise in about 40 km to the southeast. Housing
units and agriculturally utilized areas are situated on the perimeter of the mountain (Fig.
1.8 F). The majority of the vegetation has been cleared for the cultivation of food crops,
and what is left of presumed natural forests is only present in patches on steeper slopes
or has been replaced by eucalyptus trees. One consequence of the deforestation is

erosion along the slopes and the resulting increase in soil degradation.

Figure 1.8 Continue on next page.
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Figure 1.8 Photos of the surrounding area of Mt. Sodicho. (A) View of the entrance area of
Sodicho Rockshelter within the outcropping trachytic bedrock; (B) The surroundings of Mt.
Sodicho are characterized by permanent and episodic streams; (C) Mt. Sodicho is part of a series
of silicic domes, as seen on the photo; (D) Clearing at the slopes and movement of livestock
promotes degradation and runoff; (E) View from the northern summit of Mount Sodicho, towards
the flanks of the Wagebeta calderas; (F) Round huts and flat-roofed huts are found on the
mountain slopes which are used for cultivation (Photos by E. Hensel, 2017).

The Sodicho Rockshelter is situated at an elevation of about 1930 m a.s.l., below steep
rock walls and its opening is facing the south (1.8. A). Looking into the landscape from a
narrow ridge directly in front of the rockshelter entrance, the Omo River basin and the
outline of Mt. Damota can be identified. Inside, the rockshelter walls show signs for a
heavy influence of moisture (Fig. 1.9), such as dark staining along the walls and cracks

in the ceiling, drip holes and shallow water pools.

Figure 1.9 Panoramic view into the Sodicho Rockshelter. Dark staining of the rock surface is
caused by the exposure to moist conditions (Photo by C. Schepers, 2018; mod. after Hensel et
al. 2021).
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Mount Damota

The Mount Damota, dormant igneous volcanic mountain, is situated northern of the city
Sodo (Fig. 1.10 A). With a summitin 2908 m a.s.l., several prominent landscape features
are visible, such as the lower relief topography of the Main Ethiopian Rift to the east, with
several rift valley lakes in the north and the Lake Abaya to the south (Brandt et al. 2012).
Visible rivers are the Bilate River, and Omo River basin. Lithological, Mt. Damota can be
classified as a greenish grey trachyte that overlies rhyolitic to trachytic lava and
ignimbrites of the pyroclastic Nazret Group (Chernet 2011, Brandt et al. 2012, Corti et
al. 2013). Furthermore, the mountain is characterized by rocky outcrops, deep gorges,
and steep slopes (Abbate et al. 2015). Often, natural vegetation can only be found in the
topographic features just mentioned, because agriculture, cattle farming and extensive
erosion in the recent past had a major influence (Fig. 1.10 B). Nevertheless, this study
area offers variation in vegetation and faunal habitats within the vertical ecozones
(Vogelsang and Wendt 2018). The mouth of the archaeological key site Mochena Borago
is located on the southwester flank of the mountain below a seasonally active waterfall
(Brandt et al. 2012).

Figure 1.10 Photos in the close surroundings of Mt. Damota. (A) View to the summit of Mt.
Damota, taken from the streets of Sodo (Photo by E. Hensel). (B) Most of the natural vegetation
cover had been replaced by cultivated land along the flanks of Mt. Damota (Photo by S. Meyer).

Bisare River

The third study area is located at the upper catchment of the Bisare Rriver. The river
basin lies at the margins of the Ethiopian Rift valley, about 10 km east of Mt. Damota
and 35 km northwest of Lake Abaya. The catchment is situated in the Hobitcha caldera,
a south-east facing horseshoe, which is associated with Quaternary rhyolitic volcanism.
Rhyolitic lava flow and pyroclastic products are outcropping at the edges of the caldera
(Corti et al. 2013). Alluvial sediment, glacis and valley fills including interbedded volcanic

rocks are common, and are incised by gullies and gorges (Fig. 1.11 A). Moreover, the
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extensive gully erosion and the formation of badlands is a common phenomenon in
depressions (Benito-Calvo et al. 2007). Bisare is a western tributary of the Bilate River,
a north south running stream, that flows into the northern part of Lake Abaya. Swampy

areas are located in the upper part of the catchment (Fig. 1.11 B).

Figure 1.11 Photos of significant features at the Bisare River catchment. (A) Degraded areas have
been formed by gully erosion and extensive badland formation. (B) Swampy area in the western
part of the upper Bisare catchment (Photos by O. Bubenzer, mod. after Hensel et al. 2019).

1.7.3 Past geological processes

Today, Ethiopia’s characteristic landscape with the prominent Rift Valley and countless
relics of past volcanic activity and faulting processes speaks for a complex geological
and geomorphological development. The geological development of Ethiopia already
dates back to mantle plum action during the Proterozoic (comp. Abbate et al. 2015). For
a detailed review of the literature dealing with East African passive margin processes
and the formation of the Main Ethiopian Rift, the reader is referred to Abbate et al. (2015).
The Southern Ethiopian Plateau is connected to the formation processes of the Main
Ethiopian Rift, which can be divided into the Northern MER, Central MER and Southern
MER, according to temporal differences of rifting and faulting processes (WoldeGabriel
et al. 1990, Corti et al. 2013).

The study area lies marginal in a transition zone between the Central MER and the
Southern MER. Findings of Plateau Flood Basalts, with the oldest ages of about 45 to
35 Ma, suggesting a pre-rift, initial volcanism since the Late Eocene (Chernet 2011,
Abbate et al. 2015). With the onset of the main rifting processes, extensive volcanic
activity and uplift in the Mio-Pliocene (~ 9-2 Ma) promoted the eruption of acidic
pyroclastic rocks (ignimbrites) known as the of Nazret Group (Chernet 2011, Corti et al.
2013). During the late phase of the main rifting the transverse Goba-Bonga lineament

developed, crossing the MER from east to west into the Somali Plateau. This was
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associated with further vulcanism on both sides of the MER. The huge complex of the
Bale Mountains, with elevations of about 4300 m, are a probable sign for this volcanism
on the Somali Plateau (Abbate et al. 2015). As for the Southern Ethiopian Plateau and
the study area, the Wagebeta Caldera complex and silicic domes are associated with
volcanic activity from 4.2 to 3.6 Ma (WoldeGabriel et al. 1990). Late Pliocene (~ 2.9 Ma)
trachytic lava flows formed Mount Damota, and are suggested to have continued into the
Quaternary (WoldeGabriel et al. 1990, Chernet 2011, Corti et al. 2013). Although this
has not been investigated by geological surveys, it can be assumed that the trachytic
Mount Sodicho was also formed in the same time range of the late development of the
rift system. Except for the prominent silicic domes, the lower elevated structure is
covered by Pleistocene alluvial and occasional lacustrine sediments (Corti et al. 2013).
Interbedded within these lacustrine deposits are basalt flows and pyroclastic material
derived from volcanic centers, such as the Hobitcha (or Obitcha) caldera. This
horseshoe-shaped caldera is situated southeast of Mount Damota and a rhyolitic flow
within the caldera provided an estimated age of ~ 1.57 Ma, corresponding to Quaternary
volcanic activity (Chernet 2011, Corti et al. 2013).

1.7.4 Climatic setting

Ethiopia's landscape, with its diverse topography, causes a variability in temperatures
and precipitation within the country's borders (Fazzini et al. 2015). This means that there
are extremely dry and hot areas, such as in the Danakil Desert with temperatures that
can reach 50 °C, and tropical mountain regions like the Bale Mountains with
temperatures that fall below 7 °C (Gasse 2000, Nyssen et al. 2015). Due to its close
proximity to the equator, the African Tropical Rain Belt (TRB = Intertropical Convergence
Zone ITCZ), which shifts annually, has a major influence (Fazzini et al. 2015, Nicholson
2018). The movement is connected to the sun zenith position, resulting in a maximum
solar heating (=insolation) (Gasse 2000). In addition, moisture availability in eastern
Africa is connected the atmospheric walker circulation and changes in sea surface
temperatures of the Indian Ocean (Griffith 1972, Tierney et al. 2008, Segele et al. 2009,
Viste and Sorteberg 2013). In this case convective systems form, which are influenced
by the summer monsoon that interacts with the dry northeastern “Harmattan” wind
system (Viste and Sorteberg 2013, Nicholson 2018). Further studies document that
changes in SST of the Indian Ocean and Atlantic Ocean are correlating with variations
in the walker circulations (WC), which are also believed to be associated with the
occurrence of the EI Nifio Southern Oscillation phenomenon (Nicholson 2018).

Consequently, Ethiopia experiences a bimodal precipitation pattern per year. In total, an
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amount of more than 2000 mm of annual rainfall can be reached in the highlands, which
is a high average in precipitation in the Horn of Africa. The mean annual rainfall is
significantly higher at sites in the highlands due to orographic effects (Griffith 1972,
Gasse 2000, Viste and Sorteberg 2013). Generally, the months June/July to September
are the boreal summer rainy season, called “Kiremt” (also known as Kirmet, or Kermit),
which brings 55-95 % of annual rainfall to parts of Ethiopia (Segele and Lamb 2005,
Berhanu et al. 2013, Belay et al. 2021). During the beginning of this phase the TRB is in
its most northern position (16°N to 20°N) and low-level convergences cause increased
precipitation (Nyssen et al. 2015, Nicholson 2018). Studies by Segele and Lamb (2005)
showed that a delayed Kiremt is connected to warm SSTs of the Indian Ocean and also
the Arabic Sea. On the other hand, an early onset of the heavy rainy season is connected
to warm SSTs of the equatorial central and eastern Pacific Ocean. The second weaker,
less voluminous rainy season “Belg” (‘little rains’) with ~ 32 % of mean annual rainfall,
follows a dry season which spans the months November to February (Nyssen et al. 2015,
Belay et al. 2021). During a dry season, the region can experience an average of less
than 50 mm of rainfall per month (Brandt et al. 2012, Nyssen et al. 2015, Hildebrand et
al. 2019).

Within the study area, temperatures are consistent on average throughout the year (Fig.
1.12). A difference between the two wet phases is not clearly indicated because of the
high intensity of rainfall. After all the tropical Highlands are called “water towers” of
Ethiopia (Griffith 1972, Viste and Sorteberg 2013).

Maisai, SNNPR, Ethiopia B Sodo, SNNPR, Ethiopia
7.261N, 37.611E | Elevation: 2034 m | Climate Class: A | Years: 1990-2019 6.866N, 37.764E | Elevation: 2086 m | Climate Class: Cfb | Years: 1990-2019

ra {mmi rel il
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Temperature Mean: 19.8 °C Precipitation Sum: 1194.7 mm Temperature Mean: 19.2 °C Precipitation Sum: 1271.2 mm

Figure 1.12 Climate chart of Maisai, at Mt. Sodicho (A), and Sodo, at Mt. Damota (B), showing
monthly mean temperature ([°C]) and average monthly precipitation (based on an observation
period from 1990-2019). The charts are based on the interpolated datasets of the Climatic
Research Unit (CRU) Time-Series (TS) Version 4.04 and were derived from ClimateCharts.net
(Zepner et al. 2021).
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During the Quaternary the climate of southwestern Ethiopia was characterized by
fluctuating wet and dry conditions (Gasse 2000, Foerster et al. 2012, Trauth et al. 2019,
Schaebitz et al. 2021). According to the studies by Kaboth-Bahr et al. (2021) about the
synthesis of terrestrial and marine proxy records, there is also the influence of the Walker
Circulation (WC). The results pronounce the tight link between the WC and the
phenomenon of the palaeo-ENSO (El Nifio-Southern Oscillation) variability during the
last ~ 620 ka. This process created a pronounced east-west dipole with differences in
surface and tropospheric temperatures, resulting in humid conditions on one side of the
continent and arid conditions on the other side (Kaboth-Bahr et al. 2021). These
circumstances are still applicable for today’s climate.

Combined study results on geochemical proxies (such as K/Zr record) from the Chew
Bahir sediment record, that cover the last ~ 200 ka, verified that the humid/arid
alternations were paced in a 20 ka rhythm, and that this is influenced by shifts in orbital-
controlled insolation intensity in the tropics. The last mentioned is further influenced by
variations of the orbital force’s eccentricity and precession. The study also revealed that
the climate fluctuations increased the frequency since ~ 60 ka, with a trend to drier
conditions (Schaebitz et al. 2021). Still a rather moist phase from 45 to 35 ka BP, was
detected within the sediment record, followed by cold and arid conditions of Marin
Isotope Stage 2 (MIS 2, ~ 29-12 ka BP). A desiccation of the former palaeolake Chew
Bahir verified extreme arid conditions during the Last Glacial Maximum (LGM, ~ 21 + 2
ka) (Foerster et al. 2012, Foerster et al. 2015, Trauth et al. 2019). With the onset of the
Early Holocene African Humid Period (AHP, ~ 15 to 5 ka) the humid conditions increased
again. However, arid phases, such as Older Dryas stadial (OD, ~ 14 ka) and the Younger
Dryas event (YD, 12.8—-11.6 ka) could be detected with further shorter dry spells (~ 10.5,
~ 9.5, 8.15-7.8 and ~ 7 ka) during the transition from the Late Pleistocene to the
Holocene. Apart from short humid events ~ 3, ~ 2.2, and 1.3 ka, that are indicated in the
sediment record, the Holocene progressed with an increase in arid conditions (Foerster
et al. 2012, Foerster et al. 2015).

1.7.5 Vegetation

Ethiopia's natural vegetation is very heterogeneous due to its topographical and climatic
diversity (Billi 2015). Also, the natural forest cover has been declining, connected to the
severe influence of human cultivation and deforestation, still various endemic and
indigenous plants can be found (Yeshitela and Bekele 2002). The present vegetation of

the study area consists of patchy forests that alternate with open forest areas, bush lands
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and grasslands. Following the descriptions of potential vegetation of Friis et al. (2010),
the study sites fall mainly into the mid altitude zone (woyna dega) and the lowland zone
(kola), while the summit of Mt. Damota reaches up into the highland zone (dega) (Brandt
et al. 2012, Vogelsang and Wendt 2018).

The potential vegetation type of the higher regions, surrounding Mt. Damota and Mt.
Sodicho is represented by dry evergreen Afromontane forest and grassland complex
(type DAF), where extensive grassland, shrubs, and small to large size trees are to be
found (Fig. 1.13). The potential vegetation types south of Mt. Sodicho and the riverine
vegetation along the Omo River, can be identified as small to moderate sized woodland
and wooded grassland, characterized by the common species of the genera Combretum
and Terminalia (Combretaceae) (type CTW). The third common potential vegetation type
can be found in lower altitude regions, such as around the study area at the Bisare River
basin. This vegetation type (type ACB) is very diverse, and includes mainly different
subtypes of woodland, grassland and scrubland, which are well adapted to slightly drier
conditions (Friis et al. 2010).
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Figure 1.13 Map of potential vegetation for the study area (A). Map of pot. vegetation covering
Ethiopia and northern Kenya (data from Friis et al. 2010; raster data and tools from
//vegetationmap4africa.org (van Breugel et al. 2015)).

35



Chapter I

Chapter Il

2. Combining geomorphological-hydrological analyses
and the location of settlement and raw material sites —
a case study on understanding prehistoric human
settlement activity in the southwestern Ethiopian
Highlands

Elena A. Hensel', Oliver Bodeker?, Olaf Bubenzer?, Ralf Vogelsang*

1 Institute of Geography, University of Cologne, Cologne, 50923, Germany

2 Department of Geoscience, University of Cologne, Cologne, 50923, Germany

3 Institute of Geography & Heidelberg Center for the Environment (HCE), Heidelberg
University, Heidelberg, 69120, Germany

4 Institute of Prehistoric Archaeology, University of Cologne, Cologne, 50923, Germany

Published at the E&G Quaternary Science Journal 68, 201-2013, 2019
doi: https://doi.org/10.5194/egqsj-68-201-2019

Special Issue: Geoarchaeology and past human—environment interactions

Note: The following pages originate from the original peer-reviewed article published at

E&G Quaternary Science Journal.

36



Chapter I

E&G Quaternary Sci. J., 68, 201-213, 2019
https://doi.org/10.5194/egqsj-68-201-2019

© Author(s) 2019. This work is distributed under
the Creative Commons Attribution 4.0 License.

OO

Quaternary

& Science
Journal

ss800y UadQ

Combining geomorphological-hydrological analyses and the
location of settlement and raw material sites — a case study
on understanding prehistoric human settlement activity

in the southwestern Ethiopian Highlands

Elena A. Hensel', Oliver Bodeker?, Olaf Bubenzer’, and Ralf Vogelsang®

!Institute of Geography, University of Cologne, Cologne, 50923, Germany

ZDepartment of Geoscience, University of Cologne, Cologne, 50923, Germany

*Institute of Geography & Heidelberg Center for the Environment (HCE), Heidelberg University,
Heidelberg, 69120, Germany

“Institute of Prehistoric Archaeology, University of Cologne, Cologne, 50923, Germany

Correspondence: Elena A. Hensel (elena.hensel @uni-koeln.de)

Relevant dates: Received: 8 January 2019 — Revised: 26 August 2019 — Accepted: 29 August 2019 —
Published: 17 October 2019

How to cite: Hensel, E. A., Bodeker, O., Bubenzer, O., and Vogelsang, R.: Combining geomorphological—-
hydrological analyses and the location of settlement and raw material sites — a case study on un-
derstanding prehistoric human settlement activity in the southwestern Ethiopian Highlands, E&G
Quaternary Sci. J., 68, 201-213, https://doi.org/10.5194/egqsj-68-201-2019, 2019.

Abstract: During this study, the recent relations between the hydrological systems and the distribution of archae-
ological sites and obsidian raw material outcrops within the catchment of the Bisare River, around Mt
Damota, and around Mt Sodicho in the southwestern Ethiopian Highlands were investigated. To do
50, we combined geomorphological-hydrological analyses with field surveys and GIS mapping. The
aim was (o try to transfer these recent interrelations into the past to better understand the factors that
influenced prehistoric human settlement activity. The natural geomorphodynamics in landscapes such
as the southwestern Ethiopian Highlands were and still are characterized by the interplay between
endogenous processes (tectonics, volcanism) and climatic fluctuations and, during the recent past,
also by human activity. In the considered region, protective and potentially habitable rock shelters are
found at the volcanic slopes of Mt Damota and Mt Sodicho at high elevations. In addition, in some ar-
eas recent morphodynamic processes make obsidian raw material available near the surface. However,
archaeological and terrestrial paleoenvironmental archives that allow an understanding of the interplay
between prehistoric settlement activity and paleoenvironmental conditions are still rare. Therefore, the
surroundings of formerly occupied rock shelters were investigated to illustrate the effect of the recent
fluvial morphodynamics (erosion and accumulation) on surface visibility and preservation of archae-
ological obsidian raw material. This recent information can be used to make assumptions about the
former hydrological system and to thereby get answers to research questions such as those about the
past accessibility of obsidian raw material for prehistoric humans. The results suggest that the study
area is currently affected by a highly dynamic hydrological system, which is indicated by phenomena
such as the formation of swamps due to sedimentation in natural depressions. In addition, wide areas
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Kurzfassung:

1 Introduction
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of the Bisare River catchment are affected by gully erosion, which leads to land degradation but also to
the exposure of the above-mentioned lithic raw material outcrops. Human influence strongly increased
during the Holocene until today, especially on the mountain flanks. This in turn increased soil loss and
erosion of archaeological sites, which complicates the transfer of the current morphodynamics into
the past. Although it cannot be finally confirmed that prehistoric hunters and gatherers systematically
used fluvially exposed raw material, based on our results it can be assumed that humans frequented
this area, due to the local availability of such kind of material.

Im Rahmen dieser Studie wurden die aktuellen Zusammenhinge zwischen hydrologischen Syste-
men, sowie der Verbreitung archdologischer Fundplitze und von Obsidian-Rohmateriallagerstitten
im Einzugsgebiet des Bisareflusses, um Mount Damota sowie um Mount Sodicho im siidwestlichen
dthiopischen Hochland untersucht. Hierfiir wurden geomorphologisch-hydrologische Analysen mit
Geldndesurveys und Gis-Kartierungen kombiniert. Das Ziel war der Versuch, die aktuelle Situation
in die Vergangenheit zu iibertragen, um die prihistorische menschliche Siedlungsaktivitit besser zu
verstehen. Das natiirliche geomorphologische Prozessgeschehen in Landschaften wie dem stidwest-
lichen ithiopischen Hochland wurde und wird durch das Zusammenspiel von endogenen Prozessen
(Tektonik, Vulkanismus) sowie Klimaschwankungen und in jiingster Zeit auch durch menschliche
Aktivitdten geprégt. In der betrachteten Region finden sich hoher gelegene, schiitzende und poten-
tiell bewohnbare Felsiiberhdnge (Rockshelter) an den Vulkanhidngen des Mt. Damota und des Mt.
Sodicho. AuBerdem wird durch aktuelle morphodynamische Prozesse in einigen Bereichen Obsid-
ian als Rohmaterial oberflichennah verfiigbar. Archéiologische und terrestrische Palioumweltarchive,
die es ermoglichen, das Zusammenspiel zwischen prihistorischer Besiedlung und Umweltbedingun-
gen zu verdeutlichen, sind jedoch noch selten. Daher wurde die Umgebung der ehemals bewohnten
Rockshelter untersucht, um die Auswirkungen der rezenten fluvialen Morphodynamik (Abtragung
und Akkumulation) auf die oberflichennahe Sichtbarkeit und Erhaltung archédologischer Rohmaterial-
Fundstellen zu verdeutlichen. Die gewonnen Informationen kénnen dafiir verwendet werden, Annah-
men iiber das ehemalige hydrologische System zu treffen und somit Antworten auf Forschungsira-
gen wie jener nach der ehemaligen Zuginglichkeit von Obsidian-Lagerstitten fiir den prihistorischen
Menschen zu erhalten. Die Ergebnisse legen nahe, dass das Untersuchungsgebiet derzeit von einem
hochdynamischen hydrologischen System geprigt wird, was sich beispielsweise durch Phdanomene
wie der Ausbildung von Siimpfen aufgrund von Sedimentation in natiirlichen Depressionen zeigt.
Dariiber hinaus stehen weite Bereiche des Einzugsgebiets des Bisareflusses unter dem Einfluss von
Gullyerosion (Grabenerosion), welche zu Bodendegradierung und zur Freilegung der oben genan-
nten lithischen Rohmaterialien fithrt. Insbesondere an den Bergflanken nahm der anthropogene Ein-
fluss wihrend des Holoziins stark zu. Dies wiederum verstirkte den Bodenabtrag und die Erosion
archdologischer Fundstellen, was den Transfer der aktuellen Morphodynamik auf die Vergangenheit
erschwert. Obwohl nicht eindeutig nachgewiesen werden kann, dass prihistorische Jdger und Samm-
ler fluvial freigelegtes Rohmaterial gezielt nutzten, kann basierend auf unseren Ergebnissen davon
ausgegangen werden, dass die lokale Rohmaterialverfiigbarkeit zu einer verstirkten Frequentierung
der Region durch prahistorische Menschen fiihrte.

and badlands formation that are common causes of morpho-

logical transformations in Ethiopia today (Billi and Dramis,

The landscape of the southwestern Ethiopian Highlands was
created by tectonic stresses and Late Pleistocene—Holocene
eruptive activity, as well as by the increasing influence of
human activity in recent times. The development of topo-
graphic barriers and natural basins that were induced by tec-
tonic uplift or faulting created a complex relief with ridges
and ravines (De La Torre et al., 2007; Benito-Calvo et al.,
2007). Large areas of today’s surface are influenced by ero-
sional processes, for example, by widespread gully erosion

E&G Quaternary Sci. J., 68, 201-213, 2019

2003). In many cases, this development is linked to human
influence and the intensification of agriculture (Castillo and
Goémez, 2016). Up to now, there are only a few terrestrial
geoarchives in East Africa with reconstructions of Pleis-
tocene and Holocene precipitation or temperature changes
(Tierney et al., 2008; Tierney et al., 2011; Foerster et al.,
2012, 2015). Due to the rare paleoclimatic data but also due
to the lack of valuable archaeological information, there is
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still an ongoing discussion on how short- and long-term cli-
matic events and trends affected prehistoric humans living on
the Horn of Africa. Available paleoclimatic records from lake
sediments from Ethiopia and Kenya document wet—dry tran-
sitions that likely affected prehistoric humans and their adap-
tion to the changing environment. In this context, one pro-
posed hypothesis is the retreat of human groups into highland
regions with higher precipitation rates during dry periods
(Basell, 2008; Foerster et al., 2015; Junginger and Trauth,
2013).

Our study discusses the following research questions.
(1) How does the actual hydrological system of the study area
look like? (2) What role does this system play in present ac-
cessibility of obsidian raw material sources and the visibility
and preservation of archaeological sites? (3) Which geomor-
phological features related to erosion are present? (4) Can we
make assumptions about the ancient hydrological system and
landscape dynamics and, on their influence, on the accessibil-
ity of past obsidian raw material sources? For our studies we
selected three research areas in the southwestern Ethiopian
Highlands, ca. 250 km southwest of Addis Ababa, that are lo-
cated within a radius of 40 km of one another (Fig. 2). (1) Mt
Damota is a volcanic mountain that became of archaeological
interest because of its key site, the Mochena Borago Rock-
shelter, which is one of the most important Late Pleistocene
and Holocene sites in eastern Africa (Brandt et al., 2012).
(2) Mt Sodicho is located ca. 40 km to the northwest of Mt
Damota and marks the second research area. The archaeo-
logical site Sodicho Rockshelter is located on the southern
flanks of this volcanic mountain. (3) The banks of the Bisare
River, a tributary of the Bilate River, are located southeast of
Mt Damota (Fig. 2a).

Archaeological records within the rock shelter sediments
of, e.g. Mt Damota or Mt Sodicho, provide information about
ancient human—environment interactions. Additionally, nu-
merous open-air sites at the slopes of Mt Damota provide a
complementary record of former human settlement (Brandt
et al., 2012; Vogelsang and Wendt, 2018). The main trench at
Mochena Borago yielded three major lithostratigraphic units
with archaeological material classified as Middle Stone Age
(MSA), dating to ages between 36 and >50ka (Brandt et
al., 2017). However, a sedimentological hiatus in the stratig-
raphy from ~ 36 to ~ 8ka leaves unanswered questions
about deposition processes and the occupation at that site un-
til the Holocene (Brandt et al., 2012, 2017). Vogelsang and
Wendt (2018) examined multiple archaeological surface lo-
calities classified as MSA and Late Stone Age (LSA) sites
on the western flank of Mt Damota to reconstruct prehis-
toric settlement patterns. They recognized intensification of
settlement activities from the MSA to the LSA, as well as
a different organization of the site clusters along the moun-
tain slopes. Whereas the reconstructed MSA settlement areas
show a linear, vertical orientation and include different alti-
tudinal belts, the LSA sites form one large cluster with inter-
connected smaller sub-groups. The former is interpreted as a
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land use model that offered short access to various eco-zones
in different elevations, a strategy that might have been ad-
vantageous during times of environmental stress. Following
our first results for the Sodicho Rockshelter, archaeological
settlement layers with preserved and recently dated lithic ma-
terial fill the Late Pleistocene and Holocene occupational gap
(~ 36 to ~ 8 ka) from Mochena Borago. Generally, the vol-
canic rocks of Mt Damota and Mt Sodicho do not contain any
naturally occurring obsidian, although this is the most com-
mon raw material used for the production of stone artefacts
at all archaeological sites in the region (Brandt et al., 2012,
2017). The third study area at the permanent Bisare River
site shows a high potential for geoarchacological investiga-
tion (Benito-Calvo et al., 2007), since obsidian raw material
was exposed by gully erosion and archaeological artefacts
from all stone age periods are scattered within the catchment
area. The main causes of gully formation and further devel-
opment are still not clear, although several factors are poten-
tially relevant for the development of this incision. These of-
ten include, e.g. higher precipitation after arid phases, loose
topsoil material, and sparse vegetation due to intense land use
(Billi and Dramis, 2003; Fryirs and Brierley, 2013; Mukai,
2017). By studying swamp formation in the upper Bisare
catchment, the influence of alternating wet and dry phases
on the regional landscape dynamics could exemplarily be in-
vestigated for the last several years (for long-term climatic
fluctuations, please compare Trauth et al., 2019). These al-
ternations lead to changes in erosion and deposition. Gener-
ally, our analysis of the landscape archive at the Bisare River
sheds light on site preservation and raw material availability.

In order to understand ancient human—environment inter-
actions, understanding the past morphodynamics is crucial.
We followed a diachronous approach and tried to transfer
today’s knowledge about the local fluvial dynamics that af-
fect archaeological assemblages and raw material outcrops
by degradation into the past. In the framework of this study
we applied geomorphological and hydrological analyses via
remote sensing and field surveys. In doing so, we mapped the
current flow directions and stream networks and compared
these with signs of former human occupation.

2 General settings of the study area

2.1 Geological and geomorphological setting

The study area is located in the southwestern Ethiopian High-
lands north of Lake Abaya, between the north—south-running
Omo River in the west and the Bilate River in the east, at the
border of the western central and southern Main Ethiopian
Rift and the southern Ethiopian Plateau (Fig. 1b). On aver-
age, the mountain ranges rise to 2000-3000 m above sea level
(a.s.l.). Plio—Pleistocene volcanic activity and Late Pleis-
tocene to Holocene tectonic stress formed characteristic nat-
ural basins, steep slopes, and gorges. Silicic volcanic mate-
rial, including the trachytic solid rocks of Mt Damota and
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Figure 1. (a) Map showing the flow of the Indian Summer Monsoon (ISM) and the current northernmost position of the tropical rain
belt (TRB) during August (TRB, present) and its shifted northernmost position for August during the African humid period (Paleo-TRB,
AHP, ~ 15kaBP to ~ 5kaBP). The map also refers to the present position of the Congo Air Boundary (CAB) and its shift during the AHP
(modified from Junginger and Trauth 2013). (b) Research area at the rift margins in the southwestern Ethiopian Highlands, showing the major
geological fault system of the Main Ethiopian Rift, the big lake systems, the Wagebeta Caldera Complex, and the Goba-Bonga lineament.
The study sites are marked by red stars (DEM data by ASTER GDEM,; illustration by Elena Hensel). (¢) Photo taken from the southern flank
of Mt Sodicho, showing the silhouette of Mt Damota and the Omo River valley (viewing direction south-southwest) (Photo by Christian

Schepers, illustration by Elena Hensel).

Mt Sodicho, is part of the rift shoulder trachytic volcanism,
which developed in the Pliocene during the late stages of the
formation of the Ethiopian Rift (Chernet, 2011; Corti et al.,
2013; Abbate et al., 2015).

Mt Damota is a dormant igneous volcanic mountain with
a height of 2908 ma.s.l., which is primarily composed of
greenish grey trachyte (Brandt et al., 2012). It is part of a
larger silicic complex and overlies a pyroclastic rock for-
mation of rhyolitic to trachytic lava and ignimbrites that
are associated with the Nazret Group (Chernet, 2011; Corti
et al., 2013). Woldegabriel et al. (1990) assumed a forma-
tion of the trachytic flows of the volcano during the Late
Pliocene (~ 2.9 Ma). Mt Sodicho, with an elevation of about
2100ma.s.l., belongs to the Wagebeta Caldera Complex
(Fig. 1b). The mountain lies directly on the Goba-Bonga lin-
eament, a (ransversal east—west depression with transversal
structures that crosses the Main Ethiopian Rift (Bonini et al.,
2005; Corti, 2009; Corti et al., 2013). The Bisare River catch-
ment is situated southwest of Mt Damota within the Hobitcha
Caldera structure (Fig. 2c). The river is a western tributary
of the Bilate River that flows into the northern part of Lake
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Abaya. This lake is located in a quasi-endorheic basin (Schiitt
et al., 2005). The Bisare River is associated with glacis and
valley fills including interbedded volcanic rocks. The lat-
ter are not older than 200 ka and developed from the Mid-
dle to Upper Pleistocene up to the Holocene (De La Torre
et al., 2007). Archacological finds in the area of the Bis-
are River catchment comprise open-air artefact scatters and
widespread raw material locations, which are currently ex-
posed as a result of river incision (Benito-Calvo et al., 2007;
De La Torre et al., 2007; Abbate et al., 2015; Vogelsang, un-
published observation, 2011, 2012).

2.2 Climatic setting

The Ethiopian Highlands receive more than 2000 mm of an-
nual rainfall, which is the highest average amount at the Horn
of Africa (Griffith, 1972; Viste and Sorteberg, 2013). An-
nual climatic variations in Ethiopia are related to moisture
brought by the summer monsoon that interacts with the dry
northeastern “Harmattan” wind system and to changes in the
north—south directed pressure gradient (Viste and Sorteberg,
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2013; Nicholson, 2018). A further influence is changes in
sea surface temperatures of the adjacent Indian Ocean (Grif-
fith, 1972; Tierney et al., 2008; Segele et al., 2009; Viste et
al., 2013). Inter-annual changes in precipitation are linked to
the shifting of the tropical rain belt (TRB), low-level conver-
gences, and the role of the accentuated topography (Nichol-
son, 2018) (Fig. la). The Congo Air Boundary (CAB) is an
additional but less relevant source for moisture variability
in Ethiopia (Junginger and Trauth, 2013). Most of the an-
nual precipitation (50 %-90 %) falls during boreal summer
from June to September, called “Kirmet” in this area. Re-
gions with the highest precipitation receive up to 350 mm
of rainfall per month (Berhanu et al., 2013). The vegeta-
tion of the study area around Mt Damota and Mt Sodicho
encompasses two classification types according to Friis et
al. (2010): grasslands and mountainous woodland between
1600 and 3300 m a.s.1. belong to the “dry evergreen montane
forest and grassland complex” classification and evergreen
trees between 1500 and 2600 m a.s.l. to the “moist evergreen
montane forest” classification. The mountain flanks of Mt
Damota and Mt Sodicho were reshaped by human deforesta-
tion, intensive subsistence farming, and subsequent partly se-
vere soil erosion during the last few decades (Fig. 1c). The
paleoclimate of southwestern Ethiopia of the last 45 ka was
characterized by fluctuations of moister and drier conditions
(Foerster et al., 2012; Trauth et al., 2019). According to the
paleoclimate record of the Chew Bahir drill cores, arid condi-
tions during the Last Glacial Maximum (LGM, ~ 24-18ka)
led to a desiccation of the former paleolake (Foerster et al.,
2012, 2015; Trauth et al., 2019) (Fig. 1b). Subsequently, an
abrupt change is visible after ~ 15 ka with a transition from
extreme arid to humid conditions, marking the starting point
of the African humid period (AHP, ~ 15 to 5ka). This was
a period with a generally higher and stable availability of
moisture but was, however, interrupted by several dry spells.
Exemplary arid phases were the Older Dryas stadial (OD,
~ 14 ka) and the Younger Dryas event (YD, 12.8-11.6ka),
followed by shorter dry events (~ 10.5, ~ 9.5, 8.15-7.8 and
~ 7ka). The end of the AHP was marked by an increase in
aridity that persists to this day. Exceptions were short humid
events at ~ 3, ~ 2.2, and 1.3 ka (Foerster et al., 2012, 2015).

3 Material and methods

3.1 Mapping and survey

The research areas around Mt Damota and Mt Sodicho were
mapped during field surveys from 2015 to 2018 that were
supported by high-resolution satellite imagery. Geomorpho-
logical mapping in the field included the description of rock
outcrops, surface exposures, geomorphological features, and
signs of the influence of extensive modern human occupation
in the area. Afterwards, topographical features such as reliefs
and slopes, as well as drainage ways and further geomorpho-
logical properties, were extracted from a high-resolution dig-
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ital elevation model (DEM) (Sect. 3.2). Archaeological sur-
veys in the surrounding area of Mt Damota were conducted
from 2010 to 2014, resulting in the discovery of 63 open-air
sites. The surveys included different landforms of the trop-
ical highlands in various altitudes, following “stratified ran-
dom sampling” (Shafer, 2016; Vogelsang and Wendt, 2018).
Systematic archaeological and geomorphological surveys of
the western Bisare River and Bilate River were undertaken in
2006 by the research group around De la Torre et al. (2007)
and in 2011, 2012, and 2014 by the research team of the Col-
laborative Research Centre 806 (CRC806) “Our way to Eu-
rope”. The excavations at Sodicho Rockshelter on Mt Sodi-
cho started in 2015.

3.2 GIS-based analyses

The image analysis software ENVI (5.3 by Harris Geospatial
Solutions) was used to extract high-resolution digital eleva-
tion models (DEM) using panchromatic images of Pléiades
1A (by Astrium Services/Spot Image, Airbus Defence and
Space) satellites, with a 2 m resolution, and ASTER GDEM
data (by METI and NASA), with a resolution of 30 m. For
this, identical tie points on both satellite images were manu-
ally fitted together to create panchromatic images. The high-
resolution DEMs generated from the Pléiades satellite scenes
cover areas spanning Mt Sodicho, Mt Damota, and the Bis-
are River catchment, and singular ASTER scenes were used
to fill gaps.

Surface and hydrological data were determined by a Geo-
graphical Information System (ArcGIS 10.6 by ESRI) using
the beforehand-created DEMs functioning as base “maps”.
The modelling tools of Arc Hydro (ESRI) were used for
the extraction of the hydrological features, such as flow di-
rection and accumulation, surface runoff, and catchment ar-
eas. The calculated GIS data sets can be requested from the
CRC 806 Database via https://doi.org/10.5880/SFB806.49.
These parameters allowed a quantitative raster- and vector-
based calculation of the actual drainage systems (Bolten et
al., 2006). Freely available satellite images of the Google
Earth Timelapse NASA Landsat programme from 2009 (o
2017 were used to identify annual landscape transforma-
tions, i.e. swamp formation and reduction (Fig. 3). In addi-
tion, viewshed analyses from both mountaintops (Mt Damota
and Mt Sodicho) were conducted with ArcGIS 10.6 (ESRI)
to test the significance of the archaeological rock shelters at
high evaluations and their importance for prehistoric hunter-
gatherers. To do so, a body height of 1.60 m was defined.

3.3 Radiocarbon dating

Several percussion drilling cores were obtained from 11
drilling locations in the basin of the Bisare River swamps in
2014 and 2015. The drilling locations were placed over the
entire swamp area. Drilling locations in the surrounding area
were not considered, since the surroundings are dominated
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Figure 2. (a) Map showing the calculated drainage networks in the study area for the three study sites: Mt Damota, the Bisare River
catchment, and Mt Sodicho. Primary drainage systems mainly support the two major south running rivers: Omo and Bilate. (b) Drainage
network at the southern flank of Mt Sodicho. (¢) Drainage network of Mt Damota and the Bisare River. The triangles illustrate archaeological
evidence mapped by De la Torre (2006) and by the CRC 806 (2010-2014) (DEM data from Mochena and Bisare by ASTER GDEM; DEM
data from Sodicho by Astrium’s Pléiades; illustration by Elena Hensel).

Table 1. Radiocarbon ages for the samples from the BIS03 and BIS07 drilling cores.

Sample label ~ Sample ID Material  Depth b.s..  Age + Age si3c
(cm) (years BP) (years CE) (%)
COL2819.1.1  BISO3-RClI plant 118 —325 34 nfa —28.6
COL3300.1.1  BISO7-C1_W  plant 280 >modern - 1957-1998 —11.2
COL3301.1.1  BISO7-C1_S  sediment 280 25 35 1694-1919 -=-21.2

n/a: not applicable.

by modern agriculture and therefore excessively influenced
by human activity. In this study, we present three samples
from cores B1S03 and BISO7 of the uppermost part of swamp
1, which were tested for radiocarbon dating (Table 1). Both
cores were drilled in fluvial sequences located on the edges
of the swamp (Fig. 3a). The three radiocarbon samples, from
either plant (BIS03-PC1 and BISO7_W) or sediment mate-
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rial (BIS07-C1_S), were extracted from silty to sandy sedi-
ments in the upper 3 m of the drilling cores. The radiocarbon
AMS lab of the University of Cologne analysed the samples
with acid and alkali (AAA) pre-treatment to remove inor-
ganic carbon and humid acids. The conventional radiocarbon
ages were calibrated with OxCal v. 4.2.3, applying the cal-
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ibration curve IntCall3 (Ramsey et al., 2013; Reimer et al.,
2013).

4 Results

4.1 GIS-based analyses

The geomorphological and hydrological analyses of the two
mountains and the Bisare River catchments were based on
high-resolution DEMs that were calculated based on remote
sensing data. With the help of the catchment analysis, re-
cent large-scale drainage lines of the study area around Mt
Damota and Mt Sodicho were defined (Fig. 2a). In combi-
nation with a geomorphological field survey, small-scale and
large-scale gully erosion could be identified.

1. Mt Damota has a typical radial drainage system, which
is crossed by a main watershed (Fig. 2¢). This water-
shed is running north—south through the entire study
area, separating the runoff into a western and an east-
ern direction. The western streams drain into the Omo
River basin, whereas the eastern streams drain towards
Lake Abaya but without an inflow into the Bisare River
catchment. This is caused by the horseshoe-shaped Ho-
bitcha Caldera that functions as a barrier between the
eastern streams and the Bisare River catchment.

2. Mt Sodicho’s stream network and drainage lines mainly
flow into the Omo River basin. According to the hydro-
logical analyses and the field observations from 2017,
Mt Sodicho has a radial drainage network, which gave
the mountain its characteristic irregular form (Fig. 2b).
Permanent streams and seasonal creeks (only flowing
during the rainy season) flow down the mountain flanks
into a larger south-running dendritic drainage network
that belongs to the drainage network of the Wagebeta
Caldera Complex. Nowadays, the surface morphology
on Mt Sodicho is influenced by intensive agriculture.
Small-scale surface erosion (10-20m in width) was
mapped on the upper slopes (Fig. 1c). In the past, the
vegetation was probably removed to create cultivation
areas, which are now jeopardized by increasing ero-
sion. These active gullies are currently used as pathways
for the local population and their cattle, which further
enhances degradation and runoff. Raw material prove-
nance of lithic artefacts that were found at Mt Sodicho
is still not proven. So far, obsidian raw material with
distinct signs of transport could be observed as fluvially
transported boulders or debris along the surrounding
drainage systems and river banks. In Fig. 2b, these raw
material findings are illustrated as yellow dots. Addi-
tionally, two obsidian outcrops were discovered to the
east of Mt Sodicho during the latest survey in Novem-
ber 2018. Within a distance of 30-36 km from Sodicho
Rockshelter, the two outcrops named Chebe and Fulasa
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were still in the range of movement of the Late Pleis-
tocene hunter-gatherers (Fig. 2a).

3. The Bisare River flows into the Bilate River. The latter is
the main tributary of the 15 000km? large catchment of
Lake Abaya (Chernet, 2011). Based on the hydrological
and geomorphological analyses, different geomorphic
features could be observed (Fig. 2¢): the research area
lies within a dynamic hydrological system, showing a
high to moderate runoff of surface water (Berhaun et al.,
2013). With the help of a longitudinal profile, starting
at the Bisare River catchment and following the Bilate
River into Lake Abaya, a sudden change in the slope
(knickpoint) could be identified. This knickpoint is situ-
ated ~ 15 km along the profile, where the river flows out
from the Hobitcha Caldera (Fig. 5). The study of knick-
points can be used to identify potential areas for sed-
imentation. Three connected swamps of different sizes
and altitudes formed in low-energy parts of the river val-
ley in the upper part of the catchment (Fig. 3). They
were documented during geomorphological field map-
ping in 2014. A highly exaggerated longitudinal pro-
file, running transversely through the lakes, illustrates
the local stair-like morphology. Unlike swamp 3, the
two upper basins of swamps 1 and 2 are situated in
an area with highly dynamic permanent and episodic
streams. Via satellite imagery (Google Earth Timelapse
NASA Landsat programme), we observed that the two
upper swamps are supplied by episedic tributaries dur-
ing wet seasons (Fig. 3b—d). Gully erosion and sheet-
wash erosion are widespread phenomena particularly in
the lower part of the Bisare catchment (Fig. 4a). Here,
surface runoff and erosion-outcropped artefact assem-
blages are predominantly from the Middle Stone Age
(De La Torre et al.,, 2007). These assemblages were
preserved in Pleistocene alluvial soils at the flanks of
the river basin. Also, outcrops of in situ obsidian raw
material and scattered lithic surface finds were found
by De La Torre et al. (2007) and our research team in
the southern degraded areas. Formerly buried material
was exposed to the surface, and the lithics had been
partly transported due to constant erosion and exten-
sive badlands formation, mainly at the lower part of the
river catchment. Erosion and badlands formation ini-
tiated from the edge of the rift valley and spread up-
stream of the Bisare (Fig. 4c—). Figure 4d and e visu-
alize subsurface material cropping out in this degraded
area, which varies between reddish-brown regolith and
greyish ignimbrite.

According to the viewshed analyses from the mountain-
tops of Mt Damota and Mt Sodicho, all-round views over the
landscape are possible. The views reach from the lakes of the
central Main Ethiopian Rift Valley in the distant north, over
the Bilate River in the east, Lake Abaya to the south, the Gibe
and Omo river valleys to the southwest, and up the Wolayta—
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Figure 3. (a) Map showing the dimension of the three swamps on the Bisare River. The positions of the two drillings in swamp | are
marked with red dots (DEM data by ASTER GDEM). The sequence of images (b)—(d) illustrates the changes of swamp 1 during different
wet and dry phases: (b) following a dry season (21 March 2009), (c) following a wet season (15 November 2009), and (d) during a wet
season (17 October 2014) (swamp data set by Svenja Meyer; Satellite images by ©Google Earth Timelapse NASA Landsat programme).
The super-elevated longitudinal profile X—Y illustrates the geomorphological position of the swamps in the Bisare River basin, leading to a
step-like topography, extracted from the DEM based on Pléiades 1A satellite imagery (DEM data by ASTER GDEM,; illustration by Elena

Hensel).

Hadiya Highlands to the west. During clear weather condi-
tions, the opening area of the Sodicho Rockshelter offers a
complete view to Mt Damota and the Omo River basin in the
west (Fig. 1c). The view directly from Mochena Borago is
limited to the southeast and east, and therefore Mt Sodicho
is out of sight. These results verify a locational advantage of
both rock shelters, i.e. Mochena Borago on Mt Damota and
Sodicho Rockshelter on Mt Sodicho, for watching game in
the surrounding lowlands.

4.2 Radiocarbon dating

The modern radiocarbon ages of two botanical samples
(BISO3-PC1 and BISO7_W) and one sediment sample
(BISO7-C1_S). originating from two drilling cores taken in
a depth of up to 2 m below the surface level in the uppermost
part of swamp 1, revealed that the upper 3 m of the sedimen-
tary basin f{ill are of modern age (Table 1). This demonstrates
a high sedimentation rate at least in this swamp.

E&G Quaternary Sci. J., 68, 201-213, 2019

5 Discussion

Several processes of degradation, such as gully or river ero-
sion, led to the exposure of obsidian raw material localities
and open-air sites with scatters of stone artefacts (Fig. 4a—
d). This is particularly true in the Bisare River basin with its
areas of different stream energy where the swamps form sed-
iment traps for the eroded material today. One main question
was why these step-like swamps formed and if their forma-
tion process can be used to obtain paleoenvironmental infor-
mation, We propose that during wetter phases stronger gully
erosion is activated, and resulting sediment slugs are able to
hold up further sediment flux. This can be described as a cut-
and-fill process with sediment accumulation in times with
relatively intensive erosion and active gullying, and channel
incision in periods of less active gullying, e.g. less intensive
erosion (Nanson and Croke, 1992; Brierley and Fryirs, 1999;
Fryirs and Brierley, 2013; Orti et al., 2019). The consequence
is swamp development due to damming of the stream and
sediment trapping. Therefore, this area can be assumed to
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Figure 4. (a) Map showing the Bisare River catchment. Degraded areas are mainly characterized by gully erosion. (b) Image of the wet,
swampy area in the upper part of the catchment (swamp 1). (¢) Obsidian raw material outcrop. (d) Badlands formation and gully erosion is a
common phenomenon in the depressions of the catchment. (e) Gully-erosion-exposed paleosols alternating with volcanic ash. (f) Relocated
obsidian flakes exposed in a gully of a degraded area (swamp data set by Svenja Meyer; photography by Olat Bubenzer; illustration by

Elena Hensel).

be very sensitive towards external changes and disturbances,
e.g. a change in sediment flux rate. The southernmost part
of swamp 3 has the widest dimension, which is most prob-
ably the result of a change of bedrock (Fig. 3). A more re-
sistant rock type must have created a natural “bottleneck”,
which caused natural damming that was intensified by addi-
tional damming by sediment slugs during certain periods. As
a consequence, the slow-moving water got dammed up, lead-
ing to sedimentation and preventing erosion of these accu-
mulated sediments (Machado, 2015). Generally, changes of
sediment supply from tributaries into the Bisare and then into
the Bilate River must have had a significant geomorphologi-
cal effect on the main hydrological system in the form of the
incision and subsequent aggradation of transported material.
In summary, we view this as a geogenic sediment cascade
system, where relatively young sediments should have been
transported into the lower basin only after the higher basins
were filled up (Fig. 3a) (Fryirs and Brierley, 2013; Fryirs,
2016). However, the radiocarbon samples (BIS07-C1) of the
sediment in the uppermost basin yielded modern ages, al-
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though they are assumed to contain the oldest sediments (Ta-
ble 1). With a possible sediment cascade and our radiocarbon
dates in mind, we state that the development of the swamps
must be a relatively recent phenomenon that is linked with
the current high erosion and accumulation rates in the area
of the Bisare River. Therefore, we suggest that the surficial
Pleistocene deposits that are currently largely being exposed
by badlands formation in the region must have been com-
pletely removed by fluvial erosion, leading to formation of
the basins. Afterwards, the basins were refilled by the recent
fine-grained sediment that we dated with radiocarbon (Ta-
ble 1).

With respect to the present-day lithic raw material accessi-
bility and preservation, our geomorphological field observa-
tions from 2014 and 2015 coincide with the published obser-
vations by Vogelsang and Wendt (2018) on obsidian outcrops
in the Humbo area of the Bisare River catchment (Fig. 2¢).
These authors state that the predominance of obsidian for the
production of stone artefacts is not surprising, considering
the proximity of the rich sources in the Humbo area to known
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archaeological sites (Vogelsang and Wendt, 2018). Further-
more, the glassy structure of the obsidian allows a very pre-
cise production of lithic tools (Rapp, 2009). Together, this
could explain the extreme dominance of obsidian in all lithic
assemblages. However, the question arises whether the activ-
ity of the hydrological system and erosion processes at Bis-
are had a comparable intensity during Late Pleistocene and
early Holocene to mid-Holocene, leading to the exposure of
a similar amount of raw material. If this was not the case,
hunter-gatherers were not able to focus only on the local ob-
sidian deposit in the Humbo area but had to select alternative
sources. In this context, also the effects of today’s vegetation
have to be considered. Today’s intensive farming and defor-
estation, e.g. at the flanks of Mt Sodicho, strongly changed
the actual surface runoff but might also directly destroy ar-
chaeological deposits. The current destruction and relocation
of raw material is visible in the form of scattered obsidian de-
bris and large boulders found along the streams at Mt Sodi-
cho (Fig. 2b). At the moment, we cannot verify if prehistoric
hunter-gatherers were able to use such kinds of displaced raw
material, but this would be an interesting question for future
research. Generally, we think that understanding the hydro-
logical system is fundamental for the evaluation of obsidian
raw material availability in this area. However, we still do not
know the rate and the start of gully erosion and badlands for-
mation in our study area that are known as inhomogeneous
processes — in intensity as well as in duration (Castillo and
Goémez, 2016). If the Late Pleistocene hydrological system
was as highly dynamic as it is today, gully erosion might have
already been initiated by natural processes during that pe-
riod. We only expect this for certain climatic phases in which
the paleoenvironmental conditions promoted such a dynamic
system due to higher precipitation. Accordingly, several stud-
ies demonstrated variable climatic conditions at the Horn
of Africa during the Late Pleistocene and Holocene. Tran-
sitions from humid to arid conditions and vice versa led to
rise and shrinkage of lake levels and also affected the con-
necting drainage networks (Sagri et al., 2008; Carnicelli et
al., 2009; Foerster et al., 2012; Junginger and Trauth, 2013;
Foerster et al., 2015; Trauth et al., 2019). We propose that
the connected drainage systems in our research area, such
as the Bisare River, might have reacted to these transitions
with changes in their depositional and erosional behaviour.
Furthermore, considering the location of our research areas
within a region that have been tectonically active since the
Plio-Pleistocene, we can assume that the aforementioned ex-
tensive surface processes most likely started already during
the Late Pleistocene (Fig. 5). However, we propose that due
to today’s intensified human impact in the form of clearance
of the vegetation cover and cropland expansion, leading to
higher runoff, obsidian raw material comes more frequently
and in higher amounts up to the surface than during prehis-
toric times.

Archaeological evidence from Mt Damota and Sodicho
Rockshelter shows that groups of prehistoric humans seem
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bitcha Caldera stands out (DEM data by ASTER GDEM; illustra-
tion by Elena Hensel).

to have adapted to former climatic and hydrological changes,
leading to different environmental conditions, with repeated
occupation of the rock shelters at higher elevations under dif-
ferent environmental conditions (Brandt et al., 2012, 2017;
Vogelsang and Wendt, 2018). During such periods these
groups were probably exploiting these higher elevated ar-
eas with the awareness of their sufficient water and food re-
sources, shelter, and the access to obsidian raw material (cf.
Vogelsang et al., 2018). Although it is not yet clear which
specific obsidian outcrops were used by the prehistoric hu-
mans, first results of obsidian microprobe analysis point to
the exploitation of raw material from outcrops in the Bisare
area by the inhabitants of both rock shelters (Vogelsang, un-
published information, 2019).

6 Conclusions

This study gives an insight into to the potential of a com-
bination of hydrological and geomorphological analyses by
applying field surveys, remote sensing, geographical infor-
mation systems, and radiocarbon dating, as well as investi-
gations of the archaecological site distribution, to reconstruct
the interplay between past hydrological conditions and Pale-
olithic settlement activity in a mountainous area of the south-
western Ethiopian Highlands. With our results, we were able
to describe the current landscape dynamics and the actual
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state of known rock shelters and open-air sites, as well as raw
material preservation in the study areas. The preserved evi-
dence for repeated human occupation during the Late Pleis-
tocene and Holocene at Sodicho Rockshelter (Vogelsang, un-
published information, 2015 to 2018) hints that the highlands
could have provided a refugium during arid phases such as
the Last Glacial Maximum (LGM, ~ 21 42 ka) (Mark and
Osmaton, 2008). At Mochena Borago, settlement activities
reach back > 50ka. During such periods, the exploitation of
different, elevation-bound ecosystems allowed access to a
heterogeneous spectrum of faunal and lithic resources for
prehistoric humans (Vogelsang and Wendt, 2018). Humid—
arid transitions in the past must have led to pronounced ero-
sion and badlands formation. We suggest that there is a rela-
tionship between widespread gully erosion, badlands forma-
tion, and raw material availability. Currently, the study area
is a region with strong recent sediment erosion and simul-
taneous accumulation in a cascading system. Looking into
the future, given strongly increased human impact during
the last few decades acting together with the currently very
active hydrological system, intensified soil loss will lead to
further degradation of the archaeological material. However,
the transfer of today’s circumstances into prehistoric times is
complicated, as we cannot prove that currently active pro-
cesses, e.2. swamp formation, were also active during the
Pleistocene. Furthermore, the research sites are situated in an
area close to the Main Ethiopian Rift, i.e. a region with pro-
nounced tectonic activity that also has a significant impact on
the regional geomorphodynamics. Therefore, at this stage the
results do not allow any distinct statement about the trans-
fer of the modern morphodynamics to ancient times, as we
have identified only recent phenomena. This means that the
calculated drainage lines show the current state in a very ac-
tive hydrological system that is influenced by both natural ef-
fects and intensive human activity. Nevertheless, in the con-
text of further interdisciplinary research that combines well-
resolved archaeological and alluvial chronostratigraphies it
will be possible to obtain a better general understanding of
the interplay between former settlement activity and paleoen-
vironmental conditions in the Ethiopian Highlands during the
Pleistocene.

Data availability. GIS data sets can be requested from the CRC
806 Database via https://doi.org/10.5880/SFB806.49 (Hensel et al.,
2019).
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2.1 Supplement material

This supplementary material is available at the CRC 806-Database under the DOI:
10.5880/SFB806.49. The original data table below contains an overview of GIS datasets

corresponding to the following open access publication:

Hensel, E. A., Bodeker, O., Bubenzer, O., and Vogelsang, R. (2019). Combining
geomorphological-hydrological analyses and the location of settlement and raw material
sites — a case study on understanding prehistoric human settlement activity in the
southwestern Ethiopia Highlands. E&G Quaternary Science Journal 68, 201-213,
doi: https://doi.org/10.5194/egqsj-68-201-2019.
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Supplementary data of Hensel et al. 2019, E&G Quaternary Sci. J.

This data corresponds to the article and shall be quoted as such using the provided DOI:
Hensel, E. A., Bodeker, O., Bubenzer, O., and Vogelsang, R. (2019). Combining
geomorphological-hydrological analyses and the location of settlement and raw material
sites — a case study on understanding prehistoric human settlement activity in the
southwestern Ethiopia Highlands. E&G Quaternary Science Journal 68, 201-213,
doi: https://doi.org/10.5194/egqsj-68-201-2019.

CRCB806-Database, DOI: 10.5880/SFB806.49

GIS file Description

Bisare cat Calculated catchment grid of the Bisare River; derived from
generated digital elevation models.

Bisare _gul Mapped areas with degraded areas (mainly gully erosion) at
the Bisare River.

Bisare_orm Mapped obsidian raw material outcrop in the catchment area
of the Bisare River.

Bisare _swa Mapped dimension of swamp on the Bisare River.
Chebe_orm Mapped obsidian raw material outcrop.

FulusaKebele orm Mapped obsidian raw material outcrop.

MtDamota_cat Calculated catchment grid of Mount Damota; derived from
generated digital elevation models.

MtDamota cat _dr Calculated drainage network within the catchment of Mount
Damota.

MtSodicho _cat Calculated catchment grid of Mount Sodicho; derived from
generated digital elevation models.

MtSodicho cat _dr Calculated drainage network within the catchment of Mount
Sodicho.

MtSodicho _ormA Mapped obsidian raw material (fluvially transported).

MtSodicho ormB Mapped obsidian raw material (fluvially transported).
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The preservation of archaeological remains and environmental information in a sediment
accumulation can vary in caves and rockshelters, depending on extemal climatic
conditions, and the circumstances within the shelter. Several sediment stratigraphies in
the Horn of Africa are characterized by erosion layers, discordances and chronological
gaps, that create uncertainties about the impact of climatic and environmental shifts on
human settlements. Archaeological sites in Ethiopia that preserve information about
human occupation during the Upper Pleistocene and Holocene often deal with major
gaps during a period corresponding to MIS 2. In this study we present the first results of
sedimentological, geochemical analyses and radiocarbon dating at Sodicho Rockshelter
(1930 m above sea level) that provide evidence on high altitude settlement during this
mentioned chronostratigraphic gap and subsequent time slices. This new archaeological
site in the southwestern Ethiopian Highlands hosts a 2-m-long sediment record. So far, a
stratigraphy has been excavated that dates back to ~27 ka, including several settlement
phases of Late Pleistocene and Holocene hunter-gatherers and providing information on
environmental changes. A multiproxy approach was chosen to establish a first general
stratigraphy of the site and to disentangle the sediment composition as well as site
formation processes. The results suggest a variation of allochthonous and autochthonous
geogenic deposits, and anthropogenic accumulation processes. With the help of
radiocarbon dating, anthropogenic layers were dated covering the arid Last Glacial
Maximum (LGM, ~21 + 2ka). The occupation phases were interrupted in cause of
environmental changes. The most prominent is the accumulation of reddish,
archaeological sterile deposits that can be chronologically associated with the African
Humid Period (AHP, ~15-5 ka BP). Geochemical records point to dry spells within this
humid phase, suggesting correlations with regional climate signals of lacustrine sediments.
These sediment accumulations of past wet conditions are covered by alternating layers of
Holocene volcanic fallout and sediments with preserved cultural material. Our study
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Chronostratigraphy of Sodicho Rockshelter, Ethiopia

provides a preliminary impression of still poorly understood time periods of human
occupation in the southwestern Ethiopian Highlands. The data obtained from Sodicho
Rockshelter could validate the current state of knowledge and partially reduce the
chronostratigraphic gap.

Keywords: geoarchaeology, stratigraphy, sedimentology, geochemistry, late pleistocene, holocene, african humid

period, radiocabon dating

INTRODUCTION

The development of a sediment stratigraphy within a rockshelter
setting is driven by diverse sediment origins and changing
conditions of the regional environment, including human
agency. The different sediment sources, e.g., geogenic
(autochthonous and allochthonous), anthropogenic, and
biogenic often result in a diverse, intermitted deposition. Like
caves, rockshelters function as a sediment trap, however, they are
often partly or completely exposed to weather conditions, which
in turn explains the variability in deposition. The prehistoric
humans used these places as natural shelters (Mentzer, 2017), The
use of caves and rockshelters by prehistoric humans has been part
of geoarchaeological research in several regions, such as southern
and northern Africa, Europe or the Levant (Goldberg and Bar-
Yosef, 1998; Goldberg et al., 2009; Marean et al., 2010; Miller
etal,, 2013; Kehl etal., 2014; Klasen et al,, 2018; Inglis et al., 2018).
The studies investigated the natural forces contributing to
deposition of sediment and the active modification of
sediment structures by human activities (e.g., fireplaces,
trampling and bedding) (Goldberg et al., 2009; Miller et al,

2013). Deposits can be altered, masked or even erased from
the sedimentary record by post-depositional processes,
resulting in gaps of knowledge and uncertainties leading to
rather short and discontinuous archaeological sequences
(Kuehn and Dickson, 1999). In the Horn of Africa, especially
in Ethiopia, these gaps in stratification are quite common. In most
cases, they correlate with the transition from the Middle Stone
Age (MSA) to the Late Stone Age (LSA) during the period of the
MIS 2 (Tribolo et al., 2017). Several studies at sites such as Goda
Buticha, the Ziway-Shala basin and Mochena Borago identified a
stratigraphical and a chronological gap, spanning from ~38 ka
and reaching into the Holocene (Figure 1A) (Tribolo et al,, 2017).

Although terrestrial paleoenvironmental records are very
scarce in Ethiopia, they provide a useful source for the
reconstruction of past varying environmental conditions.
Lacustrine sediments from Ethiopian and Kenyan lakes
refer to hyper arid conditions during the Heinrich Events
(H) and the Late Glacial Maximum (LGM, ~21 = 2ka),
followed by overall moist conditions of the African Humid
Period with intermediate dry spells (Mark and Osmaton, 2008;
Junginger and Trauth, 2013; Foerster et al., 2015). Higher
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moisture availability in the highlands could have permitted the
survival of vegetation, animals and humans during the arid
phases. In this case, rockshelters in high altitude regions might
have attracted hunter-gatherers, despite the challenging
conditions for human physiology (Foerster et al, 2015;
Vogelsang and Wendt, 2018).

Sodicho Rockshelter is located about 40 km NW from the
aforementioned Mochena Borago Rockshelter site, which is one
of the archaeological key-sites in northeastern Africa and shares a
comparable well-structured sedimentological and archeological
sequence (Brandt et al.,, 2017; Hensel et al., 2019). With this study
we introduce preliminary results of geoarchaeological and
archaeological investigations of Sodicho Rockshelter and relate
the results to regional climatic records. We attempt to reconstruct
geogenic and biogenic site formation processes and to compare
them to the cultural induced processes. The aim of this study is 1)
to determine the sediment composition, 2) to reconstruct the site
formation processes in the shelter, 3) to develop a first "*C
chronology and 4) put the human occupation in the context
of the geoarchaeological results.

BACKGROUNDS

Geoarchaeological Research

Until now, the most important rockshelter in the southwestern
Ethiopian Highlands is Mochena Borago on Mount Damota.
Since 1998, several research teams investigated almost 2 m of
stratified Holocene and Late Pleistocene deposits. The latter
preserved cultural remains dating between 36 and >50ka
(Gutherz et al,, 2002; Fisher, 2010; Brandt et al.,, 2012;
Brandt et al, 2017). In 2009 the Collaborative Research
Center 806 (CRC 806, http://www.stb806.uni-koeln.de) joint
the investigations of Steven Brandt (Southwest Ethiopia
Archaeological Project) at Mochena Borago.
Geoarchaeological research at Mochena Borago aimed to
reconstruct site formation processes with the help of
geomorphological investigations and micromorphological
observations (Brandt et al., 2017). During archaeological
and geomorphological surveys in the surroundings, Sodicho
Rockshelter was first visited in 2012 (Brandt et al, 2017;
Vogelsang and Wendt, 2018; Hensel et al., 2019). Further
research in the area focused on the exposure of
archaeological records along the valleys of the Bilate River
and its tributary the Bisare River, southwest of Mt. Damota.
According to the studies, abundant archaeological material
occurs in sediments, that are exposed by badland formation.
These badlands are not older than 200 ka and hold mostly
MSA and LSA obsidian artifacts. However, some sites also hold
artifacts that show characteristics of the late Early Stone Age
(ESA) (Benito-Calvo et al.,, 2007; De la Torre et al., 2007).
Geomorphological-hydrological analyses around Mt. Damota
and Mt. Sodicho revealed that the region is influenced by a very
dynamic system of permanent and episodic river networks.
The resulting soil erosion and the exposure and destruction of
archaeological open-air sites and raw material outcrops
emphasizes the importance of protected rockshelter
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stratigraphies and their potential to preserve archaeological
deposits and environmental information (Hensel et al., 2019).

Geology, Geography, Climate and
Vegetation of Study Area

Sodicho Rockshelter is located E 37°36’44 and N 7°1521 in the
southwestern Ethiopian Highlands. The cavity opens to the south
and is situated at the slopes of Mount Sodicho at an elevation of
about 1930 m above sea level (Hensel et al., 2019). The complex
tectonic and volcanic structures of the Main Ethiopian Rift are
situated to the west. To the east lies the deep canyon of the Omo
River (Figure 1B). The mountain itself consists of a greyish to
yellowish trachyte, and is part of a series of silicic domes, lavas
and tephra that lie ~8 km south of the three circular Wagebeta
Calderas. The past volcanic formations date back 3.6 to 4.2 Ma
into the Pliocene and during the late phase of the rift system
development in Ethiopia (WoldeGabriel et al, 1990;
WoldeGabriel et al.,, 1992; Chernet, 2011; Hensel et al,, 2019).
The volcanic formations are aligned along the transverse
east-west Goba-Bonga lineament, a depression that crosses the
center of the Main Ethiopian Rift (Bonini et al., 2005; Corti, 2009;
Cortiet al,, 2013). The present appearance of the area is shaped by
Late Pleistocene to Holocene tectonic stress, climatic, and
geomorphological changes (Benito-Calvo et al, 2007). A
network of episodic and permanent streams drains down the
slopes of Mt. Sodicho toward the Omo River, creating the
mountain’s characteristic irregular shape. The increased
human influence during the last decades is visible by cleared
slopes for cultivation and cattle farming (Hensel et al., 2019). The
major soil type is the kaolinite rich, red colored Humic Nitisol, a
fertile soil type, common in the humid tropics (Berhanu et al,,
2013; IUSS Working Group WRB, 2014). The modern climate in
the southwestern Ethiopian Highlands is a complex and variable
system that is characterized by two rainy seasons with an average
precipitation of about 2,000 mm per year. Over 50% of the annual
rain in the SW Ethiopian Highlands falls in course of the
“Kirmet”, the main rainy season during the boreal summer
(June to September). During the months November to
February the region experiences the dry period with an
average <50mm per month, followed by a second weaker
rainy season, the “Belg” (Fisher, 2010; Brandt et al, 2012;
Hildebrand et al, 2019). These annual and inter-annual
precipitation changes are connected to the interaction of the
moist summer monsoon and the dry northeastern “Harmattan”
wind system, resulting in changes of the north-south directed
pressure gradient (Viste and Sorteberg, 2013; Nicholson, 2018).
Further influences on the annual precipitation are associated with
changes in sea surface temperature (SST) of the Indian Ocean, the
northern shifting tropical rain belt, low-level convergences, and
the Congo Air Boundary in lesser relevance (Griffiths, 1972;
Segele et al., 2009; Tierney et al, 2011; Junginger and Trauth,
2013; Viste and Sorteberg, 2013; Nicholson, 2018).

Up to now, only the last 45 ka are analyzed from a drilling core
in the Chew Bahir basin, which is situated ~300 km from Mount
Sodicho. Its catchment area runs through the SW Highlands,
which means that Chew Bahir was also affected by climatic
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conditions prevailing in the highlands. According to
sedimentological and geochemical investigations of these lake
sediments, the past climate in the southwestern highlands has
undergone arid and humid phases. A rather moist phase from 45
to 35 ka BP was followed by arid conditions (Foerster et al., 2012).
During the cold and arid Marin Isotope Stage 2 (MIS 2,
~29-12ka BP), lake levels and river catchments changed,
which influenced the surrounding habitat of flora and fauna
(Foerster et al., 2012; Foerster et al., 2015; Stewart and Jones,
2016). The aridity ended after 15 ka with an increase in humidity.
This indicated the beginning of the Early Holocene African
Humid Period, which stretched out until 5ka and was
interrupted by shorter dryer periods (Foerster et al., 2012;
Foerster et al,, 2015; Hildebrand et al., 2019; Trauth et al., 2019).

MATERIALS AND METHODS

Fieldwork and Archaeological Excavation

The excavations at Sodicho Rockshelter were conducted annually
from 2015 to 2018. Of two 50 x 50 cm test pits in 2015, one was
extended to an excavation trench with an area of four square
meters, each split into 50 x 50 cm quadrants that were excavated
individually (Figure 2C, F34/35 and G34/35). Big boulders
stopped the extension of the second test pit (Figure 2C, E41),
which was located in one of the cavities at the rear wall of the
shelter. Both trenches are situated in backward areas that seem to
be well protected from humidity, in terms of dripping water and
trickle. Archaeological excavations followed natural stratigraphic
boundaries, subdivided vertically into arbitrary spits with a
maximum thickness of 5cm. Spits never transversed natural
stratigraphic boundaries, ie. a spit definitely ended when
visible sediment changes where observed during excavation.
Specific archaeological features, such as hearths or pits, were
excavated in the same way but separately from the surrounding
matrix. No total station was available during the first fieldwork in
2015. Therefore, the grid system of the test pits was sat up with
measuring tapes and leveling taken with a surveyor’s level.
Archaeological finds of the test pits were recovered via dry
sieving in three stages, using mesh widths of 10, 5, and
2.5mm. The closest spatial allocation of these finds is to one
of the artificial spits. During the subsequent excavations all
archaeological finds >5mm were single plotted using a Leica
TS02 total station and provenience information such as grid unit,
depth, level and stratum, as well as material type (e.g., stone, bone,
charcoal) were recorded. Each find was then bagged individually
and assigned a unique identification number. The excavated
sediments were dry sieved to recover smaller finds using 10-,
5-, and 2.5-mm mesh size. The total station was also employed to
map each stratum, feature or natural disturbance as it was
exposed, and forms recorded information on sedimentology,
spatial and vertical configurations and other relevant data. In
addition, plan views of each excavation spit and stratigraphic
profiles were mapped on grid paper and recorded with digital
photographs. The geoarchaeological fieldwork included on-site
observation with an analysis of the sediment deposits
(Supplementary Table S1) and a classification of the common
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lithological composition of the bedrock in the rockshelter itself.
Furthermore, several half-day surveys along the mountain flanks
of Mt. Sodicho were undertaken to identify lithological changes of
bedrock and geomorphological conditions of the area.

Multiproxy Sediment Analyses

Bulk sediment samples were determined with a 2 cm resolution at
the west facing profile from square F35 and the south facing
profile from square G35 (Figure 3). Lower sediment samples were
taken from square G35 because collapsed blocks in F35 hindered
further sampling in this square. Both sample columns overlap by
approximately 30 cm. The sample thickness was increased to
4 cm in layers of difficult access, e.g., around bigger rocks. As a
pre-treatment the samples were dried at 40°C in a drying chamber
and sieved to remove material >2 mm.

The granulometry was determined with a Laser Diffraction
Particle Size Analyzer (Beckmann Coulter LS13 320, Beckmann
Coulter, Inc.) and pretreated with hydrogen peroxide (H,O, 15%)
to remove organic opal. In addition, several reference samples
were treated with hydrochloric acid (HCI 10%) to remove organic
and inorganic carbon. Prior to the measurements, Na,PO; (46 g/
L) was applied to all samples to avoid coagulation. The results
were evaluated and statistically measured with the GRADISTAT
software version 8 (Blott and Pye, 2001) and the parameters are
based on Folk and Ward (1957).

Sediment color was measured with a VIS spectrophotometer
(Konica Minolta CM-5) to determine the reflected wavelength
from the sample in a visible range of 360-740 nm and converted
into L*a*b* values (Eckmeier and Gerlach, 2012). The L*a*b*
values express the extinction of light in the spectra from absolute
black (L*0) to absolute white (L*100) and the color ranges from
green to red (a* to +a*) as well as from blue to yellow (b* to —b*).
The redness index (RI) was calculated applying the L*a*b*
variables according to Barron and Torrent (1986) RI =

a* (a*2+b*? )12-1010
- Fre

The mass specific magnetic susceptibility was determined by
using a Bartington MS2 Magnetic Susceptibility System with a
MS2k sensor and measured twice under laboratory conditions on
the sieved and weighed in samples. For further geochemical
investigations a part of the material was grinded with a
vibrating zircon ball mill (Mixer Mill MM 400, Retsch). The
total carbon content (TC) was measured with a vario EL cube
(Elementar Analysensysteme GmbH). In addition, the total
organic carbon (TOC) content was measured on a few
reference samples after a pretreatment of HCI (10%).

For the determination of the major and trace elemental
composition two methods using X-ray fluorescence (XRF)
were applied. First, all grinded samples were measured with a
handheld Niton™ XL3t XRF Analyzer (Thermo Scientific™)
under laboratory conditions, viz. samples were pressed in
pellets and measured twice in a test stand. This method has
the advantage that many samples can be measured relatively
quickly and easily after a relatively complex preparation.
However, studies with a portable XRF devices (pXRF) have
shown that the spectrometer cannot properly measure
elements like phosphorous (Hunt and Speakman, 2015).
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FIGURE 2 | (A) The collapsed overhang blocks the entrance. (B) Panoramic view into the shelter. Moisture becomes evident by the dark staining of the surface
(photos by C. Schepers) (C) Plan of the Sodicho Rockshelter with the location of the excavation pits, an anthropogenic water pond and the location of the two photos.

Therefore, to verify the results of the pXRF analyzer, and to derive
geochemical indicators for alteration and weathering a selection
of the samples were measured at the Institute of Physical
Geography and Geoecology at the RWTH Aachen. Here the
grinded samples were also pressed to tablets and measured twice
with the SPECTRO XEPOS energy dispersive X-ray fluorescence
spectrometer (Spectro). The resulting elements and oxides were
then chosen as representing indicators for depositional changes.
A chemical index of alteration (CIA) was calculated according to
the calculations of Nesbitt and Young (1982): CIA =

ALO
. B
A1203+Na20+Kzo+Cao] x 100

Age Determination

A total of 31 samples were collected in the squares F34, F35, and
G35 during the excavations in 2015 to 2018 (Figure 2). The
radiocarbon AMS lab Beta Analytics Limited analyzed 28 samples
of seeds and charcoal. Additionally, two charcoal and one soot
sample, the latter scratched from the besmoked outer face of a
cooking pot sherd, were measured at the AMS laboratory of the
University of Cologne. The results were calibrated with Calib8.10.
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using the IntCal20."*C curve (Reimer et al., 2020). A classic age
depth model was established with the clam2.3.5 package in
RStudio according to Blaauw (2010). In the model the
radiocarbon ages were calibrated with the northern
hemisphere terrestrial calibration curve IntCal20."C.

RESULTS

Field Observations at the Sodicho

Rockshelter

The south facing opening of the rock shelter is almost
completely protected by big trachytic boulders (2 diam.)
that originate from the partial collapse of the originally
larger front overhang (Figure 2A). This hinders the direct
influence of precipitation and fluvial weathering into the flat
shelter. However, the blocking rocks cause a slight downward
slope into the shelter. The sediment accumulation therefore
differs spatially, which in turn can influence the characteristics
of certain sediment layers, like deposit thickness. The interior
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FIGURE 3 | Schematic excavation profiles of F35 (left) and G35 (right). Sampling columns for sedimentological and geochemical analyses are marked in red. The
course of layering in the brightened areas (F35) is assumed, since an exact pattern for this lower section could not be sketched in the field.
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of Sodicho Rockshelter is characterized by the effects of
moisture, which seeps through cracks in the ceiling and the
walls, generating dark staining on the rock surface, and
creating shallow pools and drip holes with stagnant water
during wet seasons (Figure 2). A larger water pond in the
western entrance area was dug by the local population living
there. Big boulders and blocks in the south eastern corner are
rounded by water dripping down the roof. Low growing plants
and shrubs cover certain parts of the floor and grow along
fissures at the rock shelter walls. During dry season the rock
shelter can dry up almost completely. Apart from the dark
staining at the walls and ceiling the trachyte differs in color,
crystallization and softness within the shelter. The western
wall is characterized by a pale gray trachyte with a rather
crumbly matrix due to granular disintegration. Distinct
alveolar weathering (honeycomb weathering) is common
and parts of the walls show flaking of the rock surface and
uneven exfoliation of the rock surface, which creates curve
surfaced boulders. The color of the trachyte changes toward
the eastern wall to a mustard yellow with well crystalized and
colorless potassium feldspar minerals. Several overhangs along
the rock shelter walls are darkened by soot caused by human
induced burning. A low and narrow cavity in the north eastern
back is extremely stained by fire activity. The lower ceiling has
obtained a shiny, greasy surface due to the close fire exposure.
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First observations during excavation revealed a complex
stratigraphy ~ with  distinguishable sediment units and
prominent boundaries. Some of the sediment units (Unit I, III,
V, VII and IX) correspond to archaeological layers, that contain
cultural material, such as obsidian artifacts and charcoal, and
human made structures, such as pits and hearth. A 60 cm thick
sterile sediment deposit roughly divides the deposits and
associated human occupation phases into two parts. In the
upper part of the stratigraphy, the anthropogenic units
alternate with lighter colored geogenic units identified as
tephra. The boundaries between these units are not uniform.
Whereas the boundary between a cultural layer and an overlying
tephra is sharp (e.g., between Units V and VI or between III and
II), the transition between a cultural layer to a subjacent tephra
seems gradual (e.g., between Units IV and III or between Units II
and I). The tephra layers are exclusively of geogenic origin and
therefore cultural remains are absent. Intermixing only occurs
when the volcanic deposits have been relocated or disturbed by
subsequent construction of pits or hearths. The lower part of the
stratigraphy, below the thick sterile unit, is characterized a lager
rockfall deposit, followed by anthropogenic deposits and geogenic
deposits. The different layers in the lower section of the
stratigraphy are difficult to distinguish, due to gradual or
unclear layer boundaries and even mixing of the layers.
Bioturbation can be recognized sporadically as insect or rodent
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borrows in all units. There is no macroscopic evidence of rooting
by plants in the excavated stratigraphy. A detailed description of
each unit, with its most important components can be found in
the Supplementary Table S1.

Multiproxy Sediment Analyses
Macroscopic investigations of the 2 m stratigraphy revealed a
complex interplay of cultural layers with light colored tephras and
a 60cm thick sterile sediment deposit. With the help of
sedimentological and geochemical analysis nine sedimentological
units (I-X) can be systematically differentiated.

Profile F35

We measured all sediment samples with a grain-size analyses to
investigate changes in particle size distribution through the whole
stratigraphy. It turns out that (sandy) medium to coarse silt is the
omnipresent mean fraction, although the (silty) fine sand content
is increased in several layers of the upper (0.00-0.73 m) profile
section. The grain size peaks in Unit IV and V. The graph in
Figure 4 shows that the clay content increases suddenly within
the sterile layer of Unit VI. According to the statistical analyses,
the sample curves show a bi- and polymodal distribution and
overall very poor sorting. The amount of the grain size fractions
that corresponds to aeolian transport, e.g., fine sand and very
coarse silt (40-125 pm), ranges from 9 to 41% with peaks in Unit
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I and IV. Within these layers the ratios of 90th to 10th percentiles
are low, resulting in a better sorting (Kehl et al., 2014).

Comparing these results of the granulometric analyses with
the samples in which the carbonate was previously destroyed (by
means of HCl 10%), little change in the particle size distribution
can be detected (Supplementary Figure S1). The peak within
Unit V is also verified. Only the samples within the sterile Unit VI
show a slightly different behavior to the samples which were
exclusively sampled with H,0O,. Nevertheless, the main grainsize
fraction remains sandy medium silt to sandy coarse silt.

Using VIS spectrophotometer to analyze the color of the dried
and powdered sediment, significant color changes in the upper
part of the sediment column are obvious. Shades of dark brown
alternate with lighter gray colors and more intense red-brown
colors. In Figure 4 the lighter shades of Units IT and IV are
particularly prominent, which are accompanied by an increase in
the L* values and a decrease in the a* and b* values
(Supplementary Figure S1). The a* value peaks in Unit V
and in the upper part of Unit III, which could also be
observed in the field. Especially this part of Unit III appeared
brick-red under the prevailing lighting conditions inside the
excavation trench. The values of the redness index (RI)
corresponds to the a* values and the iron content within the
sedimentary sequence. It also illustrates the decrease of iron
oxides within Unit VL.
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FIGURE 5 | Sedimentological and geochemical properties of the profile F35: carbon content (TC and TOC); element trends (Fe,Og, Fe, K, P, Mn); element ratios (Al
Ti, K/Rb), calculated index of alteration (CIA).

Magnetic susceptibility (MS) was measured in order to
identify signals of human induced burning. The peak values
are found in Unit III, V and VII, where archaeological finds
are concentrated. Also, the darker color of the sediment, e.g.,
degreased values of the L* curve, correspond to higher magnetic
susceptibility. The minimum values are found in Unit II, IV, VI
and the lower part of Unit IIL

The carbonate content in the samples varies strongly in the
upper part of the profile and peaks within Units I, III and
especially in Unit V. Within the lower section of the profile
the amount remains relatively constant at around 0.5%. The
measured TOC content shows minor deviations from the TC
curve, thus it can be expected that little or no carbonate was
precipitated after sedimentation (Figure 5).

An XRF analysis allows the detection of several counted
elements present in the samples, but only a selection of the
results is considered in this study. Figure 5 illustrates that
Iron (Fe), one of the most common trace elements on earth,
shows relatively low values in the upper profile part. With the
beginning of the Unit VI the Fe counts and the Iron (III) oxide
(Fe;03) percentage amount rise. The elements aluminum (Al)
and titanium (Ti), often used as indicators for stronger
weathering, show a similar course with enrichment in the
sterile clayish Unit VI (Supplementary Figure S1).
Diametrical to this are the curves of mobile alkali metal
potassium (K), rubidium (Rb) and halogen chlorine (Cl),
which are abruptly depleted in Unit VI. Peak values are found
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in Units II, IV and in the middle part of Unit III. The light
element Silica (Si) is enriched within the same units in the upper
part of the profile. The values of calcium (Ca), strontium (Sr),
phosphorus (P) and manganese (Mn) are elevated in the Units ITI,
V and VII which represent anthropogenic layers (Figure 5).
Selected element ratios, as Al/Ti and Fe/Al indicate major
changes in the source areas of the deposits. Following the graphs
in Figure 5 and Supplementary Figure S3 the Units II, IV and
the middle of Unit III that can be characterized as volcanic ash
with higher ratios of Al/Ti and Fe/Al In contrast, Unit VI differs
by very low values. According to the ratios of mobile to less
mobile elements, e.g., between K/Ti and K/Rb, the lower section
of the profile reflects changes into a regime with increased
weathering (Brown, 2011; Arnaud et al, 2012; Kehl et al,
2014; Kehl et al, 2016). The calculated chemical index of
alteration (CIA) peaks in the lower Unit VI of the profile. The
resulting graph of the Mn/Fe ratio in Supplementary Figure S3
shows an increase in the anthropogenic Units I, III and V.

Profile G35

The lower examined section in square G35 consists of the
sedimentological Units VI to IX. The granulometric analyses
and statistical analyses points to a tri- and polymodal grain size
distribution as well as a very poor sorting throughout all the
samples. (Sandy) medium silt is the dominant mean fraction
within the whole sample column with variations of very fine
sandy medium silt to medium and coarse silt. The exception
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100%
Clay/ Silt / Sand

anthropogenic

(black) (white) Magnetic susceptibility
L

fo+vCSifSi (104 m® kg')
- 50 172 5374

55 60

2 4
Redness Index

0 200 6

D90/D10

400 0

archaeol. sterile
unit

[

TC & TOC (%)

02 07 12 1 22 10000

K (ppm)
15000

Mn (ppm) K/Rb

20000 500 1500 2500 3500 100

| VI
£ 1.50[ ] ee—
§
=
@

z Vil
3
T 175
o
&
o
a
VIl
2.00)
IX
4 6 8 0
Fe,0, (%)
40000 60000 500 1000 1500 4 3 12 75 80 85 90
Fe (ppm) P (mg/kg) AllTi CIA
anthropogenic archaeol. sterile
units |:. unit
I:] tephra

FIGURE 7 | Sedimentological and geochemical properties of the profile G35: carbon content (TC and TOC); element trends (Fe,Os, Fe, K, P, Mn); element ratios
(AI/Ti, K/Rb), calculated inclex of alteration (CIA).

Figure $2). During the field work the lower sediment sequences
were described as reddish due to the limited daylight inside the
shelter and the high moisture of the sediment. Actually, the
calculated redness index in Figure 6 illustrates a slow decrease
of the values with increasing depth, which are synchronous to the
Fe and Fe,0; values.

The magnetic susceptibility shows increased values in the
upper part of Unit VII and in the lower most Unit IX that is
an anthropogenic layer. The values peak in the settlement layers,
but generally less pronounced as in the profile F35.

are two peaks within Unit VI and Unit VIII where the grain
size is slightly higher. In addition, there is an increased
proportion of the grain sizes fine sand and coarse silt
(40-125 um) which can be associated to an aeolian origin
(Figure 6) (Kehl et al., 2014). The samples with this specific
grain size range also show low ratios of the 90th and 10th
percentiles and therefore a higher sorting.

The analyses of the sediment color show insignificant changes
from brown to light brown. With increasing depth, the luminance
(L*) increases and the red tones (a*) decrease (Supplementary
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TABLE 1 | Radiocarbon ages for samples from Sodicho Rockshelter, arranged by archaeological excavation units.

Lab code Excavation Specimen S.Unit Conventional'*C-date Calibrated'*C Prob. 8" Sample
unit [BP] age (%) (%o) depth
(square-quarter- range [em b.s.]
level) (20)
[cal
BP] IntCal20.14¢
Beta-449167 F34-SW-02 Charcoal | 250 + 30 270-322 56 -279 8
Beta-449166 F34-NW-02 Charcoal | (pit) 350 + 30 315411 59 -24.8 11
COL3149.1.1 F35-SW-06 Soot In 1944 + 46 1,741-1,948 93 -26.1 excl.
COL3150.1.1 F35-SW-07 Charcoal n 1806 + 42 1,685-1,824 59 -241 excl.
Beta-449168 F34-NW-10 Charcoal Il (pit) 2,130 + 30 1,999-2,153 88 -25.7 48
Beta-486041 G34-NW-11 Charcoal V (hearth) 3,860 + 30 4,227-4,407 84 -25.0 44
Beta-449169 G35-NE-15 Charcoal \'% 3,920 + 30 4,242-4,424 99 -26.4 56
COL3153.1.1 F35-SW-14 Charcoal \ 4,054 + 45 4,418-4,647 88 -27.2 excl.
Beta-449170 G35-NE-18 Charcoal V 4,060 + 30 4,422-4,621 92 -24.9 69
Beta-450067 F34-NE-18 Seed V 4,190 + 30 4,617-4,765 74 -21.7 69
Beta-449171 G35-NE-19 Seed \ 4,130 + 30 4,567-4,729 64 -23.3 77
Beta-449175 G35-NE-20 Seed V 4,160 + 30 4,610-4,828 94 -24.6 84
Beta-434190 G35-NE-23 Vi 4,130 £ 30 4,567-4,729 64 -25.9 excl.
Beta-449172 G35 Vi 9,640 + 40 10,695-10,897 51 -22.3 150
Beta-449173 G35-NE-23 Charcoal Vil 11,620 + 40 13,401-13,521 75 -22.1 excl.
Beta-481344 G35-SE-24 Charcoal VI 12,560 + 40 14,812-15,122 85 -25.1 159
Beta-523129 G35-NE-27 Org. Mat VI 5,640 + 30 6,390-6,490 78 -25.2 160
Beta-434191 G35-NE-28 Charcoal VI 13,970 + 50 16,738-17,121 100 -21.7 158
Beta-434192 G35-NE-28 Charcoal VI 13,930 £ 50 16,718-17,072 100 -24.0 156
Beta-449174 G35-NE-28 Charcoal Vil 13,870 + 50 16,644-17,025 100 -22.2 156
Beta-521542 F35-SE-26 B Charcoal Vil 13,970 + 50 16,738-17,121 100 -25.6 165
Beta-521541 F35-SE-26 a Charcoal VI 4,010 £ 30 4,415-4,530 99 -25.3 163
Beta-521539 F35-SE-27 a Charcoal Vil 13,870 + 40 16,664-17,016 100 -25.8 170
Beta-521540 F35-SE-27 B Charcoal Vil 13,860 £ 50 16,631-17,016 100 -25.9 170
Beta-481345 G35-SE-31 Charcoal VI 14,910 + 50 18,134-18,293 100 -25.4 178
Beta-481347 G35-SE-37 Charcoal IX 17,800 + 60 21,392-21,867 100 -24.5 199
Beta-487731 G35-SE-37d Sediment IX 21,210+ 70 25,292-25749 100 -24.3 203
Beta-486039 G35-SE-37C Charcoal IX 22,360 + 80 26,396-26,960 100 -24.7 203
Beta-521544 G35-SE-38 a Charcoal IX 22,350 + 80 26,392-26,953 100 -24.2 204
Beta-521545 G35-SE-38 B Charcoal X 22,5610 = 80 26,452-27,107 100 -26.2 206
Beta-521547 G35-SE-39 B Charcoal IX 22,450 £ 70 26,433-27,029 100 -25.5 206

Roman numbers indicate sedimentological unit. The bold numbers represent the calibrated C age range (20) in cal BP. Samples Beta-434190 and Beta-449172 were taken from the
archaeologically sterile fayer. Red numbering indicates sample depth that where defined by the excavation unit, “excl.” illustrates samples that were excluded from the depth model.

The measured carbonate content in the samples also
represents the TOC content as in the samples of profile F35,
since the pretreatment with HCl (10%) did not show any
significant changes in the values. Thus, the carbonate content
of the samples can be addressed as organic carbon. A post-
depositional formation of inorganic carbon, such as gypsum or
carbonates is therefore insignificant. The carbonate content is
expressed in three extreme peaks within the Units VII and IX.

The resulting curves of Si and Ti show similarities especially in
the increased values within the anthropogenic Units VII and IX. The
lowest values are found in the Units VI and VIII (Supplementary
Figure S2). Ca and Mn are increased in Unit VII and IX, that is
comparable with the peak values of magnetic susceptibility within
the cultural layers. Especially Mn is marked by higher values in Unit
VII (Figure 7). Rb and strontium also share the same minimum as
Ti within Unit VII, although the resulting curve differs in Unit IX
with slightly increasing values. The values of K on the other hand
show a different pattern with minimum values in Unit VIIL In
contrast the P, Cl values peak in Unit IV sand IX, following the
increasing grain size. The graph of Al does not show as pronounced
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changes as in profile F35 but it displays a rising gradient of the values
within the units with a higher mean grain size.

The ratios of Al/Ti and Fe/Al, that are often used to indicate
changes in the source area of sediments during deposition (Kehl
et al.,, 2014), show only slight variations within profile G35. In
Figure 7 and Supplementary Figure S4 the low values of the
ratios of K/Ti and K/Rb indicate a slightly increased influence of
weathering on the deposits in Unit VII (Brown, 2011; Arnaud
et al., 2012; Kehl et al., 2014; Kehl et al., 2016). These rather small
changes can also be observed in the calculated CIA. As already
observed in the profile F35, the Mn/Fe ratio is increased in the
anthropogenic influenced layers VII and IX (Supplementary
Figure $4).

Radiocarbon Chronology

According to the analyses, the stratigraphy can be roughly divided
in five settlement phases, including the uppermost dated phase of
recent times (Table 1). This proofs repeated occupation by
humans since more than 20 thousand years. The radiocarbon
samples originate predominantly from anthropogenically
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FIGURE 8 | Stratigraphy and the calibrated "“C age range of the Sodicho Rocksheter. Red dots refer to radiocarbon samples with the measured field depth
(defined field depth). Sieve finds that have not been calibrated are indicated next to the corresponding unit (undefined field depth).

influenced layers (Figure 8), with the exception of samples Beta-
434190, Beta-449172 and Beta-481345, which originate from
archaeologically sterile layers. The samples Beta-523129 and
Beta-521541 show comparably younger radiocarbon ages to
the samples of the same depth, which probably indicates post-
depositional displacement or inconsistencies in the sampling
procedure.

A modifiable classical age depth model was generated with the
help of the clam2.3.5 package in RStudio. The model uses a linear
interpolation technique with calculated accumulation rates to
illustrate the changing deposition processes within the
rockshelter. In Figure 9 the mentioned human settlement
phases accumulated relatively fast. The intermitted
archaeological sterile layers deposited comparably slow.
Despite these similarities between the calculated ages and the
age-depth model, several calibrated age ranges cannot be
considered in the model, which are highlighted as “excl.”
(Table 1). This includes the sample COL3149.1.1,
COL3150.1.1, COL3153.1.1, which were taken during the test
excavations of 2015 when no total station was available to record
the exact location of the samples. The samples Beta-434190 and
Beta-449173 are sieve finds and had to be excluded as well, since
an exact field depth could not be measured. Samples that have
been included in the model but clearly show a significant age
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deviation are marked as outliers. In Figure 9, a “plateau” is shown
between 10.8 and 17 ka, which is due to the fact that the sample
Beta-481344 is considered an outlier. If the Beta-481344 was
included in the model, two other samples (Beta-449174 and Beta-
434192) would have to be excluded to prevent a reverse
chronology (Figure 9). This illustrates how variable the
sediment deposition is within Sodicho Rockshelter and how
difficult it is to develop a reliable model.

Archaeological Finds
The analysis of the archaeological finds is still ongoing and only
preliminary results based on the analysis of artifacts from square
F35 & G35 can be presented in this chapter. The preservation
conditions for bones are extremely bad, due to the volcanic and
moist environment of the shelter. The acid character of the
sediments in combination with leakage water caused the
destruction of any bones older than some hundred years.
Pottery is also restricted to the recent surface layer and the
youngest Stone Age occupation. This confirms the general
picture of a late appearance of pottery in the southwestern
Ethiopian Highlands around 2000 years ago (Gutherz et al,
2002; Hildebrand and Brandt, 2010; Schepers et al., 2020).

In all other cultural layers are stone artifacts the only cultural
remains. The broad division of the stone artifact assemblages
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FIGURE 9 | Age-depth model with sediment units and probability
distribution of the calibrated radiocarbon ages (red box plot). Possible course
of a model that includes sample Beta-483144 is indicated by a red dashed
line. Gray circles indicate outlier and samples that are discussed in the
manuscript.

reflects the general sedimentological differentiation of an upper
sediment package, which is separated by a sterile, reddish-brown
deposit (Unit VI) from a basal sediment package.
Chronologically, this division can be correlated with the Late
Holocene and the Late Pleistocene, separated by a Middle to Early
Holocene occupational gap.

Raw material for the production of stone tools is in all
assemblages almost exclusively obsidian. First microprobe
analysis results verify the exploitation of two local sources and
of the large Bantuu outcrop, which was also used by the occupants
of the rockshelter Mochena Borago. In addition, several up to
now unknown raw-material sources have been used (pers.
communication B. Nash). The two cultural layers in the upper
part of the stratigraphy (Unit III and Unite V) are both
characterized by microlithic stone tools, mainly backed tools,
which are type forms of the African microlithic Later Stone Age
(LSA). The main difference between the two assemblages is the
number of artifacts. Only 69 pieces (without chips) from the
upper LSA assemblage in square F35 stand in contrast to 531
pieces from the older LSA assemblage. The small number of stone
artifacts of the upper LSA assemblage, which dates between
~1800 and ~2,100 cal BP, accounts for the low number of
retouched tools. Despite two fragments of backed microliths
that cannot be further classified, two segments are the only
characteristic type-forms. The older assemblage, which dates
between ~4,300 and ~4,800cal BP, comprised 11 segments
(Figure 10), seven micro-points and six double micro-points
(following the definition of type-forms in Schepers et al., 2020).
Single pieces are one scraper, one backed point and one drill.
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However, the percentage of retouched stone tools in comparison
to the total number of stone artifacts is in both assemblages
similar. The greater variation in type-forms of the older
microlithic assemblage might be simply due to the higher total
number of artifacts. Regarding the small sample size coming from
a very restricted area of the shelter, further analysis has to verify, if
the different spectrum of tools reflects any cultural or functional
distinctions and if the number of finds reflects different
settlement intensities.

A sediment package without any cultural remains (Unit VI)
represents an occupational gap between these younger,
microlithic assemblages and the Late Pleistocene assemblages.
Repeated occupation of the shelter is testified between ~27,000
and ~13,500 cal BP. Preliminary analysis of the lithic assemblages
shows a surprising uniformity of the stone artifacts. Obsidian is
still the dominant raw-material for the production of stone tools,
but also cryptocristalline silices were used in small numbers. All
assemblages are dominated by the production of bladelets and the
analyzed sample completely lacks any retouched tools
(Figure 11). Settlement phases dating around 17 to 15ka cal
BP and 27 to 22 ka cal BP coincide with the arid or rather hyper-
arid climatic phases of the Heinrich event 1 and 2 (H1, H2)
(Hemming, 2004) and the Last Glacial Maximum (Mark and
Osmaton, 2008).

DISCUSSION

Interpretation of Multiproxy Analyses

Our sedimentological and geochemical results revealed major changes
of the sediment sources and indicate a combination of different
geogenic and anthropogenic processes that influenced the deposits in
the Sodicho Rockshelter. Our data revealed that the sedimentological
units preserved within Sodicho Rockshelter accumulated in different
depositional environments. Based on field observation and analyses
we distinguished a total of nine sedimentological units, which can be
grouped in four sediment facies:

Autochthonous geogenic deposits are mainly characterized
by trachytic clasts and boulders, that could derive most likely
from the rockshelter walls and the roof itself. This type of deposit
is omnipresent in almost all sediment units. A rockfall layer
located in the upper part of the Unit VII, right below the sterile
Unit VI, consists of trachytic boulders with a maximum diameter
of up to 70 cm (Figure 4). The upward facing surface of the
boulders is rounded. This indicates that the boulders were not
rapidly covered by sediment and persistent weathering dissolved
the fine feldspar matrix.

Allochthonous geogenic deposits predominantly consist of
well sorted volcanic tephra and ash, which were ejected during
past volcanic eruptions in the region and deposited in the shelter
by aeolian transport. These Units II, IV and VI are easily
identifiable as thicker, light color sediment layers or lenses,
with an increased mean grain size. The grainsize analyses
revealed low ratios of the 90th and 10th percentiles and a
higher amount of particle with the grain size that can be
associated to an aeolian transport. These results and the field
observation indicate major changes in sediment origin during
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FIGURE 10 | Microlithic LSA lithics: Segments (1-5), backed paint (6), prismatic bladelet core (7), broken bladelet with use-wear (8).

FIGURE 11 | Late Pleistocene lithics: Bladelet cores (1-6).
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deposition with the highest aeolian input in Units II, IV, and
partly in III. Geochemical analyses point to a potassium and
chlorine enriched felsic tephra, that is distinguishable from the
surrounding sediment. This geochemical fingerprint allows the
identification of altered volcanic tephra within samples, as
identified in Unit VI and VIII. The source volcanos of the
tephra remain undefined, even though we identified the
geochemical composition. It can be assumed that this type of
allochthonous geogenic deposits of volcanic origin were
deposited relatively abrupt, which is shown by the sharp
boundaries to lower deposits.

Mixed autochthonous and allochthonous geogenic deposits
are the result of weathering of the trachytic rock and water
percolation through the sediment. This type is common in the
sterile Unit VI, that differs from all the other sediment units in
both sample columns. The poor sorting in these deposits indicate
polygenic sediment origins. The high CIA index as well as low
K/Ti, K/Rb values refer to increased (Kehl et al,, 2014). The
reddish-brown deposits are characterized by an increased clay
content and peaks in the redness index that correspond with a
higher Fe,0; content (Figure 5). Particularly noticeable is the
decrease in magnetic susceptibility and most other geochemical
proxies. Nevertheless, Ti and Al content are increased since they
are often bound to clay (Okrusch and Matthes, 2010). Based on its
high Fe,O3, Tiand AL content, we argue that Unit VI originated
from the weathering of the local bedrock in a moist environment,
leading to the formation of authigenic clay minerals.
Alternatively, the increased clay content and the different
geochemical composition of this sediment could be the result
of fine-grained soil material that was washed in the site through
fissures in the ceiling of the rockshelter.

Anthropogenic deposits are identifiable by the concentration
of archaeological finds, such as obsidian artifacts and charcoal
from hearths, as observed in Units I, 111, V, VII and IX. Moreover,
the deposits have a certain sedimentological and geochemical
fingerprint that is characterized by a poor sorting, high values of
magnetic susceptibility and an increased content of Mn, P and
TOC (Figure 4-7). Manganese and Phosphorous are released
into the soil by the decay of deposited organic matter or inorganic
compounds, as in phosphate minerals, that accumulate at the site
by human occupation (Holliday and Gartner, 2007; Karkanas,
2017). Furthermore, the high percentage of TOC in Unit VII and
IX can perhaps be explained by higher weathering of the lower
levels of the stratigraphy and therefore the decomposing of the
organic matter. The high values of the magnetic susceptibility
most certainly derived from thermally alteration of the
sedimentary substrate, due to burning activity. Chemical
changes of magnetic minerals induce the development of
ferrimagnetic mineral, such as maghemite that increases the
magnetizability of the sediment (Le Borgne, 1955; Herrejon
Lagunilla 2019). Furthermore, manganese shows
paramagnetic properties, which contributes to the relatively
high ratios of magnetic susceptibility in the cultural layers.
This means that randomly distributed magnetic dipoles
interact with the external field of the magnetic susceptibility
measurement, which orients the dipoles in one field direction,
and amplifying the whole field (Ivers-Tiffée and von Miinch,

et al,
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2007). The Mn/Fe ratio is increased in the anthropogenic Units I,
III and V (Supplementary Figure §3), suggesting increased
manganese content under redox conditions in the upper part
of the stratigraphy.

Although the sedimentological and elemental fingerprints show
clear signs for human occupation, we cannot exclude that these
layers underwent diagenetic processes such as dissolution or
oxidation. This can bias results about environmental condition
during human occupations in the shelter. By comparing the
geochemical data of profile F35 with profile G35, it is noticeable
that the values of the sedimentological and geochemical graphs of the
basal sediment levels below the sterile unit are not as pronounced,
which indicates stronger alteration. This may be caused by a higher
influence of water infiltration during the deposition of the sterile
layer that can be dated to the AHP (~15-5 ka BP) and a possible post
depositional alteration.

Chronology and Human Occupation at the

Rockshelter

We assigned the multiproxy results to the radiometric ages and
via the age-depth model in order to understand site formation
processes and to correlate them with the chronological succession
of the cultural layer. Following the mentioned sedimentological
and geochemical results we can distinguish nine sedimentological
units, comprising of both natural and anthropogenic
accumulations (Figure 8). The following chronological phases
of human occupation are described in stratigraphic order. It is
important to note that the calculated age-depth model cannot
reflect the complete depositional conditions and their variations
in the Sodicho Rockshelter, as these processes vary within the
different excavation quadrants. The model is intended as a
simplification to illustrate phases of human settlement.

Mount Sodicho is probably one of the silicic domes associated
to the Wagebeta Caldera Complex that developed 3.6- to 4.2 Ma
ago (WoldeGabriel et al., 1990; WoldeGabriel et al., 1992). The
exact time for the formation of the Sodicho Rockshelter and the
beginning of sediment deposition is not yet clear. Therefore,
further investigations and excavations down to the bedrock are
needed. The rockshelter increased in size as time progressed due
to solution of silica in the trachytic rock by water that flowed in
through fissures and cracks in the weathered rock shelter roof,
which are still visible today.

As discussed above, the lowermost investigated Unit IX with
an approximate age range of about ~27 to 22 ka cal PB represents
an anthropogenic layer (Figure 8). Charcoal fragments and lithic
artifacts as well as the characteristic anthropogenic deposits with
increased magnetic susceptibility, higher manganese and
phosphorus content indicate human occupation. The base of
this layer has not been reached yet. The excavation unit GE35-SE-
37 is represented only by a single date (Beta-481347) in the age-
depth model, although two other samples (Beta-487731, Beta-
486039) derive from this level (Figure 9). Their different age can
be explained by the presence of a coarser-grained and lighter
colored band in Unit VIII, with increased values of Al/Ti, which
indicates a variation of the sediment source. The influence
of post-depositional processes such as bioturbation cannot
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be excluded, which has focus of future
micromorphological investigations.

Sediment Unit IX is covered by a brownish layer, representing
a distinct anthropogenic unit (VII), which lies below the
archaeological sterile unit. The lower part of the unit consists
of a yellow brownish sediment with intermixed cultural findings.
One radiocarbon sample that was collected from this section
dates between 21,392 and 21,867 cal BP. The following settlement
phase covers a period of about 17 to 15 ka cal BP. All radiocarbon
samples were taken from sediment in-between and below the big
trachytic boulders of the rockfall layer. Chronologically, the
trachytic rock fall layer in the upper part of the unit cannot be
assigned, as no datable material has been preserved directly above
this layer. At the moment it is not possible to determine whether
the collapse of the roof caused the end of this occupation phases
or if the humans had already left the rockshelter. The stone
artifact distribution in between and below the boulders points toa
severe disturbance of the accumulated anthropogenic material.
Another question is whether the larger rocks at the entrance of
the rockshelter collapsed at the same time as the trachytic rocks in
Unit VII, or if this was a different event. The absence of trachytic
boulders in higher strata of the stratigraphy speaks for a
simultaneous collapse of the rocks. Future analyses below the
large rocks, blocking the entrance, could provide information
about this. It can be assumed that the whole sedimentological unit
has undergone post-depositional processes that let to
disturbances and influenced the expression of some
geochemical indicators. A possible influence of pedogenetic
processes and temporary absence of human impact can be
explained by the inconsistency of the magnetic susceptibility
and the K/Rb ratio (Kehl et al., 2014). This indicates post-
depositional disturbances and a possible displacement of
radiocarbon samples. With this assumption in mind the two
outliers (Beta-523129, Beta-521541) of this cultural phase, can be
excluded from the model.

The following clayish Unit VI provides a unique indication for
the prolonged absence of humans. Chronostratigraphically,
this unit can be dated by one radiocarbon date (Beta-449172),
that originates from the base of the unit, and by the dates of
the cultural layer below and above it. Based on this, the dates
of ~15 and 4.7 ka are the maximum, respectively minimum
age of the deposition. This period can be assigned to the Early
Holocene African Humid Period (Foerster et al., 2012;
Foerster et al., 2015; Hildebrand et al., 2019). An exact
dating of the deposits is not possible due to the lack of
datable material within Unit VI (Figure 8). The duration
of the deposition is unclear and it might have been a slow
process over a long period or a rapid event. It can be assumed
that there must have been fluctuations during the deposition.
This is verified by the variations in the degree of sorting and by
the distinctive yellowish, silty layer in the lower part of
the unit.

The end of the archaeologically sterile Unit VI and thus the
beginning of the anthropogenic unit V is verified by the presence
of obsidian tools and charcoal, as well as by the abrupt change in
sedimentological and geochemical features. In particular, the
increased values of magnetic susceptibility, TOC, as well as the

to be a
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increase in manganese and phosphorus mark an intense re-
occupation of the shelter by humans. Seed and charcoal
samples date to an age range of about ~4.7-4.3 ka cal BP.
Again, the accumulation rate of the anthropogenic impacted
deposits in Unit V is higher than in the case of exclusively
geogenic induced deposits in the Sodicho Rockshelter.
Considering the sampling depth of the radiocarbon
samples, the anthropogenic accumulations reach up to a
field depth of 0.45 m. However, the samples Beta-486041
and Beta-449169, collected in excavation square G, are at
the same depth as the sterile tephra of Unit IV in square F35,
which is not visible in square G. These tephra layers can be
geochemically identified by the coarser grain size, the
increased potassium (K) amount and the maximum values
of the Al/Ti proxies, which indicates a change in the sediment
source (Kehl et al., 2014). In addition, sweeping and raking-
out the surface may have been involved, as has already been
observed in micromorphological studies at South African
sites, like Sibudu Cave and Diepkloof Rock Shelter
(Goldberg et al., 2009; Texier et al., 2010).

The radiocarbon sample Beta-449168 is marked as an outlier
in the age-depth model because it was taken from a pit in
excavation unit F34-NW-10 (Figure 9). Stratigraphically the
sample is situated above sample Beta-486041 in Unit III
(Table 1). This age discrepancy is the result of mixing and
relocation of the sediment in the pit (Ossendorf et al., 2019).
Nevertheless, the dated sample represents the anthropogenic Unit
111, which is supported by cultural material and an increase in
TOC and of manganese.

On the basis of the geochemical proxies alone, it can be
assumed that the human occupation of the rockshelter was
more pronounced in the periods above the sterile layer than in
the stratigraphically older units. However, it should be pointed
out that the proxies at the bottom of the sterile layer show weaker
trends and were probably influenced by weathering. Considering
the small size of the excavation trench, the artifact density might
simply reflect differences in the spatial use of the shelter over time
and is therefore an incidental result that cannot be considered as
an indicator for settlement intensity.

Regional Paleoenvironmental Implications

The sedimentological results indicate changes in the depositional
conditions over time. As discussed above, some of the results,
e.g., archaeological finds, magnetic susceptibility and the Mn
content show clear signs of human impact. By plotting
elemental ratios against the calculated age-depth model, it is
possible to model these first results in relation to regional
palecenvironmental changes during the last 27 kilo years

(Figure 12), covering periods like the Last Glacial
Maximum (LGM, 21 + 2ka) and the Early Holocene
African Humid Period (AHP, ~15-5ka). For the

paleoenvironmental comparison we consider archaeological
and sedimentological information from the rockshelter
Mochena Borago, and paleoclimatic records from lacustrine
sediments in Ethiopia. With our own data we observe local
environmental fluctuations in sediment sources or weathering
intensity caused by shifts in moisture availability.
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Phase 3: Unit VII-IX, ~27-15Ka

The short distance of about 40 km to Mochena Borago provides a
suitable basis for a local comparison of the past conditions.
Chronologically, the currently excavated and dated cultural
layers from Sodicho cannot be connected to the Late
Pleistocene deposits of Mochena Borago, since layers from this
period have not been excavated yet. Nevertheless, we see
similarities in the changes of the lithostratigraphic sequences.
The basal Pleistocene deposits of the stratigraphy of Mochena
Borago offers one of the most complete records from the
timeframe of 60-30 ka in Eastern Africa. The main trench at
Mochena Borago revealed three major lithostratigraphic units
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that preserved cultural remains dated between 36 and >50 ka
(Brandt et al., 2017). The complex stratigraphy developed by
multiphase, polygenetic accumulations of geogenic deposits, e.g.,
fluvial ~activities, volcanic eruptions, and anthropogenic
depositional processes (Brandt et al., 2017). Several erosional
activities resulted in a chronostratigraphic gap from ~36 to ~8 ka
cal BP, erasing sedimentological history and possible cultural
evidence until the Holocene (Brandt et al., 2012; Brandt et al,,
2017). Although this archaeological and stratigraphic gap was
recognized at other East African sites as well, e.g., Ziway-Shala
basin and Goda Buticha (Tribolo et al., 2017), it is not found in
Sodicho. Tn Figure 12 the Mn record and the *C dates illustrate
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two anthropogenic Units IX and VII that preserved cultural
material ranging from ~27 to ~16ka cal BP. This makes
Sodicho Rockshelter the first site in Ethiopia that partially
reduces the chronostratigraphic gap. The two anthropogenic
units partly cover the global short-term Heinrich event 2 (H2)
and the prolonged high-latitude LGM with a decrease of the Mn
values around 21 ka (Figure 12). On a regional level, both time
ranges are pronounced dry and cold phases, that can be tracked
by a drop in the K record of the Chew Bahir basin core (Foerster
et al,, 2012). In contrast to the geoarchaeological evidence from
Mochena Borago indicating that prehistoric humans frequented
the rockshelter during more humid conditions (Vogelsang and
Wendt, 2018), the sedimentological and archaeological results at
Sodicho point to multiple occupations during humid and arid
periods. In fact, Sodicho is the first evidence for the use of
highlands as a refugium during times of severe environmental
stress in the lowlands. In the Rift Valley, human occupation is not
traceable during Late Pleistocene arid phases, even not in the
surroundings of lakes, such as the Ziway-Shalla Basin (Bon et al.,
2013). Thus, highlands might have been the only retreats.
Paleoclimate simulations indicate higher annual precipitation
in the Ethiopian highlands during arid phases than in lower
elevated regions in Ethiopia, and suggest that these regions were
part of a warm and temperate savanna and remained covered by
low growing vegetations and scrubs during the glacial aridity of
the LGM (Basell, 2008; Willmes et al., 2017). Residual water in the
highlands could have attracted animals and humans (Basell,
2008). The Mn value of Unit VII peaks around ~17 ka cal BP,
followed by a rather extreme drop of the values, which was not
evident in the raw data of the geochemical analyses of the
stratigraphy (Figure 7). This indicates the end of the cultural
settlement phase. At the same time the Fe values show a rather
gradual change to more humid conditions. The rapid changes of
the records can be explained by the calculated sediment rate of the
age model, which is increased in this section. In addition, post-
depositional processes, the rockfall event of Unit VII, and the
human impact has to be considered. A further explanation is the
sample Beta-481344 (14,812-15,122 cal BP), which was marked
as an outlier in the calculated age depth model. When this dating
would have been included in the age-depth model, the
geochemical data does not show such a strong trend around
17 ka (Supplementary Figure S5). Nevertheless, the geochemical
values would steadily decrease from 17 ka. Another possible
explanation are stepwise abrupt changes to increasing
precipitation. This observation is also preserved in the Chew
Bahir basin record between ~19 and 15ka, and further
paleoclimatic records on the northern African continent (for
detailed descriptions and references to these records, see Foerster
et al., 2012). Overall, our geochemical data from this period
around 17 to ~15 ka cal BP should be regarded with caution, since
the age data are influenced by the plateau in the ag-depth model
(Supplementary Figure S5).

Phase 2: Unit VI, ~15-4.7 ka

As mentioned before in Figure 12, a phase of prolonged human
absence correlates with a shift to more intense moisture, expressed in
low Mn content and higher Fe content. The overall moist signal is
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recorded between a maximum age of ~17 ka cal BP and a minimum
age of ~4.7 ka cal BP. Although Fe,O; record has a comparable trend
as Fe (Figure 5), the graph of Fe was chosen, due to the higher
sample density and the more precise detection of fluctuations. This
increased Fe trend, enhanced input of clay minerals and the lower
K/RDb ratio corresponds to intensive weathering influence (Figure 5).
As mentioned before this phase is known as the Early Holocene
African Humid Period, that occurred during low orbital precession
and associated higher insolation values (Laskar et al, 2004).
Comparable conditions were observed in the increasing trend of
the K record of the Chew Bahir basin (Foerster et al, 2012;
Foerster et al,, 2015). Our geochemical results in Figure 12 show a
gradual increase in humid conditions. In contrast, drier intervals like
the Heinrich event 1 (HI, ~16ka) and the Younger Dryas (YD,
~12ka) are not visible in our geochemical record. This might be
caused by one outlier sample that had to be excluded from our age
model (see Chronology and Human Occupation at the Rockshelter).
Nevertheless, a slight drop at 9.8 and 7 ka cal BP in the Fe values
within the profile of F35 can be identified. These shifts can be
explained by local changes in the sediment source region, as
indicated by the fluctuations in the Al/Ti ratio. These intrusions
correlate with a dry interval of 9.8-9.1 ka and a large-scale drought of
around 7 ka observed at various sites throughout East Africa (Foerster
et al, 2012). It is still unclear why the humans abandoned the rock
shelter during the African Humid Period. Possibly the large lakes in
the lowlands and Rift Valley offered preferred and easily accessible
resources and the amount of energy needed to obtain food may have
been lower there (Bon et al.,, 2013). Moreover, it can be assumed that
the intense precipitation led to the formation of an extremely dense
vegetation coverage, which impeded humans to live at the mountains
slopes and use the highland ecosystems.

The termination of the AHP is a subject of current scientific
discussions. These include the assumption of a slow gradual change
to drier conditions (Kropelin et al., 2008; Foerster et al,, 2012) or a
rather fast and relatively abrupt transition, which was also identified
in several records, as according to water level reconstruction for the
Turkana basin (Garcin et al., 2012). Furthermore, the role of humans
as potential drivers for the end of the AHP is debated (Wright, 2017).
These fundamental discussions go beyond the scope of this study that is
based on a local data set. Regarding our analysis, after a maximum
value of Fe around 6.5 ka cal BP a further weaker peak (4.8 ka cal BP) is
followed by an abrupt drop in values, pointing to rather arid conditions.
This abrupt change can also be seen in the other graphs of our figure.
However, this is not an indication of the pace of termination of the
AHP, since the sediment deposits at Sodicho are influenced by post-
depositional processes. Furthermore, the deposition conditions in
rockshelter settings are often somewhat more discontinuous, in
comparison to other terrestrial or lacustrine deposits.

Phase 1: Unit V-1, ~ 4.7-0ka

With the rapid decrease of the Fe values, the anthropogenic
influenced Unit V emerges. Geochemically this can be dlearly
identified by increased MS and Mn values around 4.4ka. This
settlement phase and the associated deposition processes may have
disturbed the sediment of the former walking horizon and thus partly
explain the strong fluctuating Fe values. The dating of this cultural
layer is of interest with regard to global climatic events, as it may cover
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a time range that correlates with the so-called 42ka event. This
hyperarid event was mainly investigated in the Mediterranean
(Kaniewski et al, 2018) or Chinese region (Xiao et al, 2018).
Furthermore, a lacustrine record from Abhe Lake in northemn
Ethiopia indicates a drastic drop in lake levels between 4.5 and
3.7 ka, with an increase in aeolian accumulations indicating a drier
climate (Khalidi et al., 2020). This could further confirm that humans
lived in the Sodicho Rockshelter during arid periods with more
favorable conditions in the montane forests (Hildebrand et al,, 2019).

The tephra layers separating sedimentological Units I, IIT and
V in excavation square F35 represent again a purely geogenic deposit
and thus a temporary absence of humans within the rockshelter. The
question whether humans were forced to abandon the site due to the
volcanic eruptions and the consequential temporary environmental
changes in the area cannot be answered on the base of the present
results. Based on archaeological and chronological analyses at
Mochena Borago, it is assumed that humans were influenced by
rapid shifts in local or even regional environment that may have
made it impossible to stay in the area (Brandt et al., 2012). The
graphs in Figures 4, 6 of the sedimentological and geochemical
analyses show that the deposition of the pyroclastic material
occurred rapidly. Given the alternating tephra and cultural layers
of the Sodicho stratigraphy, we can assume similar rapid changes
influencing the surrounding landscape and the humans. In contrast
we observe a rather slow change between Unit VII and the
archaeologically sterile Unit VI. The geochemical analyses (slow
decrease of MS and Mn content) may indicate that humans had

already left the rockshelter.

CONCLUSION

The sediment record of Sodicho Rockshelter contains a 27 ka
record of repeated human occupation and local
paleoenvironmental proxies, The study presents a first
stratigraphic and chronological framework for the Sodicho
Rockshelter that is an important new site for studying
prehistoric settlement in East Africa during critical time
frames, such as the Last Glacial Maximum (LGM, ~ 21 +
2ka) or the African Humid Period (AHP, ~ 15-5ka). Four
sediment agents and the resulting site formation processes are
identified. Purely geogenic accumulations differ significantly
from anthropogenic induced deposits in terms of grain size
distribution, sediment color and geochemical composition of
the sediment. It is possible to indicate a higher intensity of
human settlement phases during Unit V, according to the
preliminary analyses of the lithic material, the results of
magnetic susceptibility, and the content of Manganese and
Phosphor. Archaeological sterile layers are identified with the help
of sudden grain size variations and elemental ratios, like Al/Ti and
K/Rb. These illustrate the deposition of volcanic fallout, changes of
weathering intensity and shifts of major sediment sources. In
particular, the Fe content reflects an increase in weathering caused
by humid conditions between ~17 and 4.7 ka cal BP. Furthermore, the
values also indicate short-term dry spells that may correlate with dated
dry intervals of climatic records from the Chew Bahir basin, situated
about 300 km southwest of the rockshelter but affected by the climatic
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conditions of the southwestern highlands. In total, our results verify
human occupation in the highlands during humid and arid phases in
the last 27 ka. This underlines the assumption that the highlands
might have been used as part of larger settlement areas during times of
favorable climatic conditions, but also as retreat under arid
environmental conditions. However, a distinctive settlement gap is
detected during the humid conditions of the AHP. Further
excavations and investigations are needed to verify these first
preliminary hypotheses. These would include micromorphological
observations and the evaluation of phytoliths, which could offer a
closer look into the microstratigraphical development of the site and
the local paleo-vegetation. Nevertheless, the sediment record of the
Sodicho Rockshelter reflects local environmental changes that
correspond to the records of the Chew Bahir basin and to
superregional  climatic  shifts. The sedimentological and
archaeological records of Sodicho Rockshelter have the potential to
be correlated to other archaeological and paleoenvironmental sites in
eastern Africa and thus contribute to a supra-regional reconstruction
of the settlement history and paleoenvironment. In particular, our
study contributes to close the chronological gap of human occupation
in north-eastern Africa around the times of the LGM.
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1 Supplementary Figures and Tables

The 1llustrations and the table shown here are a supplement to the results discussed in chapter 4 and
to the discussion in chapter 5.3.

1.1 Supplementary Table

Table S1: Field description of sedimentological units of the excavation quadrants F34, 35 and G34,
35. Information about grain size are according to the scale by Udden (1914) and Wentworth (1922).

Unit | Description

I Multi-layered anthropogenic surface unit: Grayish brown to light brown sediment with a
main grain size of silt to fine sand and a moderate to poor sorting. The medium to coarse
grained gravels are angular to subangular rounded with a high to medium sphericity. The
gravels are identified as trachytic rock, from the common bed rock. The main sediment is
compact and crumbly with firm aggregates. Macroscopic grading or bedding are absent.

Only few charcoal fragments but also unburned botanical remains. Sherds of recent, black-
colored pottery. The few obsidian lithics seem to be displaced. This is the only
anthropogenic layer where bones are preserved. A pit filled with charcoal, ash and
potsherds in square F35 extends down to Unit I11.

Il Multi-layered geogenic unit with an upper light brownish grayish layer, a lighter colored
tephra in the middle and a bright white to light gray tephra at the bottom of the unit. The
upper layer has a main grain size of coarse silt to fine sand (medium sand). The coloration
of this layer differs within the excavation squares, e.g. the brownish gray color in square
G35 1s much darker. Sediment aggregates and brown round lenses are included in a low
frequency.

The transition to the lower layer 1s gradual in F35, with thin brownish, discontinuous and
horizontal microlamination (up to 2 mm thick). The lower situated tephra is thicker and
lighter colored and has also a fine sand to coarse sand grain size. Brownish angular lenses
(s1lt grains size) are less frequent and the main sediment is firm and seems well sorted and
homogenous. The boundary to the lower layer 1s undulated and sharp.

The lowest layer 1s not continuous, partly eroded and only exposed in square F34 and F35.
The white to white gray colored tephra is very well sorted and homogenous. The main

grain size 1s fine sand to medium sand.

This unit is archaeological sterile.
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I Multi-layered anthropogenic unit with a dark greenish brown upper layer, a bright reddish-
brown layer and a lower darker greenish brown layer. There is a sharp boundary to the
above situated Unit II. The upper layer of this Unit III consists of clayish silt mixed with
fine reddish lenses (0.5 - 1.0 cm) and charcoal (< 0.5 mm) particles. The reddish sediment
layer also occurs as bright red and even orange red in square F35 and G35. This layer
consists of particles with main grains size of fine sand to silt. Brownish angulate lenses
are unevenly distributed in this layer. The lowest greenish-brown layer consists of fine silt
with charcoal fragments and is enriched in organic material. This layer can be addressed
as a transition area to the underlying unit IV, since thin volcanic ash lenses are
intermingled. The change appears to be gradual.

The sediment of this unit is very firm. Especially the bright red layers seem cemented and
were hard to sample (sedimentology). Macroscopic bedding or grading are absent. The
lower section of this unit is characterized by inhomogeneous distributed volcanic ash
lenses (angular shape), that are comparable to the volcanic ash of Unit IV. Here the
sediment seems disturbed.

Archaeological finds are mainly obsidian stone artefacts and only few potsherds.
Concentrations of charcoal fragments with some larger pieces up to 1 cm indicate the
location of fireplaces. One hearth is bordered with big trachyte gravels. An artificial pit is
documented in profile G35 and another pit filled with charcoal is preserved in square F35.
Both pits extend into the underlying sediment Unit [V.

v Two-layered geogenic unit consisting of tephra with an upper greenish-gray layer and a
lower grayish-white layer. This unit is discontinuous and tilts slightly in north direction
(~10 %) as can be seen in the east profile of F35. Its thickness varies throughout the
excavation squares. In square G35 the tephra layers are no longer a separate unit, but
disturbed and mixed with the overlying anthropogenic sediment unit. The upper tephra
has a main grain size of silty sand to medium sand and its boundary to the overlying unit
is gradual with a color transition from gray to brown-gray. The frequency of intermingled
brownish angular lenses decreases with increasing depth.

A discontinuous transition with fine, brownish lamination (1mm thick) separates the upper
layer from the lower part. The laminae have a fine clayish silt grain size. Single well-
preserved charcoal pieces (< 1 cm) are distributed in the transition area.

The lower layer of this unit is very well sorted and homogeneous. It has a main grain size
of coarse silt to fine sand (medium sand). Grading or bedding is absent. Gravels or rock
fragments are also absent. The boundary to the underlying Unit V is sharp and marked by
a reddish-brown band (~ 0.5 mm) that has a clayish silt grain size.

The origin of the charcoal is not yet clear, since there are no further archaeological remains
in the layers. For this reason, this unit can be considered as archaeological sterile.

\% Multi-layered anthropogenic unit, with a clayish silt grain size. The main sediment of the
upper layer 1s dark brown and relatively firm. Small gravels and single big subangular
gravels with a medium to high sphericity are included. Their frequency is lower than in
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the above situated units. Isolated light-colored tephra lenses (2-4 cm thick) are found in
the upper part of the unit. The tephra lenses have a similar composition as the tephra of
Unit IV and seem to be displaced.

The lower part of this unit is characterized by concentrations of charcoal fragments (up to
1.5 ¢m), indicating fireplaces. The sediment below the charcoal concentrations 1s red
colored showing the impact of heat. Restricted to square F35 a discontinuous, irregular
lens of light-colored tephra is situated directly underneath the reddish colored sediment
below the hearth. The tephra seems dislocated and partly eroded. There is an extremely
high density of archaeological finds, almost exclusively stone artefacts made of obsidian,
in connection with the fireplaces. Remarkable are a large number of charred fruit kernels
that were found in the fireplaces.

The transition to the underlying Unit VI is gradual with an increase in clay content and
red sediment color. It seems that both units V and VI are mixed 1n this transition area.

Vi

Multi-layered geogenic unit. The thicker, upper layer is brown to reddish brown, followed
by a yellowish layer and a brownish red layer.

The sediment of the upper layer has a fine grain size from clayish silt to fine sandy silt. It
1s firm (cohesive), but with a crumbly and polyhedral fabric, caused by high clay content.
The sediment 1s inhomogeneous with several lighter colored disturbances. The sediment
1s fine grained throughout, with a few 1solated angular small gravels 1dentified as trachyte.

A slightly rounded trachytic boulder of 20 cm diameter with high sphericity marks the
boundary to the underlying layer. This is brown colored with the same grain size as above,
but with several small gravels. This layer is followed by a not continuous yellowish, firm
layer with silt grain size that inclines slightly in square F35. The whole layer has a blocky
structure, with thin brownish sediment in between the aggregate.

This unit 1s archaeological sterile.

VIl

Multi-layered anthropogenic umit. The upper part of this unit in square F35 and G35 1s
characterized by a rockfall layer of trachytic boulders with a maximum diameter of up to
70 cm (fig. 4). The boulders are irregular shaped, with a rounded upper surface and an
angular lower surface. The finer grained (coarse silt to fine sand) sediment around the
boulders includes several angular coarse gravels with a medium sphericity. There 1s a high
density of lithic artefacts between and underneath the boulders, but only scattered charcoal
pieces. In contrast to all other archaeological layers, the orientation of most stone artefacts
1s not horizontal but inclined.

The sediment below is relative firm with a brown color and clayish silt to fine sandy silt
grain size. It is not homogenous, with intermixed tephra in the lower part and seems
disturbed. With increasing depth, the frequency of coarse gravel increases.

VIII

Thin light brownish geogenic unit with a sandy silt grainsize. The sediment is very firm
with intermixed charcoal fragments. The frequency of angulate small gravels 1s much
lower than in the unit above and the unit below. The lower section of this unit is
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characterized by several horizontal, yellow to gray colored layers, with a maximum
thickness of < 0.5 mm. In some areas, these are interrupted by disturbances from the
overlying anthropogenic Unit VII.

The origin of the charcoal is not yet clear, since there are no further archaeological
remains in the layers. For this reason, this unit can be considered as archaeological
sterile.

IX Multi-layered anthropogenic unit with a clayish silt to fine sandy silt grain size. The
reddish-brown sediment is not homogeneous and seems slightly disturbed. This unit is
very firm and includes medium to big angular/subangular trachytic gravels.

Cultural material includes lithic artefacts mainly made of obsidian but also chert gains in
importance as raw material for the stone tool production. Charcoal is rare but sometimes
also larger pieces (< 1 cm) occur.

1.2 Supplementary Figures
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Figure S1. Further sedimentological and geochemical properties of the profile F35 at the Sodicho
Rockshelter: median of particle size (pretreatment with H202 or H202 & HCI); CIELab color values
a* and b’; element trends (Al Ti, Rb, CI).
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Figure S2. Further sedimentological and geochemical properties of the profile G35: median of
particle size (pretreatment with H202 or H202 & HCl); CIELab color values a* and b*; element
trends (Al, T1, Rb, CI).
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Figure S3. Further sedimentological and geochemical properties of the profile F35: element trends
(S1, Ca, Sr); element ratios (Fe/Al, K/T1, Mn/Fe).
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Figure S5. Comparison of two classical age-depth models for the Sodicho Rockshelter and the
comparison of geochemical records calculated with the age data of the models; (A) For the age-depth
model the sample Beta-481344 was excluded, resulting in a drop of Mn values and an increase in Fe
values at ~ 17 ka cal BP; (B) For the age-depth model the sample Beta-481344 was included and the
samples Beta-449174 and Beta-434192 were excluded, resulting in a gradual decrease in Mn values
and a fluctuating increase in Fe values. There are only minor differences between the Al/T1 and K/Rb
geochemical diagrams in A and B between 17 ka and 14 ka cal BP.
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Abstract: The Sodicho Rockshelter in the southwestern Ethiopian Highlands presents a unique site
that contains sediments of Upper Pleistocene and Holocene occupation phases of hunter-gatherer
communities. Excavations and previous geoarchaeological research provided a first *C chronos-
tratigraphic framework for the last 27 ka cal BP, which supports the hypothesis of a potential
environmental refugium during the Late Glacial Maximum (LGM, ~21 =+ 2 ka). Nonetheless, it is
necessary to extend the preliminary interpretation of stone tool assemblages, and the geoarchaeolog-
ical analyses carried out so far to provide in-depth information on prehistoric human behavior at
the site under changing climatic and environmental conditions. In this study, we reinvestigate the
complex stratigraphy and the paleoclimatic context of Sodicho in order to expand the knowledge
about site formation, post-depositional disturbances, weathering influences, and the anthropogenic
impact on the sediment deposits. Micromorphological observations and the determination of active
pedogenic oxides offered a more detailed look at the microstratigraphic record in relation to shifting
moisture conditions during the African Humid Period (AHP, ~15 — 5 ka). Sediment alteration and
reworking are connected to the influence of sheet flow, biological activity, and human impacts such
as dumping activity and site maintenance. A comparison with black carbon (BC) analyses and a qual-
itative phytolith ratio (quantification of dark and light phytoliths) provided evidence for variations
in human fire intensity. Our collaborative and multidisciplinary approach demonstrates how the
complex formation of a rockshelter site in a tropical setting with changing climatic and anthropogenic
impacts can be tackled.

Keywords: geoarchaeology; Ethiopia; rockshelter; Upper Pleistocene; Holocene; micromorphology;
black carbon; phytoliths; pedogenic oxides

1. Introduction

The sediment deposits at the Sodicho Rockshelter, a volcanic rockshelter in the south-
western Ethiopian Highlands, provide important evidence for hunter-gatherer occupation
over the last 27 ka years, thereby partly closing one of the major chronological gaps associ-
ated with the time range of Marine Isotope Stage 2 (MIS 2) [1]. Located near the Mochena
Borago Rockshelter, a key site documenting Upper Pleistocene hunter—gatherer communi-
ties [2—4], Sodicho offers a complementary stratigraphy. Since the bedrock has not yet been
reached during the excavations, further deposits are expected at Sodicho.
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The stratigraphy of an archaeological site, ideally in an intact and undisturbed state,
illustrates the occupational history and behavior of past inhabitants, as well as past en-
vironmental conditions. Often, rockshelters provide excellent sediment traps. Neverthe-
less, stratigraphies can be influenced by changing depositional environments and post-
depositional impacts [5]. Particularly, this holds true for stratigraphies of rockshelters
in tropical regions, which are often subject to changing moisture conditions [5,6]. This
can complicate the identification of sedimentary sources and depositional processes at
these sites.

Geoarchaeological methods, such as sediment analyses, micromorphology, or geo-
chemical investigations, allow the study of various depositional processes and add a
geomorphological and geoscientific perspective to archaeological investigations. In par-
ticular, micromorphological observations allow conclusions about sediment alteration,
translocation processes, and human activity at a site [7].

Prior geoarchaeological research at Sodicho revealed a complex depositional history,
influenced by depositional circumstances of the Late Glacial Maximum (LGM, ~21 & 2 ka)
and the Early Holocene African Humid Period (AHP, ~15 — 5 ka BP) [1,8,9]. Past humans
used the rockshelter repeatedly, probably during both dryer and wetter phases. However,
an in-depth microscopic analysis of the deposits that would offer a better understanding
of the stratigraphy and possible human—environment interactions had not been carried
out yet. Therefore, we conducted a multi-method approach to specify human behavior,
such as the use of fire. First, we employed micromorphological thin section analysis to
determine the composition and the spatial structure of identified features that are not
visible to the naked eye [7,10]. Especially regarding site formation processes and activity of
prehistoric humans in caves and rockshelters, micromorphological studies have proven
to be an essential tool. Among many in-depth studies, the interplay of geogenic, biogenic,
and anthropogenic processes were studied at several sites, for instance, in southern [11-13]
and northern Africa [14-16], the Levant [17,18], the Iberian Peninsula [19], central Eu-
rope [20], Western Australia [21], central Asia [22], and southern Siberia [23,24]. These
studies emphasized the significance of humans as depositional agents and allowed a better
understanding, in particular about palaeoenvironmental changes, human activity zones,
combustion practice, combustion bi-products, and synsedimentary human activity, such as
trampling and site maintenance.

In this study, black carbon (BC) measurements are used as a proxy for fire residue
input and past human—fire interactions. The term BC describes the sum of pyrogenic
organic matter and may comprise all charred residues, charcoal, and soot particles [25]. The
aromatic structures [26,27] render BC recalcitrant to decomposition so that it can remain
in soil and sediments for several thousands of years (e.g., [28-30]). To quantify the total
amount of BC and also its properties (the latter to indicate changes in fire temperature), we
determined benzene polycarboxylic acids (BPCAs) as specific tracers [31-33].

Further verification of fire residue input provides a preliminary qualitative phytolith
analysis in order to develop a simple ratio of burned and unburned phytoliths. Opal
phytoliths, as inorganic silicate bodies, are produced in plant cells or the cell wall through
polymerization of monosilicic acid (H45i04) taken up by plant roots [34-36]. Dark discol-
oration of the phytoliths is often caused by exposure to a fire, which burns occluded natural
carbon or plant organic tissue, suggesting either natural bushfire or human-induced fire
activity [10,34,35,37].

Finally, we determined the concentration of active iron (Fe), silicon (Si), aluminum
(Al), and manganese (Mn) in an acidified ammonium oxalate (AQ) extract [38,39]. In soil
science, the AO method has been regarded as quantifying poorly crystalline or amorphous
pedogenic (hydr)oxides formed after deliberation of the metals by silicate weathering.
However, other species, such as organic associations or poorly crystalline aluminosilicates,
may be dissolved by the AO extract as well [40].

The main aims of this study are (a) the extension of knowledge about the site formation
processes and post-depositional alteration of the stratigraphy during the last 27 ka years,
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(b) the identification of microscopic evidence on the degree of weathering under the
influence of changing humidity within the rockshelter, (c) the determination of human
activities with emphasis on the reconstruction of human fire activity, and finally (d) to
demonstrate that such a geoarchaeological multi-method approach allows tackling complex
rockshelter stratigraphies in a tropical environment in general.

2. The Site: Setting and Background

Sodicho Rockshelter is a ~30 m deep cavity on the southern flank of the trachytic
Mount Sodicho, a volcanic mountain in the southwest Ethiopian Highlands (E 37°36'44 and
N 7°15'21). The research area lies west of the southern Main Ethiopian Rift and the southern
Ethiopian Plateau, east of the Omo River Canyon, and south of the three circular Wagebeta
Calderas (Figure 1a). It is characterized by past volcanic activity and tectonic stress that
occurred during the late development of the Ethiopian rift system [41-44]. The natural
vegetation of Mount Sodicho is subject to drastic changes as a result of recent human impact.
Nowadays, dense settlement, agriculture and cattle farming, human-induced deforestation,
and massive soil erosion are characteristic, in particular at the relatively flat summit and
the slopes. The average precipitation is 2000 mm per year. Still, annual and inter-annual
precipitation changes have an effect on the vegetation cover (Figure 1b,c).

37°200°E 37" 400" E

Wagebeta Calderas

37°200"E 37°400°E 38°00"E

tfauts (4 caldera [ lakes
Figure 1. (a) Map of the study area in the Southwestern Ethiopian Highlands (DEM data by ASTER
GDEM and Natural Earth raster map data); (b) During the dry season, natural plant growth is
significantly reduced (photo by R. Vogelsang, 16 February 2016); (¢) Mount Sodicho is heavily
vegetated after the main rainy season (photo by E. Hensel, 18 November 2018).

The mountain itself has an irregular dome structure affected by an episodic and
permanent hydrological system [44]. River erosion and gully formation are common
phenomena, leading to the exposure of scattered obsidian raw material. Recent soil erosion
exposed relatively fertile, red-colored, and kaolinite-rich humic Nitisols, typical for the
tropical highlands [45,46].

The south-facing opening of the rockshelter is located below steep rock walls. Large
boulders (3—4 m) prevent direct access to the cave and thus the direct influence of weather
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North profile of F35

conditions. The trachytic bedrock is grey to yellowish in color and erodes easily in certain
places. During and immediately after the rainy season, the shelter is affected by the
water dripping down the ceiling, resulting in constant dripping areas, the formation of
shallow pools and drip holes, as well as weathering of large boulders within the cave. The
rock surface of the walls is affected by dark staining, alveolar weathering (honeycomb
weathering), and uneven exfoliation. During dry periods, evidence of residual moisture is
limited to damp areas in the rear of the rockshelter.

The Sodicho Rockshelter, first visited by our team during surveys in 2012, lies ~40 km
away from the key site Mochena Borago Rockshelter located on the southwestern slope of
Mt. Damota. Mochena Borago has been well investigated since 1998 and contains Upper
Pleistocene sedimentary units and cultural remains dated to >50 ka to ~36 ka and the
Holocene [2,3,47,48]. The excavations at Sodicho were undertaken annually from 2015
to 2018 in the backward area of the rockshelter, starting with two test pits of 50 x 50 cm
(Figure 2). The main pit was extended to 4 m?* down with a maximum depth of ~2 m
without reaching the bedrock. In 2016, a third pit (50 x 50 cm) with a depth of 60 cm was
added [1].

South profile of G35

Legend
water pond (seasonal)
L trachyte boulders

% trachyte bedrock

= sampled profiles
drip line
outer rim of boulders
blocking the entrance

South profile of J29

i v o & g
7 P . 7 Ei !

Figure 2. Floorplan of the Sodicho Rockshelter showing images of the excavation pits mentioned in
the text (photos by R. Vogelsang, February 2016).

The most recent geoarchaeological investigations at Sodicho Rockshelter comprise a
selection of sedimentological and geochemical analyses and the establishment of a chrono-
logical framework with *C dating. So far, a complex stratigraphy with nine sediment
units was identified that include five anthropogenic units (in terms of geogenic sediment
deposits impacted by human activity during occupation phases I, I1I, V, VII, and IX), three
distinct allochthonous tephra units (II, IV, VIII) and a thick clayey archaeologically sterile
unit (VI) (Figure 3) [1].
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Depth below surface (m)

According to macroscopic observations in the field, the deposits are slightly tilted to
the northern backwall of the shelter. The occupational layers are recognized by a mostly
dark brownish sediment color with an average grain size of silt and fine sand. In addition,
some layers of these units show sediment rubification. Cultural remains and structures
include lithic obsidian artifacts, macroscopic charcoal, hearths, and pits. Bone material has
not been preserved in layers older than some hundred years due to the moist and acidic
milieus of the sediments. The cultural units have a certain sedimentological fingerprint,
characterized by higher values of total organic carbon (TOC), magnetic susceptibility (MS),
manganese (Mn), and phosphorus (P) (Figure 4) [1]. The presence of hearth features and the
lateral distribution of macroscopic evidence for fire residue in Unit IIl and V [1] represent
in situ burning events as known from other rockshelter sites [49].
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Figure 4. Sedimentological and geochemical properties of the profile F35 (black graphs) and G35
(grey graphs): carbon content with TC and TOC (green graph); magnetic susceptibility, element
trends (manganese and phosphorus) (mod. [1]).

Radiocarbon measurements, mainly of charcoal, date the upper anthropogenic units
between ~1800 and ~2100 cal BP (Unit IIT) and ~4300 and ~4800 cal BP (Unit V) [1]. Both
units contain obsidian microlithic stone tools such as backed microliths, characteristic
of the African Later Stone Age (LSA). Pottery and bone are also present but are limited
to the youngest Later Stone Age assemblage (Unit III) and the surface layer (Unit I).
Stratigraphically lower settlement layers date between ~13,500 and ~27,000 cal BP (Unit
VII and IX) and contain predominantly obsidian artifacts. A rockfall layer with trachytic
boulders (max. 70 cm in diameter) is located in the upper part of Unit VII. The boulders
are weathered with a rounded upward-facing surface, indicating a slow covering with
sediment. Allochthonous geogenic deposits (tephra layers, Unit II, IV, VII) are recognizable
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by their light coloration and coarser grain size from fine sand to coarse sand [1]. Tephra
units are mostly multi-layered, with a slightly darker upper layer often containing brown
angular lenses. In Units IT and IV, transitional layers are found underneath, which contain
fine graduation/lamination visible to the naked eye. The mentioned archaeologically sterile
Unit VI is a ~60 cm thick deposit of autochthonous and allochthonous geogenic sediment
that can be dated to the African Humid Period. It is characterized by increased clay content
and a continuous reddish-brown coloration. Increased values of Fe,O5, aluminum (Al),
and titanium (Ti), and a lower K/Rb ratio point to intense weathering of this unit [1].

3. Material

The material for this study was sampled during the annual excavations in 2016 to 2018.
In the following, the individual sampling strategy and the position within the stratigraphy
are described. A detailed description of the methodology can be found in Appendix A.

A sampling of undisturbed sediment blocks for the micromorphological investigation
was conducted at four excavation profiles (F35 North, F35 West, G35 South, ]J29 South)
(Figure 3). Thin sections of samples taken in 2016 are labeled with Arabic numerals and
those taken in 2018 with Roman numerals. The samples were taken from sediment units and
across layer boundaries to ensure a sampling of the variety of depositional processes and to
detect (environmental) transition zones. A large boulder, which only became visible when
attempting to remove the sample block SOD_III, considerably complicated the sampling.
The lower part of this sample might be disturbed, which was considered in the following
interpretations. The thin sections are classified into predominant facies types according
to the stratigraphic description of Sodicho by Hensel et al. [1] and the defined deposition
units. In this process, we distinguish individual micromorphological subunits by color,
composition, compaction, and changes in grain size fractions.

A total of 20 sediment samples were taken from two excavation squares F35 and
G35 (Table Al), for the analysis of black carbon (BC) covering anthropogenic deposits,
light-colored tephra, and the archaeologically sterile section. For the phytolith study, ca. 10
g of thirteen bulk sediment samples were collected from excavation squares F35, and seven
samples were taken from G35. To determine AQO extractable Fe, Si, Al, and Mn, 20 reference
bulk sediment samples were selected from the stratigraphy.

4. Results
4.1. Micromorphology

The most important features of each unit are described in stratigraphic order beginning
with the lowest unit IX. Detailed results of the thin section analyses are presented in
Table S1. The defined stratigraphic units within each thin section were divided into
subunits, according to macroscopic boundaries detected in the flat bed scans (Figure 5).

Overall, the micromorphological observation verified the diverse stratigraphy with
repetitive occupation layers, alternating with volcanic ash (tephra) or non-anthropogenic
clayey layer. Independent of the sedimentological units, the following features can be
identified in the majority of the thin sections. According to the micromorphological investi-
gations, major coarse components (>10 pm in diameter) in the cultural layer (Units I, III,
V, VII, and IX) and the archaeologically sterile unit VI are trachytic rock fragments of the
bedrock of the shelter, feldspar mineral grains, brown clay and silt granules, and varying
amounts of opal phytoliths with a whitish to bluish-white interference color under oblique
incident light (OIL). Volcanic glass is the predominant coarse material within the tephra in
Units II, IV, and VIII and within weathered tephra in Unit V1. Beyond that, volcanic glass
particles are also mixed into the matrix within the other stratigraphic units but in different
states of weathering. Anthropogenic coarse features are fragments of obsidian, bone, and
charcoal. The following descriptions of the micromorphological results are presented from
the bottom (Unit IX) to top (Unit I):
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Figure 5. Flatbed scans of representative thin sections from Sodicho Rockshelter captured in transmit-
ted light mode; subunits are indicated with Roman numerals and letters in subscript; green dots refer
to figures mentioned in the text. (a) Transition between Unit Il and I in SOD_2-1. (b) Sharp boundary
between anthropogenic Unit Il and tephra (Unit II) in SOD_2-2. (¢) Disturbed tephra within the
anthropogenic Unit Il in SOD_3-1. (d) Multi-layered tephra (Unit 1V) in SOD_4-1. (e) Fragments
of charcoal and burned bone above a disturbed tephra in SOD_I-1-1 (Unit V). (f) Fragmented and
deformed sediment aggregates in a finer matrix in SOD_7-1 (Unit VI). (g) Yellow, weathered tephra
in the lower part of SOD_6-1 (Unit VI). (h) Multi-layered and disturbed tephra (Unit VIII) in the
lowermost micromorphological sample SOD_IV.
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4.1.1. Unit IX

The anthropogenic Unit IX is represented in the lower parts of the thin sections
SOD_IV and SOD_III (Figure 5h). Microscopically, the deposits show a vughy microstruc-
ture. Coarse features consist mainly of individual feldspar mineral grains, fragmented
charcoal particles, trachytic rock fragments with a fluidal feldspar texture, and bigger
feldspar phenocrysts. Fine layered aggregates of volcanic glass particles and aggregates
with phytoliths, as well as fragmented aggregates with finely graded bedding, are included.
A large number of well-preserved light and a few dark phytoliths are found in a 0.5 cm
depression-shaped accumulation, which also contains brown clay aggregates in the same
fine particle size (Figure 8a). Main pedofeatures are fragments of bright yellow-orange
colored clay coatings and limited bioturbation, indicated by biogenic pores. All included
components and aggregates are intermixed within a brownish, dotted, and speckled micro-
mass. The boundary to the overlying subunit VIIc is sharp.

Figure 6. Cont.
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Figure 6. Microscopic images of thin sections from the Sodicho Rockshelter. (a) Aggregation of light
phytoliths (green arrows), brownish clay aggregates and rounded feldspar particles within subunit
IX (SOD_IV, PPL). (b) Optically isotropic phytoliths remain black under XPL, same as Figure 8a
(XPL). (¢) Highly weathered tephra with an abundance of yellowish clay (green arrows) (SOD_6-1,
PPL). (d) Limpid clay coatings with yellowish golden color, same as Figure 8c (XPL). (e) Weathering
of the volcanic glass particles in a yellow clayey micromass (SOD_6-1, PPL). (f) Graded silt and clay
bedding in an aggregate (SOD_7-1, PPL). (g) Reddish crystalized Fe-(hydr)oxides coatings on top of
yellow clay coating along voids (SOD_7-2, PPL). (h) Differences in birefringence colors are obvious,
same as Figure 8g (XPL).

4.1.2. Unit VIII

The geogenic Unit VIII, approximately three cm thick, has a complex structure with a
sequence of three thin subunits, which are preserved in thin section SOD_III and particularly
well in SOD_IV. In these subunits, the coarse components consist of volcanic glass particles
in different states of weathering. The lowest subunit (VIII¢) appears very loose with large
porosity and includes two white tephra layers with intermixed brownish-grey sediment.
The layers are separated by a brownish silty layer containing only a few sharp-edged
volcanic glass particles. The upper part of this subunit ends with a compacted crust of light
pale clay, followed by a subunit (VIIIg) of yellowish tephra. The lower part consists almost
entirely of weathered volcanic glass and yellowish clay coatings (textural pedofeature)
(Figure 5h). The micromass of this subunit has a speckled limpidity and grano-, porostriated
b-fabric. The uppermost subunit VIII, is characterized by volcanic glass particles mixed in
a brownish-grey matrix. The most prominent pedofeatures of this unit are yellowish clay
coatings with bright interference colors.

4.1.3. Unit VII

The sediment of anthropogenic Unit VII seems relatively uniform and cannot be
subdivided, according to the micromorphological observations. As the sediment of this
unit and the features contained within the thin sections are similar, only one subunit
is described. The unit is visible in thin sections SOD_6-2, SOD_II_3-3, SOD_III, and
SOD_IV. Coarse components consist of slightly rounded trachytic rock fragments, charcoal
fragments, and rounded granules in a reddish-brown clayey silt matrix. Fine volcanic glass
with rounded edges and phytoliths are common within the brownish dotted micromass.
Biogenic pedofeatures consist of passage features and biogenic pores. Further pedofeatures
include redoximorphic nodules, yellow limpid clay coatings, and clay papules (fragmented
clay coatings). In addition, sporadic lenses of fine, compacted sediment (disturbed crust
material) are common.

4.1.4. Unit VI

The archaeologically sterile Unit VI can be divided into five subunits based on the
micromorphological observations within the thin sections SOD_I_1-2, SOD_I_1-3, SOD_I_4-
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1, SOD_7-1, SOD_7-2, SOD_6-1, SOD_6-2, SOD_II_3-1, and SOD_II_3-2. In the field,
the color of the dark reddish-brown sediment appeared homogenous, but differences in
composition and layering of Unit VI are evident on a microscopic scale. The only apparent
subdivision is a yellowish tephra layer (VIg and VIgy) in the lower area (Figure 5g), which
is the sharp boundary to the underlying Unit VII. Several accommodating aggregates (10 to
20 cm thick) of yellow and heavily weathered tephra form the subunit VIg. The aggregates
have a vuhgy microstructure with a very high proportion of limpid clay coatings with a
bright interference color and a grano- and porostriated b-fabric of the clayey micromass.
Vesicle chambers and channels are aligned parallel to each other. Furthermore, there are a
few coatings with undifferentiated limpidity. The volcanic glass, as the main component,
is extremely weathered, with round edges and particle fragmentation. There are sections
with finely graded bedding of volcanic glass of silty grain size.

The weathered tephra is followed by reddish-brown silty clay sediment (Unit VIp)
with a dotted and speckled micromass and a stipple-speckled and partly undifferentiated
b-fabric. In the thin sections SOD_6-1, SOD_II-3-1, and SOD_II_3-2, the porosity is low.
The proportion of coarse feldspar mineral grains is increased in SOD_6-1, SOD_6-2, and
SOD_II_3-1. The subunit VI¢ consists mainly of clayey-silty sediment, broken into yellow-
reddish and brownish, rounded to subangular aggregates with a vughy microstructure.
Several bigger (up to 2 cm diameter) aggregates are internally fragmented (accommo-
dated to partly accommodated). The clayey to silty aggregates are very diverse in texture,
especially within the thin sections SOD_7-1 and SOD_7-2. Some aggregates include well-
developed rhythmic bedding of fine silt and clay as well as microlaminated illuvial clay
coatings. In certain areas, the clay coatings are impure with a speckled limpidity. Redoxi-
morphic features are observed as dark reddish-brown Fe/Mn oxide nodules, along with a
mainly reddish-brown coloring of the groundmass. The aggregates increase in size towards
the top and can reach sizes >1 cm.

The sediment between the aggregates (VIg) in SOD_7-1 and SOD_7-2 appears more
dispersed with higher porosity. Coarse components include trachyte fragments of the
bedrock, feldspar mineral grains, and rare charcoal fragments in the upper part. There
are also differences in the fine sediment between the aggregates. The main components
are silty brown granules and an equal proportion of transparent volcanic glass, which are
intermixed and fragmented. Furthermore, reddish needle-shaped coatings and a fanlike
intergrowth are present in the samples SOD_7-1, SOD_7-2, and SOD_I-1-3 (Figure 8g). The
most prominent impregnative pedofeatures are Fe/Mn hypocoatings and redoximorphic
nodules, which are particularly pronounced within the uppermost subunit VI,. Biogenic
pores are found in all subunits of Unit VI and especially pronounced in the samples
SOD_II-3-1 and SOD_7-1.

4.15. Unit V

The anthropogenic Unit V can be divided into four subunits, which can be observed
in thin sections SOD_4-2, SOD_4-3, SOD_I-1-1, SOD_I-1-2, and SOD_I-4-1. The whole
unit is affected by post-depositional disturbance indicated by passage features, reworked
sediment, and lateral translocation of coarse components, e.g., charcoal and bone fragments.
There is no horizontal orientation of elongated components. The lower subunit Vi, occurs in
SOD_I-1-2 and SOD_I-4-1 from the west profile F35 and consists of reddish-brown silt and
clay sediment. Some granules (angular blocky microstructure) show fine graded bedding
and lamination, resembling the sediment of Unit VL.

The micromorphological sample SOD_I is unique as it contains fire residues such as
charcoal and rubified sediment (Vg), overlying a redeposited light-colored tephra (V¢)
(Figure 7a,b). In addition, colorless calcined bone fragments are observed in PPL, which
appear with dull interference colors under XPL. Within subunit Vy, calcitic ash was not
found, and burned materials were mixed with unburned. The term redeposited is used
because the tephra is not a continuous layer in the stratigraphy but rather lies in a kind
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of depression. An accumulation of feldspar mineral grains with pellicular alteration
(Figure 7¢,d) is found below the tephra (Vp).

The uppermost subunit V4 has a vughy microstructure and is characterized by a
mainly pale yellowish isotropic groundmass (Figure 5e) with a dotted limpidity and an un-
differentiated b-fabric. Coarser components in this subunit are trachytic rock, feldspar min-
eral grains, obsidian artifacts, charcoal fragments, calcined bone fragments, and rounded
silty clay granules. Biogenic silicate is also found in the form of dark phytoliths and
clustered SPHEROID ORNATE phytoliths (Figure 8a). In addition, volcanic tephra lenses
(Va2) are observed in this subunit V5, showing graded bedding of rounded volcanic glass
particles. Pedofeatures comprise passage features, limpid clay coatings, and brownish
silt-clay coatings around bigger trachytic fragments.

Figure 7. Cont.
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Figure 7. Microscopic images of thin sections from the Sodicho Rockshelter. (a) Fragmented and
calcinated bone within fire residue (SOD_I-1-1, PPL). (b) Bone fragments show very weak interference
colors, same as Figure 7a (XPL). (¢) Accumulation of altered feldspar mineral grains (SOD_I-4-1, PPL).
(d) Same as Figure 7c (XPL). (e) Weathered volcanic glass and reddish-brown clay coatings (green
arrows) (SOD_4-2, PPL) (f) Clay coatings with reddish-golden interference colors, same as Figure 7e
(XPL). (g) Fine brownish banding within tephra and brownish clay coatings (green arrow) (SOD_4-1,
PPL). (h) Same as Figure 7g (XPL).

Figure 8. Cont.
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Figure 8. Microscopic images of thin sections from the Sodicho Rockshelter. (a) Spherical phy-
toliths within yellowish sediment of Unit V (SOD_I_1-1, PPL). (b) Magnification of spherical phy-
toliths within organic-rich sediment of Unit 1II (SOD_2-2, PPL). (c) Fragment of undefined fruit
seed coats/shells (SOD_3-1, PPL). (d) Magnification of fine seed coat fragments (SOD_3-1, PPL).
(e) Light tephra with brownish sediment particles (SOD_1-3, PPL). (f) Magnification of the same
section (5OD_1-3, PPL). (g) Two tephra layers are separated by a yellow clay crust (SOD_1-2, PPL).
(h) Magnification of the clay crust and an erosional contact (SOD_1-2, PPL).

4.1.6. Unit IV

The geogenic Unit IV, visible in thin sections SOD_3-1, SOD_4-1, and SOD_4-2, can be
divided into four subunits. The lowest subunit IVp consists mainly of weathered volcanic
glass and reddish-brown crescent clay coatings (limpid and speckled) with reddish and
golden yellow interference colors. It is about 5 mm thick and appears as a yellowish-
brownish boundary layer to the underlying Unit V (Figure 7e). The overlying tephra
(subunit IV¢) also consists of a light grey silty sediment and comparatively fresh volcanic
glass. This is followed by a tephra layer (IVp) containing larger charcoal fragments (up
to max. 2 cm in diameter) and dark and light phytoliths. In addition, several slightly
displaced and non-continuous laminations (graded bedding) of volcanic glass can be
observed (Figure 5d). The uppermost subunit (IV ) is again a mix of slightly rounded
volcanic glass, mineral particles, and brownish sediment granules, with a comparable high
porosity. The speckled micromass of this unit has a mostly undifferentiated b-fabric, while
a stipple-speckled b-fabric is present exclusively in subunit VIp.

4.1.7. Unit I1I
The predominant anthropogenic Unit III is characterized by several layers of brown
silty sediment, rubified silty sediment, and pale white lateral spreading lenses, which

can be identified as tephra. The unit can be subdivided into six subunits, in varying
thickness within the thin sections SOD_1-3,SOD_1-4, SOD_3-2,SOD_3-1, and SOD_3-2. The
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components seem mixed and reworked. Coarse components consist of obsidian artifacts,
slightly rounded trachyte, feldspar minerals grains, rounded clay, and silt granules. In
addition, there are a few charcoal fragments, very few slightly burned bone fragments, crust
aggregates (silty clay, finely graded bedding), and a high abundance of single phytoliths
(dark and light) as well as partly articulated to completely disarticulated phytoliths.

In the field, the boundary to the lower tephra layer (Unit IV) is very smooth, with
an almost steady increase in reddish-brown sediment. The sediment appears reworked,
indicated by passage features, incorporation of the sediment from Unit IV, and the fact that
the coarse features are not positioned horizontally. The lowermost subunit (Ill¢), seen in
thin section SOD_3-2, can be addressed as a transitional zone between the lower subunit
(IVa) and the following anthropogenic unit. It consists of volcanic glass that is slightly
mixed into brownish silty clay sediment. Several tephra lenses (I1lg) appear randomly. They
are affected by disturbance and show signs of lateral spreading (Figure 5¢). Towards the top,
the content of brownish sediment, as well as amounts of brownish clay coatings, increase.
In the upper subunits (Illg, ), highly weathered and fragmented volcanic glass with
brownish-red hypocoatings in vacuoles (intergranular pores) is still present. Subunit IIIg
and Il are characterized by phosphatic features, lateral spread of charcoal fragments, dark
and light phytoliths, and undefined fragments of fruit seed coats/seed shells. Furthermore,
clusters of spherical phytoliths are found within subunit Illg, with high transparency or
masked by dark organic-rich material (Figure 8b). This unit has a light brownish dotted
micromass with an undifferentiated b-fabric, which is especially prominent in subunit IlIg.
Disturbance of the sediment, fragmentation of features, and sediment infilling in channels
can be observed. The thin uppermost Unit (IIT ), a transition area to Unit I1, is characterized
by brownish autogenic clay coatings around pumice fragments. The coatings are optically
isotropic or anisotropic with very low interference colors and mostly without lamination.
Their color varies from yellow to bright brown due to the presence of organic pigments or
iron oxides. Pedofeatures such as passage features, borrows, and silty clay infillings are
included in all subunits, especially within the two uppermost subunits Illg and IIlc.

4.1.8. Unit 11

The geogenic Unit I, consisting of two subunits, is well preserved in the excavated
profiles and visible in the thin sections SOD_1-1,SOD_1-2,S0D_1-3, SOD_2-1, and SOD_2-2.
Even though there is the transition layer (Il 5 ) to Unit III, the boundary is abrupt (Figure 5b).
The lower subunit IIg consists of almost pure volcanic glass particles, with a few darker
sediment clasts. The upper part of this subunit is compacted and capped by a thin clay-rich
crust (IIgp), which is only preserved in SOD_1-3 and has been partly eroded and displaced
by the overlying subunit II5. Fine crust fragments are also found in subunit IT5, within the
thin section SOD_2-2. This reddish yellow layer IIg; consists mainly of weathered volcanic
glass and authigenic clay coatings, which are present along the voids and chambers. The
upper subunit 15 consists of volcanic glass, sediment granules, burned plant material, and
weathered trachytic rock fragments. Some of the coarse components show a brownish
coating (armed pyroclasts [50]). The micromass of this unit has an undifferentiated b-fabric.
Pedofeatures, such as bioturbation and redoximorphic nodules, are found in the subunits
[[A and HB-

4.19. UnitI

The surface Unit I can be divided into two subunits represented by thin sections
SOD_1-1 and SOD_2-1. The subunit Iy is a transitional layer between the lower tephra
and the surface unit (Figure 5a). Within the brownish silty sediment, weathered volcanic
glass and laminations are visible, as well as clay coatings and horizontally oriented and
approximately parallel channels. The proportion of organic matter and the degree of
weathering of the volcanic glasses increases with height within the upper Unit I5. The
brownish micromass has an undifferentiated b-fabric. Coarse components are trachytic

96



Chapter IV

Geosciences 2022, 12, 92

16 of 36

rock fragments and pieces of charcoal. Biogenic features are passage features and botanic
remains (root residues, phytoliths, seed coating fragments).

4.2. Black Carbon Contents and Quality

Fire residue input was quantified by black carbon (BC) content as calculated from the
yields of BPCAs.

4.2.1. Profile F35

The BC contents vary across the stratigraphy of profile F35, ranging from <0.01 to
1.53 g BC per kg sediment (Table A1), with three samples peaking in Units I, III, and V.
Moderate BC amounts are found in Unit II and the upper part of Unit IIl, whereas the
remaining samples display BC contents near or below the detection limit. The BSCA/B6CA
ratios range between 0.59 and 1.28.

4.2.2. Profile G35

BC amounts range between 0.17 and 0.97 g BC per kilogram sediment (180-1579 g BC
per kg Corg) (Table Al). Within the profile, elevated BC contents occur in the upper part of
Unit VII and then decline with depth so that BC contents are comparatively small in the
lower part of Unit VII, VIII and IX. The BSCA /B6CA-ratio ranges between 0.76 and 0.85
with one distinctive peak in Unit VII (ratio value: 1.58).

4.3. Phytoliths

In other studies it has already been observed that strongly heated and burned phy-
toliths obtain a brown to black discoloration or a black core caused by heated carbon
inclusions [10,34,35,37]. The phytolith ratio (Table A2) shows that there are dark (burned)
and (light) unburned types in almost all samples.

Three categories can be distinguished:

1. The dominance of light phytoliths: Within the samples SOD_002, SOD_027, SOD_060,
SOD_103, SOD_106, and SOD_18_03, the light phytoliths dominate, with a rough
ratio of ~80:20% of light to dark. The samples originate from geogenic but also an-
thropogenic sediment units (Units I, IV, VI, VII, VIII). The most common morphotype
within the light phytoliths is ELONGATE;

2. Roughly balanced: A rather balanced ratio of ~50:50% (£10%) between light and
dark types can be found in the samples SOD_006, SOD_013, SOD_018, SOD_039,
SOD_050, SOD_071, SOD_081, and SOD_096. These samples originate primarily from
anthropogenic units (I1I, VII, VIII) and the archaeologically sterile unit (VI). Except
for the two samples from Unit III, in which the dark morphotypes are relatively
evenly distributed, the ELONGATE morphotype is most common in the other samples,
followed by the ACUTE type;

3.  The dominance of dark phytoliths: Dark phytoliths, with the three morphotypes
equally represented, dominate with a relative ratio of ~5:95% light to dark within
the samples SOD_009, SOD_025, SOD_031, and SOD_087. The highest values are
found within the anthropogenic sediment Units Il and V, followed by a sample from
the lower part of the sterile Unit VI. Remarkable is also a high proportion within a
geogenic layer that can be associated with the middle section of tephra IV (SOD_025).

The combined results also illustrate differences within the sediment units from which
several samples have been examined: The lower two samples of the anthropogenic Unit
VII show a higher proportion of light phytoliths (SOD_103, SOD_106), and a balanced ratio
within the upper two samples (SOD_071, SOD_096). Variations in the ratio are also observed
in five samples of the sterile Unit VI (SOD_039, SOD_050, SOD_060, SOD_071) and Unit IV
(SOD_025, SOD_027). Within the predominantly anthropogenic Unit III, the upper sample
(SOD_009) shows a higher proportion of dark phytoliths, whereas the samples below show
an equal ratio (SOD_013, SOD_018). Even though a lot of well-preserved phytoliths are
present within the thin sections, corresponding to Unit IX, the stratigraphically lowest
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sample (SOD_18_07) could not be counted due to a high content of fine organo-mineral
compounds that were not dissolved during sample preparation.

4.4. Metals in Ammonium Oxalate Extract

The content of Fep ranges from 1.77 g/kg to 8.15 g/kg with peaks in the cultural units
(I, II, V) and the highest value in the sterile Unit VI (Table A3). The Mng values are lower
compared to Fep, varying between 0.44 g/kg and 2.77 g/kg, with the highest values in the
anthropogenic units (I, III, V, and VII). Alg has the highest values compared to all extracted
oxides, with values ranging from 0.77 g/kg in the tephra (Unit IT) to 17.07 g/kg in Unit V.
The trend of Sig is similar to that of Al with values ranging from 0.31 to 5.96 g/kg. The
highest values occur in Unit V. The ratio of Alp:Sip, which is an indicator for the presence
of allophane content [51,52], varies between 2:1 (Unit I, VI) and 3:1 (Units II, V).

5. Discussion

The materials and samples investigated in this study represent excavation areas F35,
G35, and ]29 on the northwestern side of the rockshelter, and therefore a comparatively
small area of deposits within the cave. Even though the sediment deposits vary throughout
the entire rockshelter, the following interpretation of the micromorphological observations,
black carbon (BC) analyses, phytolith ratio, and the AO extractable metals help to under-
stand the general depositional processes and post-depositional alterations as well as the
human impact on the deposits.

5.1. Processes of Sediment Accumulation and Post-Depositional Alteration

The following discussion of the depositional processes and post-depositional alter-
ations is based on the new results of the individual units and subunits while considering the
preliminary study on site formation based on sedimentological and geochemical analyses
by Hensel et al. [1]. The preliminary reconstruction revealed that the accumulation of pre-
dominantly autochthonous geogenic, allochthonous geogenic, and anthropogenic deposits
in the Sodicho Rockshelter was not uniform and discontinuous [1]. The in-depth micro-
scopic analysis offers new potential for interpreting sedimentary sources and depositional
alterations.

The onset of sedimentation within Sodicho Rockshelter is not yet known, as the
bedrock has not been reached during excavation. The deepest exposed strata of anthro-
pogenic Unit IX contains stone tool and charcoal fragments and is dated to ~27 ka cal BP [1].
Abundant trachytic clasts and boulders are derived from the trachytic rock walls and the
roof (Figure 5h). These trachytic rock fragments contain feldspar crystals in various stages
of weathering. Generally, minerals are subject to weathering, especially under a given trop-
ical climate, which typically increases alteration rates [53]. This is also the case within the
deposits of rockshelters, as within Sodicho Rockshelter, which are at least partly exposed to
the climatic conditions outside of the shelter. A variety of alkali feldspar mineral grains
in the sediment groundmass represent the phenocrysts weathered from the fine ground
matrix of the trachyte. Fine-grained feldspar alters into clay minerals, such as kaolinite,
illite, or vermiculite [53,54]. At Sodicho, this can be observed by the destruction of trachytic
rock. Microscopically, Unit IX appears mechanically loosened, and the coarse components
are mixed with aggregates of a finer brownish matrix with a high content of organic matter.
The disturbance is most probably due to human impact. Furthermore, biogenic pores
point to bioturbation as a post-depositional influence. Fragmented aggregates with finely
graded bedding suggest deposition by low energy sheet-flow, capable of transporting
and reworking fine grained material. Here, sheet-flow is described as a probable slow
movement of sediment down the slope, initiated by water entering the shelter through
fissures in the walls and ceiling.

The following multi-layered Unit VIII illustrates a series of different geogenic de-
positional processes, which in turn are interrupted by post-depositional alteration, as in
slight bioturbation and unweathered tephra layers, which are intercalated with strongly
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weathered deposits (Figure 5h). As an example, the individual volcanic glass particles
within a brown matrix (subunit VIIIc) and the two thin layers of almost exclusively volcanic
glass indicate tephra that was moved by eolian transport and subsequently relocated by
possible sheet flow. The latter is indicated by a few sharp-edged volcanic glass particles in a
brownish silty layer, separating two thin layers. Clay coatings with distinct stipple-speckled
limpidity, as well as grano- and porostriated b-fabric of the micromass within the subunit
VIII, illustrate highly weathered tephra (Table S1). Subunit VIII, is comparable to subunit
VI in its composition and features. However, this fine layer shows signs of disturbance
due to the influence of water (sheet flow). The input of macroscopic anthropogenic mate-
rial (e.g., lithics) within Unit VII refers to a human impact on subunit VIII5 as well. The
phytolith ratio is characterized by a high proportion (~83%) of light phytoliths (Figure 9)
that most likely entered the shelter together with the tephra. Thus, they are representative
of the local or regional vegetation outside of the rockshelter, which was obviously not
subject to fire. This thin geogenic unit is located chronologically between the two dated
anthropogenic Units IX (21-27 ka cal BP) and Unit VII (13.5-18 ka cal BP) [1] and thus still
in the time range of the LGM. Any signs of anthropogenic habitation within this very thin
tephra are missing, indicating that humans were absent from the rockshelter.

The deposits in the thin sections of the predominantly anthropogenic Unit VII seem to
be disturbed mainly by biogenic activity (abundance of biogenic pores) and human action,
indicated by anthropogenic finds. A further cause of the disturbance could have been the
impact of the trachytic boulders of the rockfall layer. The partial collapse of the ceiling may
be caused by an increased water impact on fissures in the ceiling, related to the onset of the
AHP. Macroscopic changes within the sediment sequence were observed during excavation,
e.g., lenses of weathered tephra in excavation square G35 (Figure 3). Furthermore, dotted
brownish coatings are found, which may be masked by organic material (humus) [10].
Based on the micromorphological observations, no further subunits could be distinguished
for this unit. However, the geochemical analyses show increased magnetic susceptibility
and higher values of Mn and P (Figure 4) in the upper part of the unit [1], which correlates
with higher values of dark phytoliths (sample SOD_081 and SOD_096). This shows that
the human influence and burning activity is more pronounced in the upper part of the unit.
Light-colored phytoliths are predominant in the sediment samples of the lower area. We
suggest that dark-colored phytoliths indicate that these were introduced by humans due to
fire activity.

A mixture of autochthonous and allochthonous geogenic sediment is common in Unit
VI, the deposit dated to the African Humid Period [1], a phase characterized by increased
precipitation but also including short dry periods [55-58]. Previous geochemical and
sedimentological studies revealed a high influence of weathering, with an increased clay
content, characterized by a lower K/Rb ratio (weathering ratio) and increased Fe;Oj3 [1].
The ammonium oxalate extraction of the study at hand verifies this observation. A direct
comparison of the corresponding curves of Fexgg and Feg clearly indicates higher contents
of Fe and increased precipitation of amorphous pedogenic iron (hydr)oxides within the
archaeologically sterile Unit VI (Figure 10). Here, the total Si content (XRF) is very low and
Sig content low to moderate, caused by the increased influence of precipitation in the high-
lands, associated with increased weathering and leaching of Si within the sediment [6,59].
Formation of halloysite or kaolinite at Sodicho is likely, indicated by Si leaching.
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Figure 9. Interpretation of influences on sediment samples and phytolith ratio: sample counts of
dark (burned; red) and light (unburned; blue) in percentage. Samples are arranged based on the
stratigraphic position of the sedimentological units (roman numbers) for both excavation square F35
and G35. The depth of each sample can be found in Table A2.
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Micromorphological investigations identified five subunits of Unit VI. They probably
represent different phases with changing moisture conditions during the African Humid
Period. The lowermost subunit VI represents strongly weathered tephra in the shape of
accommodating aggregates (Figure 8g). The aggregates contain volcanic glass in a clayey
micromass with a bright interference color. The formation process of this layer probably
occurred through several successive steps. It is possible that the volcanic ash was blown
into the rockshelter and was redeposited by low-energy sheet flow, evident in the silty
graded beddings within subunits VIg; and VI in.

The Alp:Sip ratio, with a value of 1.78:1 (Table A3), is comparatively narrow within
the heavily weathered subunit VIg. The weathering process of the silicon-rich tephra has
progressed so far that more stable secondary clay minerals such as halloysite or kaolinite
could have formed. These clay minerals, with a similar aluminosilicate composition and
bright interference color, have a Alp:Sip ratio of 1:1 and generally tend to form in silicon-
rich environments [6,60]. As sediment from subunit VIp is found in the gaps between the
aggregates, the redeposition of the tephra most probably took place during the deposition
of subunit VIp. Considering the phytolith ratio of two samples (SOD_071, SOD_087)
derived from subunit VIg, a dominant proportion of dark phytoliths is noticeable in sample
SOD_087, further illustrating the taphonomic processes that altered the sediment between
the tephra aggregates and influenced local phytolith composition. Thus, the dark phytoliths
result most likely from translocated anthropogenic combustion features associated with
past occupation (Unit VII). Subunit VI also shows signs of mechanically disturbance, with
rounded sediment granules and aggregates and fragmented limpid clay coatings. Volcanic
glass is most likely weathered and is very rare.

Changes in moisture availability during the AHP are evident within the subunits
Vl¢, VI, and VI through shrink and swell processes and disturbed sediment aggregates,
as well as the possible formation of Fe-(hydr)oxides (e.g., goethite) coatings along voids
and channels, due to temporal dehydration [61,62]. Increased Fe levels in rockshelter
deposits have been related to the high anthropogenic input of organic matter, which later
decomposed [63]. Organic matter contents of Unit VI at Sodicho are not increased, and
there are no further indications (e.g., artifacts, charcoal) that humans were present during
the accumulation of this unit. We thus assume that Fe was enriched in Unit VI in the course
of silicate weathering in- or outside of the rockshelter. Altered iron oxides, such as the
association of hematite and goethite, are common for alteration in a tropical environment
in acidic sediment [6], conditions similar to those at Sodicho. Here, yellow, homogenous
clay coatings are directly overlain by banded radiating, acicular Fe-(hydr)oxide needles
in samples SOD_7-1 and SOD_7-2. Such combined layers of clay (often kaolinite) and
goethite are known to develop a boxwork fabric (network structure) or even a fanlike
intergrowth [10,64,65] but their genesis is not completely clarified. At Sodicho, the well-
crystallized Fe-(hydr)oxide needles illustrate the advanced stage of weathering, which
led to an increased release of Fe and a subsequent development of the needle structure.
In other cases, the presence of Fe-(hydr)oxides also indicates a development under water
unsaturated (vadose) conditions and is therefore indicative for temporal dehydration of
the sediment [61,62].

The subaqueous deposition is indicated by layers and aggregates with graded bedding
of silt and clay particles [66]. Redoximorphic pedofeatures such as Fe/Mn nodules, reddish-
brown staining and hypocoatings, and especially the abundance of clay lamination are
signs of the influence of water [67,68]. These mentioned indicators are found within subunit
Vlc. It is likely that precipitation was extremely high over longer periods of time. Thus,
the water could not drain quickly enough or percolate through the sediment, leading to an
accumulation of water in shallow pools and possibly complete waterlogging. By using a
Predictive Vegetation Model, linked to a Lake Balance Model of lake Chew Bahir, the recent
study by Fischer et al. [69] determined an increase in moisture availability of 25-40% during
the AHP, compared to today’s values. This observation of increased moisture conditions
emphasizes calm water deposition at Sodicho for this time period.
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But, these deposition conditions were interrupted by phases of disturbance. Reworked
sediment layers within the same Unit VI are probably caused by shrink and swell processes,
as indicated by fragmented and contorted aggregates, especially within the subunits VI¢
and VI in the thin sections SOD_7-1 and SOD_7-2 (Figure 5f). Very similar observations
were made in the lower most and archaeologically sterile unit of Wonderwerk Cave in
southern Africa [66]. In addition, to the shrink and swell processes in Unit VI, an abundance
of biogenic pores points to a disturbance by bioturbation. Mesofauna (0.1-2 mm) probably
used existing physical voids and actively modified them by, e.g., enlargement, as described
for structure-formers [70].

The phytolith ratio of the samples from Unit VI shows a relatively balanced value of
light and dark morphotypes (except for sample SOD_60 with dominant light phytoliths).
For this unit, we suggest that the phytoliths were brought naturally by eolian processes
or sheet flow into the site and thus reflect the past natural environment. Since this unit
is archaeologically sterile, an entry by humans can be ruled out. Therefore, the dark
phytoliths could derive from vegetation fire ignited by hot volcanic ash fall. The identified
depositional processes of this unit are evidence of the abandonment of the shelter due to
extremely wet and uninhabitable conditions during the AHP.

According to the previous geoarchaeological studies at Sodicho Rockshelter, the an-
thropogenic influence increases again at around 4.7 ka cal BP [1], corresponding with the
probable termination of the African Humid Period in this region [55]. Micromorpholog-
ically, this is indicated by the occurrence of obsidian artifacts, charcoal, and other fire
residues within thin section SOD_I-1-2 from Unit V. Likewise, the high abundance of dark
phytoliths (~98%) indicates human occupation and intense fire activity. A further interrup-
tion of human occupation coincides with an increase in water influence on the deposits, as
seen in the redistributed fragments of limpid clay coatings and tephra lenses (Va2) with
graded bedding and rounded volcanic glass particles in subunit V4.

The elevated values of the two manganese curves (Mnygr and Mng) (Figure 10) within
this and also the other anthropogenic layers probably indicate the decay of organic matter
or inorganic compounds that accumulated during human occupation [1,63]. This correlates
with increased TOC values and increased amorphous organic matter in the groundmass.
The Alg values are particularly high in the uppermost part of Unit V, where geochemical
observations proved a high BC (Figure 11) and TOC content. The absorption of Si by
Al-oxides could explain the high Si content in the anthropogenic units. The increase in
the Alp:Sip ratio (~3:1) within the anthropogenic units (Figure 11) suggests a possible
formation of allophane or imogolite. A large part of released Si may thus be converted to
secondary silicates, but this did not result in the accumulation of total Si, which is depleted
in anthropogenic Units V and III relative to other layers. However, other studies showed
that Al is more easily incorporated into organic complexes than it is available for allophane
or imogolite formation [6,60]. For Sodicho, it appears thus more likely that the increased
Alp originates from metal-organic matter complexes.

The following Unit IV is composed of lighter colored tephra, thus allochthonous
geogenic deposits that deposited relatively abruptly. This tephra is only exposed within the
excavation square F35 and is not visible in square G [1]. The main proportion of the tephra
(UnitIV) entered the rockshelter via eolian transport during an initial phase of deposition. A
coarse monic microstructure with homogeneous composition of sharp-edged volcanic glass
particles within subunits IV illustrates this (Figure 8g). Evidence of increased moisture
and weathering intensity can be found in the highly weathered subunit IVp with golden
yellow colored clay and a stipple-speckled birefringence (Figure 7e). An Alp:Sip ratio of
2:1 suggests the presence of imogolite-like or proto-imogolite allophanes [6,71]. Indications
for this formation, based on an undifferentiated b-fabric, i.e., the absence of interference
colors, are found in this less-weathered subunit.
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Subunit IVg shows indication for redeposition of the tephra by low-velocity flow, as in
intermixing fine brownish gradations rounded volcanic glass, partial compaction, graded
bedding, rounded sediment granules, as well as bigger and slightly fragmented charcoal
pieces (Figure 5d). These investigations of slow-moving fluvial deposition can be compared
to observations at the nearby Mochena Borago site. In this context, the observation of fine
brownish lamination within the Yellow Brown Tephra (YBT) can be attributed to low-energy
flow and accumulation in small water pools [2]. Comparison between Mochena Borago and
Sodicho Rockshelter illustrates comparable depositional settings, influenced by changing
moisture availability on a millennial scale, even though there is a temporal offset between
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the two sites. The phytolith sample SOD_025 corresponding to this subunit contains about
90% dark phytoliths, in contrast to the sample (SOD_27) corresponding to subunit IV¢
that contains only 20%. Given that the bigger charcoal pieces and a high proportion of
dark phytoliths are preserved in the middle of a purely geogenic layer, they most probably
indicate non-anthropogenic burning events, such as natural forest or bush fires [68,72],
initiated by hot gas clouds or lava flow.

The following settlement phase (Unit IIT) can be radiocarbon dated to 2.1 to 1.8 ka cal
BP [1]. The micromorphological observations revealed a rather smooth transition (subunit
IIIz) with increasing evidence of human occupation. The upper parts of the unit (Illg
and IIl¢) are bright reddish in color and more cemented than the lower parts of the unit.
Subunit IIlg has a dark-brownish-colored groundmass due to higher organic content. The
Alg:Sig ratio has its highest value in this subunit, indicating a high proportion of Al-humus
complexes. The typical features observed in the previous anthropogenic units, such as
stone artifacts and evidence of fire residue, are further discussed in Section 5.2. Three
phytolith samples derived from subunits IIIp (SOD_018) and Illg,¢ (SOD_013, SOD_009)
reflect the pattern of elevated geochemical values in this unit (Figures 4 and 10). Thus, an
abundance of burned phytoliths in the upper part of the unit indicates intensified human
impact. As a result of human activity on the former surface, such as the digging of pits,
construction of hearths, and probably site maintenance, the deposits of subunit IV, were
partly incorporated into Unit III. This is particularly apparent from the large proportion of
volcanic glass in the lower part of the unit (Illf and I1Ip) and from the laterally distributed
tephra lenses (Illg) in F35 (Figure 2). Despite the post-depositional disturbance and slight
compaction, the lenses are micromorphologically similar to tephra from Unit IV in terms
of groundmass color, size of volcanic glass particles, brownish sedimentary granules, and
occasional non-continuous laminations. The uppermost subunit Il can be described as
a transition layer, despite the sharp color distinction between Unit III and II. Here, the
transition was not smooth from one unit to the other, as observed between Units IV and
IIL. It consists of bioturbated sediment, in which parts of the brownish silty and clayey
sediment from Unit III are incorporated into the channels, borrows, and chambers of the
tephra in Unit II

The following Unit IT is divided into two subunits, with the lower subunit IIy as light-
colored tephra, which was introduced by eolian transport. Within the sample SOD_1-3, a
yellow crust of clay and silt (subunit IIgy) with a few slightly rounded volcanic glass parti-
cles overlay the slightly compacted upper part of subunit Ilg (Figure 8g). Here, compaction
is interpreted as the result of water dripping from the rockshelter ceiling. Laboratory
studies have shown that structural surface crusts with reduced porosity and reduced per-
meability can form on tephra during a phase of stable surface conditions under simulated
rainfall [73,74]. At Sodicho, this crust on top of subunit Ilg is an indication of a rather stable
surface. The features of reworking (e.g., intermixing with sediment aggregates) in the
overlying tephra Il illustrate remobilization of the sediment. Simultaneous degradation
of the yellowish clayey crust is possible (Figure 8h). Given that the subunit is subject to
bioturbation, this process also contributed to the destruction of the crust. The phytoliths in
subunit IT4 (SOD_06) were transported into the rockshelter together with the tephra and
represent the vegetation outside.

The onset of the predominantly anthropogenic surface Unit I, and thereby the most
recent occupation, is indicated by a transition to brown and organic-rich sediment with
limpid clay coatings, fine charcoal fragments, and indicators of mechanical disturbance
(subunit Ig). Within subunit I there are well preserved biological components such as
roots and seed coat fragments. Indications for bioturbation as in passage features are
present throughout the entire Unit . Thus, partly intermixing with geogenic subunit 1T,
was observed. This explains the presence of ~35% dark phytoliths in the sediment samples
corresponding to subunit II5. In contrast to this, a phytolith ratio with 90% light phytoliths
indicates the decreasing presence of humans in this young (250-400 cal BP) sediment Unit I.
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5.2. Human Behavior and Fire Activity at Sodicho

Identifying human activity and interpreting human behavior in a micromorphological
context is fundamental for the study of archaeological sediments [75]. With the help of
the applied methods, in-depth insight into the behavior of prehistoric humans can be
provided, especially with regard to the use of fire. Combustion features at archaeological
rockshelters not only speak for starting and controlling of fire but also indicate the need for
light, heat, and of course, the use of the fire for food preparation as kind of a short-term
human activity event [18,49]. At the Sodicho Rockshelter, evidence of human activity
can be seen macroscopically by hearths, pits, and lithic artifacts [1]. The most prominent
indirect evidence for burning at Sodicho is the abundance of charcoal fragments within
the anthropogenic units. Microscopic evidence of reworked fire residue, such as charcoal
(fragments), slightly burned or even calcined bones, as well as rubification of sediment, was
observed in almost all anthropogenic units. Slightly burned and calcined bone fragments
can either indicate that fires at Sodicho were used for food preparation and/or that the bones
were used as burning material. Itis also possible that bone fell into the fire by coincidence or
that it was disposed of as waste. Three parted combustion features, including ash, charcoal,
and rubified sedimentary layers, are apparent within two slightly disturbed hearths in
G34 (south) and G35 (south) (Figure 2), which were not sampled for micromorphology.
Carbonate ash layers, a typical overlying by-product of burning [49], are not contained
in the thin sections from Sodicho. This means that decalcification occurred, influenced
by the dissolution of acidic trachyte bedrock of the rockshelter. Decalcification is often
associated with the formation of Al phosphates in clay-rich sediments [49,76]. In Sodicho,
these elevated Al values correlate with increased phosphates values [1]. These observations
strengthen the assumptions that reworking and leaching processes took place at Sodicho.
Evidence of fire residue is particularly evident in sample SOD_I-1-1 in Unit V, which exhibits
the mentioned features above a relocated and partially eroded tephra (Figure 5e). Slightly
burned bone and calcinated bone fragments that had not been visible macroscopically [1]
are included as single fragments or as larger coherent fragments, suggesting a slight
displacement (Figure 7a). Dark matter at the lightly burned bone fragments within subunit
Va can be interpreted as char [11,49,77]. The displacement and fragmentation of sediment
in anthropogenic layers of Sodicho reflect trampling and rake-out (sweep-out) processes in
the center or around a fireplace, scattering the burned material laterally and intermixing
it with unburned material as described by various authors [49,78]. This is also indicated
by rounded aggregates of the rubified sediment and the oblique truncation of the tephra.
Whether this light-colored tephra was previously relocated by humans or even intentionally
dumped into a pit cannot be clarified at this point of the research. However, it is obvious
that the tephra does not seem to be in-situ at this position, as the edges of the layer
appear angular in profile F35 North (Figure 3). In addition, fine charcoal particles and
distorted sediment aggregates are included. This means that the origin of the bright
tephra is unknown, as no comparable tephra layer has been excavated at this stratigraphic
level before.

According to other studies, the rubefaction of sediments depends on the organic
and mineralogical composition of the substrate, the sediment moisture, and the duration
of burning [49,79]. There are two types of rubification within the anthropogenic units
of Sodicho. First, there is reddening activity caused by the oxidation of Fe?" to Fe**
and the development of iron oxides (such as hematite) [49,80], which is connected to
anthropogenic fire, observed in the sample SOD_I-1-1 in Unit V. Secondly, reddening
appears in Unit III, probably due to the combination of human fire activity and the alteration
of volcanic glass. According to the study of Ferralsols of the Canary Islands analyzed by
Rodriguez-Rodriguez et al. [81], discussed in Stoops et al. [50], volcanic glass alters into
a yellowish isotropic product. With increasing alteration, the destruction and fissuring
increase, followed by a rubification with dark red optically isotropic alteromorphs. Within
the thin sections from Unit I1I (such as SOD_3-1), increased fragmentation and red brownish
coatings are present in vacuoles of the volcanic glass. In addition, red-colored humic
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Nitisols, the typical soils of the region, occur outside of the shelter. It seems possible
that this red soil material (clay and silt size) has been transported from outside into the
Sodicho Rockshelter by low energy sheet flow or through fissures in the rockshelter walls
and incorporated into the archaeological sediment [1] as assumed for other rockshelter
sites [49,72,82-84].

As previously mentioned, charcoal is found in all human-influenced units. The
question arises whether we can detect differences in fire use between the units, and thus
temporal differences, that may indicate changes in human behavior. For this purpose, we
use the information from the BC analyses and the phytolith ratio, as well as the results of
sedimentological and geochemical analyses by Hensel et al. [1]. The BC content, as a proxy
for fire residue input, correlates with the increased MS and Mn values in the anthropogenic
Units III, V, and VII (Figure 12) and thus complements the findings of charcoal, burned
bone, and calcinated bone fragments.

The absence of BC in the preferentially geogenic units can therefore be seen as an
additional indication for the absence of humans since the BC particles would have been dis-
tributed within the rockshelter even if the inhabitants used fire in another part of the shelter.
At the same time, the higher fire activity in these occupation periods was accompanied
by an increased degree of BC condensation due to higher fire temperature, as indicated
by comparatively low B5CA /B6CA ratios. This is particularly useful when aiming, for
instance, at distinguishing hot hearths with low ratios of penta- to hexacarboxylic benzoic
acid (B5CA/B6CA) from cool vegetation fires, e.g., natural grass or forest ground fires,
with higher BSCA /B6CA ratios [33,85,86]. Thus, the BPCA ratios from Sodicho support
other indicators of anthropogenic fire, such as burned bone fragments and stone tools,
providing evidence for food preparation [87]. Lower B5CA /B6CA ratios and thus compar-
atively higher temperatures are found within Unit ITI, which has been dated to a period of
1.8-2.1 cal BP. The older Unit V (4.3-4.8 ka cal BP) shows slightly higher ratios, especially
when samples with low BC values are included. By comparing these observations for the
defined units with the results of the phytolith ratio, it is noticeable that the upper sample in
Unit III (subunit [IIg) shows only a slightly higher proportion of dark phytoliths compared
to the values in the other anthropogenic units. Within both units, a strong abundance of
dark phytoliths is found (~98%). Therefore, no difference in human fire intensity can be
determined based on the counting of phytoliths alone. However, the abundance of discol-
oration in phytoliths is without doubt caused by burning activity, as it is more pronounced
in units containing fire residue features.

Unit IIT shows a phosphate-rich groundmass with preserved fire residue, such as
charcoal and black char with a vesicular structure, supporting the hypothesis of the use of
wood as a fuel. However, the large proportion of dark phytoliths of the ACUTE morphotype
in sample SOD_009 indicates that grass was used as a burning material as well.

Small transparent phytoliths, identified as SPHEROIDAL ORNATE, are found in great
abundance in Unit IIT (Figure 8b). These also occur in Unit V, but to a much lesser extent,
and individually or in cell association in the areas of combusted matter. SPHEROID ORNATE
phytoliths with an irregular surface are common in monocots and woody dicots [88]. In
our thin sections, SPHEROID ORNATE occurs in cell clusters which likely are parts of seeds
(Figure 8b) but were not observed during phytolith analyses. This is due to the close cell
association which was not dissolved during sample preparation.

The phosphate-rich groundmass in Unit III correlates with elevated phosphate values,
determined by X-ray fluorescence (XRF) (Figure 4) [1]. Due to poor bone preservation,
with the exception of small bone fragments identified in the thin section, no definite
conclusions can be drawn regarding the use of the rockshelter by animals. Phosphate can
be introduced in various forms, such as human activity, bird guano, or excrements [76].
Since the human-influenced units were partly reworked, a biogenic input could be possible
as well. Although the origin of the phosphorus cannot be unambiguously clarified, Unit III
represents a settlement phase based on our sedimentological and geochemical findings as
well as the occurrence of archaeological artifacts.
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Figure 12. Comparison of the new BC results with the geochemical results from Hensel et al. [1].
Geochemical properties of the profile F35 and G35 (left to right): lithostratigraphy according to grain
size analysis and sediment color measurement; magnetic susceptibility; manganese value (mod. [1]);
BC content; BSCA /B6CA ratio values; sedimentological units. Grey dashed lines indicate association
to the units. Note that the lines of BC content and BSCA/B6CA ratio values are staggered because
the samples were taken from two excavation squares (F35 and G35).

The questions arise, whether the limited evidence of a changing fire temperature
could have been caused by degradation or even leaching and, therefore, how the degree
of weathering can affect the preserved information in the archaeological deposits. It is
noticeable that BC and the phytolith ratio peaks within the upper anthropogenic units
(Il and V) and that no micromorphological features were observed within these units
that could indicate the mentioned extreme weathering processes as observed in Unit VI,
corresponding to the AHP. Furthermore, no trend between the BC content and increasing
depth or sediment age was detected, which makes distinct pedogenic processes such as
percolation by water less likely in the anthropogenic units.

6. Conclusions

The combined results of this study not only confirmed previous geoarchaeological
investigations on site formation, post-depositional alteration, and human impact at Sodicho
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Rockshelter. In addition, they provide deeper insights into weathering processes and the
identification of prehistoric human behavior under shifting environmental and climatic
settings. The combination of the different methods allowed a more precise subdivision
of the units and the determination of individual depositional processes. In particular, the
intercalated tephra layers display a clear interruption of human occupation at Sodicho.
Given the high proportion of weathered and unweathered volcanic glass particles within
the entire stratigraphy, we cannot clearly determine the allophane content, but we assume a
partial allophane (proto-imogolite), imogolite, and even halloysite and kaolinite formation,
respectively. Furthermore, clay minerals are formed by the weathering of the local trachytic
bedrock but could also have been washed in from outside as clayey soil material [1].

Significant changes in moisture conditions on the substrate and the associated impact
on depositional and post-depositional alteration processes (e.g., sheet flow, shrink and
swell processes) are especially pronounced during the conditions of the AHP. On the
other hand, bioturbation partly disturbed the original stratification of the deposits and
therefore affected the preservation of environmental and archaeological information. The
depositional processes identified for the AHP verify that the rockshelter was abandoned at
this time, probably due to wet and uninhabitable conditions. In contrast, the combination
of the archaeological finds and the microscopic evidence from layers dated to the time
range of the LGM [1] verify that humans visited the rockshelter repeatedly.

Human occupation contributed significantly to site formation and post-depositional
disturbance of the sediment. The microscopic identification of calcined and slightly burned
bone fragments within fire residue and indications for trampling (compaction and bone
fragmentation), dumping activity, and site maintenance verify that inhabitants of Sodicho
were able to start, maintain and control fire. The combination of micromorphological
observations and BC analyses yielded consistent results and thus allowed the identification
of temporal changes in fire activity. Consequently, changes in BC contents and composition
are interpreted as changes in the human-induced input of fire residues. It was not possible
to differentiate fire intensity between the anthropogenic units based on the phytolith ratio.
However, the combined analyses allowed the identification of human fire activity (Unit
111, V) and the differentiation of natural vegetation fire (Unit IV) through the abundance of
dark phytoliths. Light phytoliths that entered the site naturally provide the first evidence
for the reconstruction of local vegetation changes at Mount Sodicho. In conclusion, this
case study contributes to the development of comprehensive, methodical approaches to
tackle and disentangle challenging stratigraphies in the tropical highlands of Ethiopia.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ geosciences12020092/s1, Table S1: Electronic Supplement: Overview of micromorphological
results.

Author Contributions: Conceptualization, E.A.H., R.V. and O.B..; methodology, E.A.H., L.W. and
K.N,; validation, E.A.H., MK, LW.,, KN, R.V. and O.B.; formal analysis, E.A.H., LW. and K.N.;
investigation, E.A.H., LW. and K.N.; resources, E.A.-H., MK., LW,, KN., R.V. and O.B.; data curation,
E.AH.,, LW. and K.N.; writing—original draft preparation, E.A.H.; writing—review and editing,
EAH., MK, LW, KN, RV and O.B.; visualization, E.A.H.; supervision, M.K., R.V. and O.B.; project
administration, R.V. and O.B.; funding acquisition, R.V. and O.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation), grant number 57444011—SFB 806.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Appendix B—Results
and the supplementary material here.

Acknowledgments: We kindly thank the Authority for Research and Conservation of Cultural
Heritage (ARCCH) of Ethiopia for their permission and general support and the Ministry of Mines and
Energy for the approval of our export permits. The Deutsche Forschungsgemeinschaft (DFG, German

109



Chapter IV

Geosciences 2022, 12, 92

29 of 36

Research Foundation) supported this research as part of project A1 “Out of Africa—Late Pleistocene
Rock Shelter Stratigraphies and Palaeoenvironments in Northeast Africa” in the framework of the
Collaborative Research Centre 806 (CRC 806) “Our way to Europe” (grant no. 57444011—SFB 806).
We thank K. Greef for guidance and assistance during the oxalate extraction and Th. Beckmann for the
preparation of the micromorphological thin sections. We are very grateful to Thomas Albert, Degene
Bado, Dejenne Degena, Mesfin Gete, Solomon Gitaw, Habir Mohammed Kebir, Tom Noack, Mareike
Réhl, Christian Schepers, Desta Sinajew, Mehdanit Tamerat, Fitsum Tefera, Minassie Tekelemariam,
and Thorben Thenbruck for their participation during various field seasons at Sodicho. Finally, we
thank the local residents of Mt. Sodicho for their participation and support in field research.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Methods
Appendix A.1. Micromorphology

Microscopic observations of soil and sediment thin sections have been crucial methods
since they were established by W.L. Kubiéna in the 1930s to identify the spatial structure
of features on a microscopic scale [7,10]. At Sodicho, the sediment blocks were secured
with gypsum bandages. The samples from the excavations in 2016 had to be bandaged
again with gypsum after a one-year storage phase to ensure further transport to the thin
section laboratory. In the process, sample Sodicho_6 was damaged at the upper right edge.
This incident was also considered in the analysis and interpretation. The impregnation
of the sediment monoliths, as well as the preparation of the <30 um thick, thin sections,
followed the instructions of Beckmann [89]. The description of the thin sections followed
the guidelines and terminology of Stoops [10]. The thin sections were flatbed scanned
(Canoscan 9000F, Canon) to document the overall composition and to detect subunits on
a mesoscopic level [90]. The detailed microscopic examination was carried out with a
polarizing microscope Axiolab (Zeiss) and the digital image capture software Axiovision
(Zeiss) under plain-polarized, cross-polarized, and oblique incident light.

Appendix A.2. Fire Residue (Black Carbon) Analysis

All samples were dried (40 °C), sieved (>2 mm), and milled prior to analysis. Organic
carbon (OC) contents were determined with a Soli TOC Cube (Elementar Analysensys-
teme, Hanau, Germany) according to Morchen et al. [91]. Samples preparation followed
the protocols of Glaser et al. [32] and Brodowski et al. [31]. Black carbon (BC) content
and composition were determined by oxidation of BC to benzene polycarboxylic acids
(BPCA). To avoid the contribution of BPCAs from non-pyrogenic matter, the evaluation
was limited to five- and six-times carboxylated BPCAs (benzene pentacarboxylic acid and
mellitic acid, BSCA /B6CA), and a threshold of 5 mg organic carbon per sample was strictly
maintained [92]. While the sum of BPCAs informs on BC quantity (comp. [31,32]), its
composition, i.e., the degree of aromatic condensation, provides additional information
about changes in combustion temperatures: the hotter a fire burns, the more benzene with
6 carboxyl rings are isolated from the combustion residue (comp. [33,85,93]). Hence, the
ratio of BSCA/B6CA was used as a proxy for changes in combustion temperatures [33,85].

Samples were measured using a gas chromatograph equipped with a flame ionization
detector (FID; Packard 6890 gas chromatograph, Hewlett Packard GmbH, Waldbronn,
Germany), and an HP-5 capillary column (30 m x 0.32 mm i.d., 0.25 mm film thickness,
Macherey-Nagel, Diiren, Germany; for oven program see Brodowski et al. [31]). Citric acid
was used as the first and biphenylene-dicarboxylic acid as the second internal standard
to quantify the recovery of citric acid (average recovery: 72%). The BC amounts are
expressed relative to kilogram sediment. As proposed by Glaser et al. [32], BPCA yield was
corrected for CO; loss and insufficient conversion of BC to BPCAs using the factor 2.27,
which provides a conservative, minimum estimate of total BC in soil [32]. Note that the
B5CA /B6CA ratio was excluded from the evaluation if a sample contained less than 0.10 g
BC kg~! as interpretation may not be reliable in this case; this applies to samples BC4, BC7
and BC9.
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Appendix A.3. Phytoliths

Phytoliths were extracted from ca. 10 g of sediment from each sample in the labo-
ratory of the Senckenberg Research Institute, Frankfurt, using a modified protocol after
Piperno [89] (pp. 90-93):

Deflocculation with EDTA;

Sieving for removal of coarse sediment and modern plant remains;
Clay removal with Stroke’s Law gravity separation;

Carbonate destruction using HCI;

Organic matter removal with HNO3 and KCIOs;

Heavy liquid separation with sodium polytungstate.

O 1 R0 e

Small amounts of each extracted phytolith sample were mounted on microscopic
slides in immersion oil and counted at 400 x magnification. At least 300 phytoliths were
counted for each sample. In this study, light stands for the absence of any recognizable fire
influence and thus for a light/transparent appearance. In the study by Parr [37], it was
observed in experimental fire studies that phytoliths take on a dull and opaque color under
oxidative conditions. We subsumed as ‘dark” phytoliths those with a complete brown to
black appearance as well as those with a dark core. Because our interest in this study was
mainly to reconstruct the impact of fire on the rockshelter sediments, we restricted counting
to three most conspicuous and common morphotypes, following the nomenclature after
Neumann et al. [36], the guidelines of International Code for Phytolith Nomenclature
(ICPN) 2.0 [36]:

e  ELONGATE (ELO): Rectilinear phytoliths with variable sizes and edges (entire, sinuate,
etc.). These phytoliths were observed as single-celled or articulated;

e BLOCKY (BLO): Compact phytoliths with length/width <2 and equal width and
thickness;

e ACUTE BULBOSUS (ACU_BUL): Unarticulated phytoliths with a wider antapex that
narrows down to an acute apex.

The light and dark samples of each morphotype were counted separately. For each
sample, the ratio of light (absence of fire influence) vs. dark phytoliths (contact with fire)
phytoliths was calculated.

Appendix A.4. Ammonium Oxalate Extractable Fe, Mn, Al, and Si

Moderate acidic reactions, initiated by acidified ammonium oxalate, are used to dis-
solve active non-crystalline oxides, organically bonded oxides and Fe, and Al and Si from
allophane and allophane-like components. Allophane and imogolite are metastable alumi-
nosilicates that form mainly on easily weathered volcanic glass or other recently deposited
volcanic material (e.g., rocks, pumic) [60,94]. Opal and crystalline iron oxides such as
hematite or goethite are not dissolved, although this may vary with sample properties [40].
Laboratory procedures followed the instructions of Tamm [38] and Schwertmann [39]. For
the ammonium oxalate extraction solution, 28.42 g of (NH4)2C>0; x H,O and 18.01 g
of the anhydrous oxalic acid (HyC;04) are admixed with 1 L of ultrapure water. For the
analysis, 20 reference samples were selected from the stratigraphy, and 0.5 g of dry fine
sediment (<2 mm) was mixed with 50 mL of extraction solution, shaken for 2 h in the dark,
and then centrifuged. The extract was filtered with qualitative filters, and the determination
was carried out in an atomic absorption spectrometer in an Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES) (Thermo XSeries 2, Accela Pump). The results
are given in mg metal/kg of sediment based on the sample weight. The Alg:Sip ratio
in the AO extract is a commonly used indicator for metastable aluminosilicates such as
allophane or imogolite within volcanic soils and sediment [60,94]. According to Churchman
and Lowe [6], a linear relationship between oxalate extracted Si and Al, which has been
observed in New Zealand soil samples, indicates allophane concentration in the sediment.
The availability of Si and Al in the sediment solution is therefore essential to clarify whether
allophane, imogolite or halloysite is formed [51,52]. The AQ extract thus provides a mea-
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sure of both the formation of poorly crystalline oxides as well as of the presence of poorly
crystalline aluminosilicates and thus may shed light on diachronic changes in weathering
intensities

Appendix B. Results

Table Al. Results of the BC content and the ratio of BSCA /B6CA. For samples labeled “excl.”, ratio
values are excluded from further interpretation due to the low BC content.

Profile F35
Sample ID Depth (m b.s.} Unit BC(gkg™) STD B5CA/B6CA STD
BC1 0.07 I 0.84 0.08 0.95 0.05
BC2 0.20 II 0.35 0.05 0.77 0.08
BC3 0.31 il 1.34 0.27 1.03 0.25
BC4 0.40 il 0.02 0.00 1.36 0.25 excl.
BC5 0.45 i 0.42 0.08 0.89 0.00
BCe 0.52 v 0.14 0.04 112 0.03
BC7 0.67 \ 0.07 0.00 1.95 113 excl.
BC8 0.73 \' 1.53 0.44 1.31 0.42
BC9 0.76 \ 0.0033 0.00 1.67 0.00 excl.
BC10 0.93 VI 0.24 0.06 0.79 012
BC11 120 VI 0.24 0.03 0.59 0.07
BC12 143 VI 0.23 0.01 0.97 0.10
BC13 1.62 Vi 0.11 0.00 1.28 0.67
Profile G35
Sample ID Depth (m b.s.) Unit BC(gkg™ STD B5CA/B6CA STD
BC14 1.59 VII 0.89 0.08 0.78 0.02
BC15 1.66 Vil 0.97 017 0.84 0.08
BC16 177 VII 0.17 0.02 178 0.98 excl.
BC17 1.85 VII 048 0.08 0,77 0.11
BC18 1.92 VIl 0.23 0.00 0.76 0.13
BC19 1.93 Vil 0.21 0.01 0.85 0.08
BC20 2.00 IX 0.52 0.10 0.79 0.12
Table A2. Results of the phytolith ratio for both squares F35 and G35. The classification was made ac-
cording to the three fundamental morphotypes: ELONGATE (ELO), BLOCKY (BLO), ACUTE BULBOSUS
(Acu_BuL). Samples that could not be counted correctly are marked with the abbreviation n.c.
Profile F35
Sample ID epi Unit l'i‘;;l’t If;"t Acl;’gh'i“ Brodark Erodak  APUY sum %light % dark
SOD_002 0.03 1 30 250 10 9 13 3 315 921 7.9
S0OD_006 0.13 1l 44 146 20 42 52 22 326 644 35.6
SOD_009 0.19 i} 2 3 1 105 117 104 335 1.8 98.2
SOD_013 0.27 111 26 94 29 91 43 29 312 47.8 52.2
SOD_018 0.37 it} 20 108 14 78 68 28 316 449 55.1
S0D_025 0.51 v 5 25 2 124 95 71 322 9.9 90.1
SOD_027 055 v 25 210 13 12 38 13 310 79.7 20.3
50D_031 0.63 v 3 3 1 133 17 83 340 21 97.9
S0D_039 0.79 VI 32 158 23 18 82 37 350 60.9 39.1
SOD_050 1.01 VI 33 121 14 28 106 72 374 49 55.1
S0OD_060 1.21 VI 15 220 36 11 41 25 348 779 221
SOD_071 143 VI(VID) 44 98 16 38 71 66 333 474 52.6
SOD_081 1.63 Vil 32 78 14 30 83 67 310 403 59.7
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Table A2. Cont.
Profile G35
Depth g BLo ELO Acu_BLo Acu_BLo i =
Sample ID mbs) Unit light light light BLo dark ELo dark =y Sum % light % dark
SOD_087 144 VI(VID) ] 8 3 117 170 113 416 38 96.2
SOD_096 1.62 Vil 28 138 1 22 84 55 338 524 47.6
S0D_103 18 VI 20 257 2 9 20 16 344 869 13.1
SOD_106 1.86 Vil 10 253 18 2 12 9 303 927 73
SOD_18_03 1.96 VIl 11 223 19 5 32 16 306 82.7 17.3
SOD_18 07 2.04 IX n.c. Tiics n.c. e n.c. nc. T nc n.c.
Table A3. Results of ammonium oxalate extraction showing standard deviation (s) and AlO:SiO ratio.
Samples SOD_003 to 083 originate from profile F35 and SOD_86 to SOD_18_07 from profile G35.
Profile F35
Depth Alp Alp s Fep Fep s Mngo Mng s Sio Sio s
Sample ID (m b.s.) Unit (gkg™™" (g kg1 (g kg™ (g kg™ gkg™" (gkg™") (g kg™ (g kg*‘] Alp:Sio
SOD_003 0.06 1 191 0.07 597 0.23 120 0.19 0.93 0.02 2.06
SOD_007 0.15 1 0.77 0.03 1.84 0.15 0.44 0.00 0.31 0.02 247
SOD_009 0.19 il 945 0.26 4.98 0.02 177 0.01 2.76 0.05 342
SOD_015 0.31 11 0.84 0.02 1.87 0.03 0.66 0.01 0.37 0.01 226
SOD_018 0.37 m 1.40 0.07 2.98 0.26 1.05 0.11 0.55 0.04 253
SOD_025 0.51 v 0.90 0.12 1.77 0.24 092 017 0.39 0.06 229
SOD_029 0.59 A 7.00 0.39 4.80 0.37 277 0.10 232 0.28 3.02
SOD_031 0.63 v 17.07 045 525 0.39 223 017 5.96 0.42 2.86
SOD_036 0.73 V/VI 1.92 0.03 3.21 0.18 0.51 0.01 0.67 0.03 287
SOD_044 0.89 V1 2.07 0.08 7.66 0.16 0.89 0.15 1.02 0.00 2.03
S0D_051 1.03 VI 2.17 0.11 8.15 0.96 0.64 0.09 1.06 0.10 2.06
SOD_054 1.09 VI 2.08 0.05 541 0.27 0.68 0.06 0.86 0.05 242
SOD_061 123 V1 1.98 0.15 6.24 0.76 0.64 0.13 091 011 217
SOD_078 157 VI 1.70 0.04 5.26 0.10 0.80 0.09 0.77 0.03 220
SOD_083 1.68 VI 2.85 0.11 5.30 0.14 226 0.06 1.03 0.04 276
Profile G35
Depth Al, Al, s Fe, Fe, s Mn, Mn, s Si, Si, s
Sample ID (m b.s.) Unit (gkg™) gkg™" (gkg™" (gkg™) (gkg™1 (gkg™") (gkg™" (gkg™" Alo:Sio
SOD_086 141 VI 2.23 0.11 7.98 057 0.80 0.09 1.25 0.09 178
SOD_102 178 VII 1.39 0.01 3.40 0.11 1.74 0.02 0.59 0.01 237
S0D_18_01 192 VIL 147 0.06 3.56 0.30 1.00 0.11 0.56 0.05 264
SOD_18_04 198 VI 1.57 0.11 3.77 0.33 1.24 0.15 0.59 0.05 2.68
SOD_18 07 2.04 IX 1.56 0.07 3.96 0.09 137 0.03 0.53 0.02 296
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4.1 Supplement material

This supplementary material is published as part of the following open access publication

as Table S1: Electronic Supplement: Overview of micromorphological results:

Hensel, E. A., Kehl, M., Wéstehoff, L., Neumann, K., Vogelsang, R., Bubenzer, O.
(2022). A Multi-Method Approach for Deciphering Rockshelter Microstratigraphies—The
Role of the Sodicho Rockshelter (SW Ethiopia) as a Geoarchaeological Archive.
Geosciences 12(2), 92. doi: https://doi.org/10.3390/geosciences12020092

Note:
For a better resolution, the reader is advised to access the online material at
https://www.mdpi.com/article/10.3390/geosciences12020092/s1.
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5. Synoptic Discussion

This doctoral research bridges geoarchaeological investigations at the archaeological
site Sodicho Rockshelter, and the geomorphological circumstances in its surroundings
with evidence for the palaeoenvironmental and palaeoclimatological shifts in the
southwestern Ethiopian Highlands. While considering different temporal and spatial
scales, geoarchaeological research is able to investigate large-scale palaeolandscape
changes. Even microscopic features within a sedimentary sequence can be examined,
while addressing geological, geomorphological and archaeological research questions
(Goldberg and Macphail 2006, French 2015, Siart et al. 2018). Within the following
synthesis, the results and interpretations of the three peer-reviewed publications from
chapter Il to IV are combined and discussed, considering the objectives of the doctoral
study, formulated in chapter I. In this study, the different scales of geoarchaeological
research are considered (Fig. 5.1), starting with the local scale, which takes a closer look
at site formation at the Sodicho Rockshelter, to reconstruct the human impact, the
depositional development, and disturbances of the stratigraphy.

Further analyses were focused on a regional landscape scale, by combining satellite-
based GIS evaluations of the hydrological system with mapped archaeological sites and
lithic raw material sources. Based on the current geomorphological circumstances
investigated, the question was raised whether it is possible to make assumptions about
the past landscape dynamics, the impact on the accessibility of obsidian raw material
sources and therefore human settlement history. By combining all these interpretations,
connections are created that yield first implications for a supraregional scale, that allows
to reconstruct palaeoenvironmental changes and contributes to the Mountain Refugium
Hypothesis in the Ethiopian Highlands.

Considering the new results from Sodicho Rockshelter, this multi-method approach
serves as a case study for tackling difficult sedimentary stratigraphies in tropical regions.
It will be discussed to what extent (spatially and temporally) the results from Sodicho are
transferable to other sites in the tropical highlands of Ethiopia as well as to rockshelters
in general. It will also be pointed out which methodological approach can be used for
different spatial and temporal scales, to ascertain the geoarchaeological context of a site

by using a certain amount of significant and conclusive methods.
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Figure 5.1 Flow chart showing the different spatial scales of applied geoarchaeological methods
and the major scientific outcome of this research.

5.1 Local scale: Understanding site formation and human impact

To reconstruct the development of a sediment stratigraphy at an archaeological site
several aspects have to be considered, such as geogenic and biogenic site formation
processes and post-depositional disturbances, as well as past human impact. The
formulated research objectives 2.1 to 2.3 relate to the understanding of the site formation
(2.1), identifying the human context (2.2) and establishing a reliable chronological
framework (2.3). It should be noted that for this investigation of the deposits at Sodicho
Rockshelter, the local scale is applied, which includes the microscale. In this way, results
of the sediment elemental composition can be combined with micromorphological
investigations and macroscopic archaeological data.
A combination of sedimentological and geochemical analyses, micromorphological
investigations, and the contribution of supporting studies have provided insights into the
type and composition of the deposits and the site formation of the Sodicho Rockshelter.
So far, as the stratigraphy has been excavated, 9 sediment units were identified. With
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help of micromorphological analyses further subunits were defined. It is important to
mention that these subunits were identified within the micromorphological thin sections
and are not applicable within the entire stratigraphy.

A reliable chronological framework was established, via radiocarbon dating on mainly
charcoal samples, which originate from cultural units. The upper units were dated
between ~ 1800 and ~ 2100 cal BP (Unit Ill) and ~ 4300 and ~ 4800 cal BP (Unit V).
The lower units date between ~ 13,500 and ~ 27,000 cal BP (Unit VII and I1X) and cover
therefore parts of the arid Last Glacial Maximum (LGM, ~ 21 £ 2 ka) (Hensel et al. 2021).
A calculated age-depth model was plotted against elemental ratios, which illustrated
changes in elemental composition of the sediments and therefore shifts of the sediment
source and indications for paleoenvironmental changes during the last 27 ka.

With help of the macroscopic field study, micromorphological investigations,
geochemical and sedimentological analyses, as well as the archaeological evidence, the
following main depositional and post-depositional processes can be suggested. The
most common type of autochthonous clastic fine sediment in rockshelters originate from
the weathered rock surface on the rockshelter walls or the ceiling (Birndorfer et al. 2022).
At the entrance, a part of the rockshelters that is under stronger influence of the natural
elements, larger bedrock fragments and coarse blocks are often found (Mentzer et al.
2017).

At Sodicho Rockshelter disintegration of trachytic rock from the rockshelter ceiling and
walls are very common in all units. Under today’s tropical conditions, as prevailing in the
southwestern Ethiopian Highlands, the influence of moisture is averagely very high
(compare climate chart Fig. 1.12). Seepage water probably entered the cave through
fissures and cracks and at the same time transported fine sediment and eroded the
bedrock further. This means, that fine geogenic sediment originates from both eroded
autochthonous trachytic bedrock and allochthonous fine soil particles, which developed
above the rockshelter on the relatively flat hilltop. Similar circumstances with rock
fragments and reworked soil particles in the groundmass were observed at the tropical
rockshelter Beli-lena (Sri Lanka) via micromorphological investigations (Kourampas et
al. 2009).

If we now consider to increase the local scale to a regional scale and compare the
observations with a phase of increased precipitation such as the African Humid Period,
the influence of increased moisture should also be visible in the sedimentological and
geochemical properties of rockshelter deposits. The geogenic deposits of the reddish
and archaeological sterile Unit VI from Sodicho, which were chronologically dated to the
AHP, using radiocarbon dating (Hensel et al. 2021), are particularly recognizable for this

case. The unit is characterized by sudden variations in grain size and elemental ratios,
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such as Al/Ti, K/Rb and the CIA index (Hensel et al. 2021). Especially the Fe (and FeOy)
values and the high abundance of limpid clay coatings, which were identified within the
micromorphological samples, reflect increased weathering between 17 and 4.7 ka cal
BP. Micromorphological studies have suggested that there is evidence for waterlogging,
i.e. the relatively prolonged rainfall caused a large accumulation of water which could not
drain quickly enough. This resulted in the formation of shallow water pools, which can be
identified by graded bedding of silt and clay particles and redoximorphic pedofeatures.
Micromorphologically, an enhanced impact of the reworking process, as a result of sheet
wash, was also detected for this phase (Hensel et al. 2022). Within the deposits at the
site Beli-lena, observations of episodic clay translocation correlate with increased
drainage, which therefore indicates increased rainfall (Kourampas et al. 2009). At
Sodicho this is indicated by an increase of more developed clay (like kaolinite) in Unit VI,
which implies an increased weathering rate under humid conditions. According to these
observations at Sodicho, it could be possible to use the clay mineral formation and the
derived weathering state as an environmental proxy.

However, there are two objections that need to be considered. First, individual clay layers
that would by identified as “episodes” are not observed in the Unit V. This is due to
reworking, and observed shrink and swell processes. A further fact is, that clay is found
in certain amounts in every unit of Sodicho’s stratigraphy. Secondly, in a case with less
disturbed and well micro stratified sediment, an accurate representation of wet/ dry
climatic cyclicity would still be difficult. As these fine cycles are limited by the
chronological context of the fine sediments, a much denser sampling pattern for dating
would be needed (Kourampas et al. 2009).

At Sodicho predominant geogenic units, which are archaeologically sterile, consist of the
mentioned fine sediment, trachytic clasts and boulders. Furthermore, tephra represents
a large part of allochthonous sediment, which was introduced into the shelter by aeolian
transport and reworked by the influence of water. Multi-layered tephra units stand out by
their pale coloration in the stratigraphy, with volcanic glass as predominant coarse
material, and distinct boundary in certain areas. These sudden changes in the
stratigraphy speak for a rapid deposition. The lower layers of the tephra units, often show
a high homogeneity of sharp-edged volcanic glasses, indicating that the sediment in
these layers has not been redeposited. The fact that layers of the tephra show signs of
disturbance and reworking by water, indicates that postdepositional changes have
occurred, and that the circumstances within the shelter changed.

At this stage of research, the volcanic source for the deposits and direction from which
the distal tephra was blown into the rockshelter cannot be defined, yet the thickness of

the tephra deposits (especially ash of subunit 1Vc) indicates an eruptive event in

130



Chapter V

proximity. While larger particles distribute closer to the eruptive center, the distal tephra
is able to be transported further away, over hundreds to thousands square kilometers
(Antos and Zobel 2005, Lane and Woodward 2017). However, based on the thickness
of the homogeneous volcanic ash layers (max. 5 cm), it can be assumed that the deposits
occurred comparable thick, if not even more intense outside of the rockshelter, with
exception at the steep slopes at Mt. Sodicho. Fine charcoal fragments within the subunit
Vg indicate an origin by vegetation fire. It can be assumed that the tephra was not hot
enough to ignite the vegetation, but rather hot gas clouds or lava flow at the source
volcano. This observation again supports the hypothesis of a volcanic eruption in near
vicinity. It can be assumed that this was followed by drastic changes to the landscape,
and affected flora and fauna. If the tephra was not partly washed out or completely
eroded due to precipitation, a fine surface crust could have formed at the rather shallow
slopes of the mountain. This could have restricted water permeability and thus severely
limited growth of smaller plants (Tarasenko et al. 2019). Evidence of crust formation is
found within micromorphological thin section (e.g., SOD_1-2). These circumstances
could have made the region uninhabitable for a certain period of time and forced humans
to abandon the area to ensure their survival, i.e. food security, access to clean water,
and shelter. In addition, fine volcanic ash particles in the air pose direct health hazards
because of possible particles that are respirable (< 4 um diameter) and finer grained
volcanic aerosol particles (~ 0.2-0.5 ym), which can enter the lungs (Mather et al. 2003,
Horwell 2007). It cannot be clarified whether the inhabitants left the region long before a
volcanic eruption, or were still in the area at the time of the approaching ash cloud.
Roughly five settlement layers were detected with help of radiocarbon chronology. This
observation is consistent with the results of the examined sediment samples. The
anthropogenically influenced units were particularly well identified by macroscopic
archaeological evidence, such as stone artifacts, charcoal, and evidence for fire use
(Hensel et al. 2021). According to the sedimentological and geochemical analyses, these
units are characterized by elevated values of manganese, phosphorus, TOC and distinct
measurements of magnetic susceptibility and black carbon. Micromorphological
observations revealed impacts such as fire activity, site maintenance, trampling and
dumping (Hensel et al. 2022). The calculated accumulation rates of the age-depth-model
(Hensel et al. 2021) showed the settlement layers accumulated relatively quickly,
compared to the other sediment layers.

It is possible to understand Late Pleistocene and Holocene patterns of hunter-gatherer
behavior for this study site, through the connection between the archaeological findings
and the geoarchaeological results. During times of intensive use of the rockshelter, the

deposits display local anthropogenic impact and human behavior. The last mentioned
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includes observed combustion features and the introduction of lithic raw material for tool
production. Another possible influence by humans inside the rock shelter is not limited
to the contribution of site formation and post depositional disturbance, but also the impact
on the shelter itself. In this case, a thermoclastic effect is created by the heat generated
by the human fires. Hints for the phenomenon of wall disintegration was observed in the
deposits in the tropical rockshelter Beli-lena (Kourampas et al. 2009).

Due to the limited excavation trench in Sodicho, it is not yet possible to make a statement
on the spatial organization within the rockshelter. It is also not possible to determine
whether the observed behavioral patterns have changed drastically over time, since the
excavations did not reach the bedrock (Hensel et al. 2021). At this point of research, it is
not possible to distinguish human behavioral zones for specific activities within Sodicho.
In additions studies, e.g. Burns and Raber (2010), revealed that activity zones in smaller
rockshelters overlap. Nevertheless, our study shows that the area of the excavation
(north-eastern part of the rockshelter) is marked by fire activity and evidence of site
maintenance. Lithic tool maintenance can be identified from the stone tool assemblage.
The Late Pleistocene assemblage (13.5 to 27 ka cal BP) consists mainly of uniform
obsidian artefacts and the LSA assemblage in the upper part (Unit Ill and Unit V) of a
variation of microlithic stone tools (Hensel et al. 2021). The production of ceramic objects
is only found in the upper anthropogenic units | and Ill. A strong biogenic influence can
be neglected, as it is limited to microscopic features of bioturbation (passage features
and biogenic pores) and small-scale botanical remains in the upper part of the

stratigraphy (Hensel et al. 2022).

In summary, our research at the Sodicho Rockshelter shows that the combined use of
sedimentological, geochemical, micromorphological analyses revealed a very complex
sediment composition, influenced by several autochthonous and allochthonous
processes as well as biogenic and anthropogenic impacts. By implementing the results
of cooperative studies (see subchapter 1.5.6) such as archaeology, it was possible to
determine site formation and prehistoric human behavior. This means that through the
exclusive application, or focus on a local spatial scale essential geoarchaeological
information were gained. However, in some cases, it is often necessary to include larger
spatial scales, such as the inclusion of regional or even supraregional

palaeoenvironmental data to understand certain variations in depositional processes.
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5.2 Regional scale: Reconstructing past environmental signals, and

regional settlement activity

Present landscape dynamics cannot be fully understood without the knowledge of past
processes. Past morphodynamics have had an impact on the environment and human
occupation in particular places. Two research objectives of chapter 1.4, which were
addressed in the publication of chapter Il, relate to the reconstruction of the recent
hydrological system, via satellite imagery and geoinformations systems, to identify
regional geomorphological processes (objective 1.1). Furthermore, the data was being
compared to mapped archaeological survey data from the study areas, to imply the
impact of the past hydrological system and to understand prehistoric settlement activity
(objective 1.2). On the basis of the satellite imagery supported by geoinformation
systems, it became apparent that the study area has a very active hydrological system
(Hensel et al. 2019). This means that the system is very sensitive to external influences,
such as fluctuations in water availability, caused by precipitation changes. This was
observed in the formation of recent swamps at the Bisare River catchment, caused by
sediment accumulation and damming of the stream during intensive erosion and active
gullying. Within our study we assume for today’s dynamics, that stronger gully erosion,
land degradation, and badland formation is activated during wetter climatic phases.
Studies by Fryirs and Brierley (2012), showed that processes like shallow landslides, soil
erosion, and gullying are increased without native vegetation cover to support the
system.

If we attempt to apply the observations of the current morphodynamic processes to the
prehistoric past, the question arises whether the activity of the hydrological system and
erosion processes had a comparable intensity in our study area during the Late
Pleistocene and early Holocene? The geoarchaeological investigations of Sodicho have
made it possible to identify past depositional processes under the influence of changing
environmental conditions. These include, in particular, changes in the humidity of the
sediment, which may indicate changes in the local precipitation. In this context, the
60 cm thick sediment Unit VI is striking, as it is radiocarbon dated to the time of the AHP
(~ 15-5 ka cal BP). Based on the results of studies from palaeoclimatic records of Lake
Chew Bahir by Fischer et al. (2021), a calculated Predictive Vegetation Model predicted
an annual moisture increase of about 25-40 %, compared to today’s conditions.
Unfortunately, little is known about erosional processes of the past in Eastern Africa.
According to a study of fluvio-lacustrine deposits from the Baragoi palaeo-delta,
Tanzania, rapid changes in erosion rates during the AHP indicate an increase in the

probability of runoff (Garcin et al. 2017). At the Baragoi palaeo-delta, erosivity is
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increased in the time range of arid-to-humid transition at 15 ka or 12 ka cal BP. The
micromorphological investigations of Sodicho suggested that an increase in humidity did
not last during the whole period of the AHP, but was rather interrupted by shorter dry
phases (Hensel et al. 2022), which roughly coincided with the identified dry spells in the
lacustrine record of Chew Bahir (Foerster et al. 2012, 2015). The investigations proof
that Sodicho and the surrounding landscape were affected by increased precipitation,
which has promoted the degradation processes. Vegetation models predict an
expansion of forests and an overall denser vegetation in southern Ethiopia (Fischer et
al. 2021). Since the sediment unit at Sodicho, that can be assigned to the AHP are
archaeologically sterile, it can be assumed that the increasingly dense vegetation had a
great influence on the abandonment of the region. In addition, during this phase, the

lowlands became more attractive as the lake systems expanded (Fischer et al. 2021)

This information in mind raises another question about the exposure of obsidian raw
material through erosion processes, and whether increased availability has influenced
human settlement in higher elevated regions such as our study area. The most dominant
used raw material for stone tool production in Sodicho is a dark obsidian.
Cryptocrystalline silices were used in smaller numbers and were only found within the
Late Pleistocene units. Preliminary microprobe analysis showed that the raw material
originates from the obsidian outcrops of the Bantuu region (Hensel et al. 2021). Studies
from the nearby Mochena Borago proved that the same raw material outcrops were
exploited, which is only 20 km southeast from the rockshelter (Brandt et al. 2017). Today,
degradation processes such as gully erosion, sheet erosion and river erosion are
widespread, especially pronounced at the southern part of the Bisare River. In our study
Hensel et al. (2019), we suggest a relationship between widespread gully erosion,
badland formation, and raw material availability. This means that this excessive form of
soil erosion may have affected raw material outcrops. At Mt. Sodicho obsidian was
observed as transported boulders or debris during a survey along the surrounding rivers
and streams. Based on these observations, it can be assumed that erosion processes
in the study area, especially on mountain slopes and river courses, have increased
during wet periods such as the AHP. This may have further facilitated the exposure of
already existing obsidian deposits.

Today the increased human presence at the mountain slopes and tops strongly impacts
the landscape and cannot be completely ignored when thinking about the past. The
clearance of the vegetation cover and transformation into cropland for teff farming and
cattle grazing also effects the ecosystem. Increased erosional processes and soil loss

are the consequences. Today obsidian outcrops are also exposed by roadworks, as in
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the area of Fulasa, which is in proximity of Sodicho Rockshelter (Fig. 5.2) (Hensel et al.
2019). According to our study Hensel et al. (2019) we suggest that in the present time
obsidian is exposed to the surface much more frequently due to higher runoff.

Obsidian was collected and processed in the past because of its good knapping
properties and sharp edges, which can be easily produced (Rapp 2009). According to
our study and other studies in the region (Brandt et al. 2012, Brandt et al. 2017,
Vogelsang and Wendt 2018), obsidian probably has been almost constantly available in
sufficient quantities. In other cases, people would have relied on other sources of raw
material, which would have been reflected in the lithic inventory at Mochena and
Sodicho.

Figure 5.2 (A) Road construction work along the steep mountainside exposed the obsidian raw
material deposit of Fulasa. (B) Scattered obsidian, and obsidian gravels show signs for transport/
reworking (Photos by E. Hensel).

Obsidian is also the most common raw material used by hunter-gatherers which
occupied the rockshelter DEN12-A01 (Mount Dendi) (Schepers et al. 2020). Within this
study it is discussed, that an abundance in micro-points and segments illustrate short-
termed stays of the inhabitants at the site and that foragers procured the raw material
probably during their hunting trips (Vogelsang and Wendt 2018, Schepers et al. 2020).
At the high elevated rockshelter site Fincha Habera, within the Bale Mountains, the
prehistoric hunter-gatherer (cultural layers dated to 47—-31 ka cal BP) collected their raw
material at ice-free ridge along glaciers, which were situated 500 to 700 m above the
shelter (Ossendorf et al. 2019). Even if Sodicho Rockshelter is not as elevated as Fincha
Habera and the raw material procurement was comparatively easy, a comparison of the
studies shows how prehistoric humans relied on good quality raw material and what they

undertook to obtain it.
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When all the observations are taken into consideration it is not easy to transfer the
knowledge about modern morphodynamics into the past, since certain circumstances
change over time and we cannot prove that mapped recent processes like the swamp
formation, were active in the past. Due to today's human influence, we assume that
obsidian raw material comes to the surface more frequently or even in larger quantities
than in prehistory. Nevertheless, humans frequented this higher elevated area, because
of sufficient water and food resources, shelter, and especially the access to obsidian raw

material.

5.3 Supraregional Scale: Implications for settlement history and

adaptation to the environmental shifts

In order to grasp large-scale palaeoclimatic changes, both spatial and temporal, it is
necessary to link the obtained data of the local and regional scale from the study area
with data from a supraregional scales. A key objective of this research was to understand
the local climatic and environmental variability and to identify the signals based on the
existing data. The geoarchaeological research results of this study give a first impression
of the local environmental changes and human presence in the study area.

The well-studied ~ 293 m long composite sediment core from Chew Bahir basin,
provides a continuous record for reconstructing the past 200,000 years of palaeoclimatic
change in southwestern Ethiopia (Schaebitz et al. 2021). Therefore, a comparison with
our observations from our study area, with this palaeoclimatic records is useful. Several
studies showed that hydroclimatic conditions at the study area are correlated to orbital
eccentricity and therefore changes of the orbital insolation (Foerster et al. 2012, Foerster
et al. 2015, Schaebitz et al. 2021, Fischer et al. 2021). The resulting climatic fluctuations,
which intensified from 60 ka, influenced geomorphodynamics, sediment input into the
basin, and thus hydrological system (Schaebitz et al. 2021). According to chronometric
dating of the core record, a mean accumulation rate from 0.47 mm/a was calculated, but
it dropped to a rate of about 0.1 mm/a during the MIS 2, corresponding to reduced
sediment supply during the drier Late Glacial Maximum (Roberts et al. 2021).

With this context in mind, it is important to understand the push and pull factors for
orographic mobility (Schaebitz et al. 2021), when it comes to the discussion about the
refugial hypothesis, concerning the human retreat into the highlands of Ethiopia during
harsher living conditions (Basell 2008, Brandt et al. 2012). The results of this study
provide insights into the timing of relatively rapid environmental changes at the Sodicho

Rockshelter, which must have forced early humans to adapt in the area.
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As discussed above, the hunter-gatherer groups from Fincha Habera used to find their
resources at the glaciers (Ossendorf et al. 2018). Even though there is a temporal offset
between Fincha Habera and Sodicho, it illustrates the determination of prehistoric
humans to cross rough terrain, in search of resources. The top of Mount Sodicho has an
elevation of about 2000 m above sea level. This means that health risks such as high-
altitude hypoxia, which begins at elevations of ~ 2500 m a.s.l, are not being considered
for our study site (Aldenderfer 2006).

It is important to understand that some environmental changes proceed quickly (e.g.
atmospheric shifts) and some slowly (e.g., soil formation). This means that changes in
different pace have different impacts on humans, including fast or slow changing
conditions impacting expansion and migration. With the radiocarbon dating of the
sediment units Xl to VII, which also span partly over the timeframe of the LGM, Sodicho
is the first site in Ethiopia to date settlement during this dry time period. Now, recent
geochronological studies on ostrich eggshell samples from the upper Middle Awash
study area (Oulen Dorwa basin) point to an occupation prior to and during the Last
Glacial Maximum (Niespolo et al. 2021). In our microstratigraphic record we see a short
but intense eruptive event (comp. Fig. A. 11) between two dated cultural layers. This
shows that the occupation during the LGM was shortly interrupted and humans left the
site because of this probably rapid event. Apart from this "short" interruption, our results
show that harsher, dry conditions of the LGM could have led to the movement into the
mountainous area. This means that the retreat and the following reoccupation can be
related to more favorable ecological conditions and available resources (e.g., water,
food, shelter, and raw material).

The already mentioned study by Fischer et al. (2021), is discussing the human response
to paleoenvironmental changes and the preferences for certain landscapes during the
LGM, and also puts Sodicho Rockshelter in context of the results. The calculated
vegetation model showed the vegetation during the LGM comprised of mainly grassland
and further other vegetation types. This has probably led to the development of a mosaic
of independent landscapes that people have been able to exploit. This hypothesis is
consistent with the statement to human adaptation at Mochena Borago and Mt. Dendi.
In these areas the humans exploited the diverse environment in different ecozones along
the mountain flanks (Vogelsang and Wendt 2018, Schepers et al. 2020). According to
Vogelsang (2021), the interior of Mochena Borago was big enough to have hold larger
groups of hunter-gatherers, that could have occupied the site as a base camp for longer
stays. The advantage in this complex habitat, also present on Mt. Dendi, was the

accessibility of the mentioned resources in proximity and the advantage of short-distance
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transport (e.g., obsidian raw material) (Vogelsang and Wendt 2018, Schepers et al.
2020). Due to the vicinity of Sodicho Rockshelter to Mochena Borago, it is plausible that
the ecological conditions were similar.

With reference to the Mountain Refugium Hypothesis, it can be summarized that for the
time frame investigated, major push factors for the migration were climatic and
environmental driven. Pull factors were ecological stability, water, vegetation, animals,
obsidian raw material and many others (Basell 2008). To what extent the migration was
dependent on the individual human preferences and choices remains to be determined.
Nevertheless, we assume that the region of the southwestern Ethiopian Highlands
fulfilled the basic needs for a certain period of time, i.e. provided a variety of stable

resources necessary for survival.

5.4 Applicability of the multiscale study

This thesis underlines this importance of geoarchaeological research to understand past
human-environment interaction. In the Horn of Africa, and especially in Ethiopia, only
very few sites have been investigated with help of a comprehensive, interdisciplinary
research design, how it can be provided by geoarchaeology.

The geoarchaeological investigations at Sodicho Rockshelter confirm the importance
and multiproxy approach different spatial and temporal scales, based on the preservation
of archaeological finds and the key results on site formation, postdepositional changes
and human behavior in a tropical rockshelter. The combined results are especially
powerful, when they are correlated with external data from palaeoclimatic records. In this
way it could be possible to interpret observed features, as local palaeoenvironmental
proxies.

The applicability of the methodological approach can also be discussed in terms of
potential costs. Of course, all scientific field and laboratory studies are quite cost-
effective, but our study shows that with sufficient bulk sediment samples and
micromorphological samples, the geoarchaeological processes can be deciphered. Of
course, a narrow and continuous sampling of sediment stratigraphy is important.

The results of the research were linked to other research sites and especially to other
rockshelter sites. Now the questions arise to what extent the chosen spatial and temporal
scales are transferable for other sites. In this study, a set of basic methods was used for
the investigation at each scale.

The local scale, which for this study also included a microscale, allows to identify a large
part of the information on sedimentological processes, geochemical components, and

the human impact (comp. chapter 5.1). In this context basic sedimentological fieldwork
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and laboratory methods, a variety of geochemical analyses and micromorphological
investigations were chosen (comp. chapter 1.5). However, it is necessary to include a
larger spatial scale in a certain extent, as for example in the inclusion of external
palaeoenvironmental data on the African Humid Period.

A similar concept also applies to the usage of the regional scale. The regional
investigations placed the Sodicho Rockshelter in a broader spectrum and provided
comparisons to surrounding phenomena. Geomorphological and archaeological
surveys, and satellite data supported GIS analyses proven to be suitable. These new
acquired insights into the regional morphodynamics were used for an interpretation of
the observed features within the stratigraphy (local scale). In turn, the local microscale,
such as the micromorphological identified rapid changes in deposition, can contribute to
fill knowledge gaps in the regional scale, concerning fast environmental changes.

In this study, the temporal scale has not been applied to the same extent as the spatial
scale. Nevertheless, it has been shown that by exceeding to a continental or global scale,
globally identifiable phenomena are recognizable in the sediment record of a rockshelter.
This was achieved by comparing geochemical data from Sodicho, with major shifts of a
palaeoclimatic record and orbital cycles.

With the Sodicho’s location in the tropical highlands, this site immediately faces two
challenges that hinders the investigations and complicate the evaluation of the
observations. However, the study has shown that the diverse methodological approach
and the different perspectives on the research questions were comprehensive and
effective in dealing with difficult environments. Sediment stratigraphies often show poor
preservation of organic materials under moist tropical conditions. This occurs very often
at open air-sites or when the substrate is very acidic (Cordova 2019). Exactly these
conditions are found in the acidic trachytic bedrock of Sodicho. To cope with this issue,
Phytoliths that have an inorganic silicate body and resist decomposition, were analyzed
(Kaczorek et al. 2018). The preliminary study provided first insights into the differentiation
of human induced fire activity and natural vegetation fire, as well as preliminary evidence
for past vegetation changes in the area.

Geoarchaeologically interesting but also difficult to study are sites and especially
stratigraphies in mountainous areas. With increased geomorphological dynamics, steep
slopes and harsher terrain, the highlands do not seem inviting for human occupation.
Nevertheless, this and other research from all around the globe (Rademaker et al. 2014,
Chen et al. 2019, Ossendorf et al. 2019) showed that humans have been drawn to the
highlands in the past. Increased weathering and erosional processes affect sediment
deposits in these elevated archaeological sites and can prevent the preservation of

important data about the past. In the course of this study, identified erosion processes
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discordances in the stratigraphy had to be dealt with. However, by linking the onsite
information on human and depositional circumstances with the observed processes in a
wider landscape (and vice versa), “gaps” in the stratigraphy could be filled.

The study verified that the different scales are mutually dependent to each other in order
to address the defined objectives and to exploit the full potential of geoarchaeological

investigation.

5.5 Implementation of results into the context of the CRC 806

Within 12 years, since the first funding period in 2009, the participating collaborators of
“CRC 806 — Our Way to Europe” have collected important new results and fundamental
insights into the cultural-environmental context of the dispersal of the anatomically
modern humans (comp. Litt et al. 2021). Following the migration routes from the “source”
in Africa to the “sink” in Central Europe, the focus was set to the main triggers of past
climatic and environmental shifts, cultural development and transition, and population
changes along the way.

Investigations of regional model project A1, that deal with rockshelter stratigraphies and
human adaptation to palaeoenvironmental changes, led to Eastern Egyptian Desert and
the highlands of Ethiopia. As part of A1, this study focused on working in the Ethiopian
Highlands, and therefore a region that can be seen as the starting point for the CRC 806
research. In the past two funding phases the research in Ethiopia focused mainly on
Mochena Borago (see chapter 1.3.1). The new site Sodicho Rockshelter was seen as a
promising site with a comparable stratigraphic development and the potential to preserve
useful information, that can be implemented into the framework of the CRC 806. The
studies at the Sodicho Rockshelter provided new insights into the settlement history of
the Ethiopian Highlands, contributed to the Mountain Refugium Hypothesis, and
provided many more fundamental results on the investigation of sediment stratigraphies
at tropical rockshelters (see chapters 5.1-5.3). Due to the limited excavation area, the
cultural layers have only been dated to an age of about 27 ka. Therefore, there is still no
chronological connection to Mochena Borago. Nevertheless, the similar depositional
conditions for the two rockshelters can be compared.

Project A3, which focused on palaeoenvironmental and palaeoclimate archives in
Ethiopian lakes, acquired a substantial amount of proxy data within a ~ 200 ka old record
from Chew Bahir. Geochemical results from Sodicho show trends that are comparable
to the most recent records. Thus, the results from Sodicho could be increased to a

supraregional scale. In return project A3 has received information on the impact of
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observed climatic and environmental changes on prehistoric humans in the
southwestern highlands of Ethiopia.

Together with project E7 sediment samples from Sodicho Rockshelter were used for a
black carbon analyses, which yielded consistent results. With help of this interdisciplinary
work temporal changes in BC contents and composition were observed, that could be

identified as changes in fire activity within the stratigraphy.

5.6 Critical review of this research: Limitations and future

perspectives

This doctoral research conducted at Sodicho Rockshelter has provided new insights into
the human-environment interaction of the past 27 ka in the southwestern highlands of
Ethiopia. The geoarchaeological studies allowed the reconstruction of the archaeological
site development and the identification of geomorphological processes in its
surroundings. Furthermore, the strength of a multiproxy approach in different spatial and
temporal scales is highlighted. Considering past climatic and environmental changes, it
has been possible to focus on the behavior of prehistoric humans.
A critical consideration of the methodological approach at the main study site enables
several possibilities to validate existing data, to answer open research questions and to
improve the approach. Although the bulk sediment sampling of the excavated profiles
was precise (mostly 2 cm steps), further sediment samples could be taken to verify the
existing data. In particular, within future excavation squares, but also targeted samples
from macroscopic pits, hearths and the volcanic tephra layers. The correlation of the
sedimentological and geochemical data with the micromorphological investigation
resulted in a precise understanding of the microstratigraphy development and single
depositional processes, since all the units and the boundaries have been sampled. In
the future, the micromorphological sampling strategy could be targeted to special
anthropogenic features, such as hearth and pits, to get a better understanding of
combustion material and pit infillings.
Further studies on the micromorphological thin sections with the help of enhanced
techniques, should be considered. This includes the usage of fluorescence microscopy
(Stoops 2021) to study certain mineral accumulations or organic matter. A first
mineralogical fingerprint analyses of the thin sections, using Raman spectroscopy, failed.
For this reason, the methodology was not included in the introduction (comp. chapter
1.5). The “desired” Raman scattering, stimulated by laser in visible near infrared light,
was completely masked by fluorescence of the sample material. The sources of
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fluorescence are not yet clear, but it could be autofluorescent phosphate minerals or free
aluminum ions absorbed on clay (Stoops 2017, Stoops 2021).

Numerous '#C dating of charcoal and seed samples have formed a robust
chronostratigraphic framework that illustrated the settlement phases for Sodicho
(Chapter 3). With the classical calculated age-depth model it is not possible to capture
the variability of depositional conditions and accumulation fluctuations of the entire
stratigraphy. By focusing on a specific sample of the excavation squares, the model must
be seen as a simplification, that reflects a limited but no less profound view into the
settlement history of Sodicho. A tephrochronology is not necessary for the upper tephra
layer because of the radiocarbon dating. A detailed chemical investigation and a possible
comparison with the geochemical fingerprint of documented volcanic eruptions (dated
archives) could be interesting (Lane and Woodward 2017). Especially in context of the
influence of volcanic fallouts on prehistoric human behavior/ mobility.

The existing data on the ratio of light to dark phytoliths, obtained from the relative
abundance of three common morphotypes, contributed to the understanding of the origin
and transport (aeolian, fluvial, anthropogenic) into to the volcanic rockshelter (chapter
IV). In addition, the combination of this method with other geochemical and
micromorphological parameters enabled the reconstruction of prehistoric human fire
activity at the site. Although the occurrence of special morphotypes such as TRAPEZOID
is low, it is consistent with decreasing local temperatures during the LGM, according to
the preliminary studies. Still, a detailed analysis of all morphotypes and a comparison
with modern specimens is needed to establish an understanding of past vegetation
changes relative to climatic shifts in the study area.

The preliminary investigations of the lithic artifacts from Sodicho (chapter Ill), were
constrained by the limited excavation area and depth. A lithic assemblage is one of the
most important indicators for human behavior at an archaeological site, therefore further
investigations are needed.

The study of the hydrological system and the geomorphological processes (chapter II)
at Mount Sodicho, Mount Damota and the Bisare River catchment has revealed a
dynamic system that is driven by recent climatic influences. A transfer of present
knowledge about the actual morphodynamics into to past was not straightforward. The
need for the analyses of several fluvial and colluvial sediment archives would be needed,
as done by the geochronological and sedimentological studies in NE Morocco by Bartz
et al. (2015 and 2017) within the framework of the CRC 806. Additional extended
geomorphological surveys could help in this regard, as well as the investigation of

additional drilling cores, that were taken during the survey in 2012 to 2015. The sediment
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records could be improved by a selection of sedimentological and geochronological
observations.

During the archaeological excavations the bedrock was not reached. Therefore, further
explorations of deeper sediment layers are required. So far, the uncovered quadrants
are very limited in their dimensions and consequently only a limited overview of the
stratigraphy of Sodicho could be obtained. Also, the major site formation processes and
post-depositional processes could be identified (Hensel et al. 2021), certain changes in
layering or the erosion of units, which could indicate changes in local environmental
conditions could remain hidden. The extensions of the excavation squares are needed
to confirm our findings and to reach a temporal connection to the nearby Mochena
Borago Rockshelter, as well. At this stage of research, there is a temporal gap of 10 ka
between the two sites, with missing information about the time frames of MIS 2 and the
beginning von MIS 3. With the help of further research, it could be possible to identify
the overlap of occupation phases at both sites and to compare human behavior. In
addition, the combined geoarchaeological archives would emphasize this area in the
Ethiopian Highlands as one of the key regions for reconstructing regional settlement
history and past human-environment interactions. The onset of sediment deposition
within the Sodicho Rockshelter is not yet clear, nor is the thickness of the deposits. At
Mochena Borago, non-destructive ground penetrating radar (GPR) and electrical
resistivity tomography (ERT) surveys were carried out, which revealed the information
on the thickness and progression of the sediment deposits within the rockshelter
(Lanzarone et al. 2019). In the future a similar geophysical approach is possible for
Sodicho. This would allow the determination of depositional thickness, sediment
changes, surface shape of the bedrock and possibly the onset of human occupation. In
addition, a comparison with the results of Mochena Borago might be possible in order to
evaluate/ interpret depositional conditions under similar climatic circumstances within a
volcanic rockshelter. The Sodicho Rockshelter is one of the few sites, that partly closes
one major chronostratigraphic gap, that spans a time period covering the MIS 2 (Brandt
et al. 2012, Tribolo et al. 2017), furthermore it is one of the first sites in eastern Africa to
provide dated evidence for the habitation of the region during harsh climatic conditions,
such as during the LGM (Hensel et al. 2021, Schaebitz et al. 2021). Thus, Sodicho is
actively contributing to the Mountain Refugium Hypothesis, which deals with forced
human migration to environmental refugia (Brandt et al. 2012, Stewart and Stringer
2012). Still, further comparing research could link hunter-gatherer mobility in
mountainous areas with the influence of past climatic shifts. A comparison with further
archaeological sites from the Horn of Africa (Fig. 5.3) would allow to study the

environmental influences on past human communications, the expansion of AMH during
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the MIS 3, as well as innovations in Late Pleistocene stone tool technology (such as

technological development from MSA to LSA).
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Figure 5.3 Map of the Horn of Africa showing the location of the main study site and important
archaeological sites, situated in Ethiopia (DEM data by ASTER GDEM and Natural Earth raster
map data) (modified from Hensel et al. 2021).

All of this research results and future results from this study area, as well as the results
from the collaborating projects of the CRC 806 (see chapter 1.1), which provided data
on human mobility, can be used for further studies, especially with regard to a larger
spatial scale (e.g., continental scale). This could include anthropological models, such
as agent-based modelling of the dispersal routes of the AMH within and out of Africa. All
considered there is still a need for further collaboration between the different disciplines
in the field and also in the laboratory. This is not only about joint planning and execution
of field visits, method scopes and laboratory work, but also the opportunity for equal
cooperation and contribution to the research. This enables to address common research
questions from different angles but can also overcome inadequate investigations and

research bias.

144



Chapter VI

Chapter VI

6. Conclusion

The geoarchaeological investigations undertaken in the southwestern Ethiopian
Highlands and presented in this thesis provided first insights into the stratigraphic
development and occupation at the new and promising site Sodicho Rockshelter, during
the Late Pleistocene and Holocene. Based on a variation of geoarchaeological field and
laboratory methods [e.g., sedimentology, geochemistry, micromorphology] as well as the
contribution of supportive investigations [e.g., archaeology, phytolith analyses,
palaeoclimate data] detailed information concerning the archaeological site itself and the
surroundings could be gained for the first time. The most important results obtained
include information about site formation processes, post depositional disturbances,
human behavior, current landscape dynamics, occupation history, palaeoenvironmental
signals and prehistoric human environment-interaction (Hensel et al. 2021, Hensel et al.
2022).

Within nine sedimentological units at Sodicho, four main sediment agents were
responsible for the development of a complex stratigraphy under changing climatic and
environmental conditions. Archaeological data, and the sedimentological/ geochemical
composition of the deposits clearly mark several human settlement phases during the
last 27 ka years. Up to now, in the Horn of Africa, and especially in Ethiopia, sedimentary
and archaeological records are short and discontinuous and major chronostratigraphic
gaps in the stratification are common. One period of archaeological uncertainties
correlates with the critical transition from the Middle Stone Age (MSA) to the Late Stone
Age (LSA), a timeframe that corresponds with the MIS 2 (Tribolo et al. 2019). With the
lower dated occupation phases between ~ 13.5-18 ka cal BP (Unit VII) and ~ 21-27 cal
BP (Unit VII and 1X), an occupation phase during climatic critical Last Glacial Maximum
(LGM, ~ 21 + 2 ka) was determined. With this dating, Sodicho is given a unique position
in science, as it is the only site in southwestern Ethiopia that shows that humans visited
this area partly during this arid phase. In addition, this study highlights the Sodicho
Rockshelter as the first site to provide initial evidence to partially reduce this
chronostratigraphic gap. Although a transition between the MSA and LSA within the lithic
material of Sodicho has not yet been identified, advanced geoarchaeological studies of

this kind will help to fill major chronostratigraphic gaps.
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Continuous and reliable terrestrial paleoenvironmental records are scarce in Ethiopia.
However, in the recent years several sophisticated studies on lacustrine sediment
records from Ethiopia and Kenya, provided useful data and predictive models for past
varying environmental and climatic conditions for East Africa (e.g., Junginger and Trauth
2013, Foerster et al. 2015, Gebru Kassa 2015, Trauth et al. 2019, Fischer et al. 2021,
Schaebitz et al. 2021, Schaebitz et al. 2021b). By applying the geoarchaeological
methods at Sodicho Rockshelter on multiple spatial and temporal scales, the results
could be incorporated into the mentioned supraregional palaeoenvironmental and
palaeoclimatic studies, thus providing information on the occupation phases of the south-
western Ethiopian Highlands. In exchange, supraregional data were used to determine
palaeoclimatic proxies within the local sedimentological and geochemical record of
Sodicho. At the same time, this provided deeper insights into weathering processes. The
radiocarbon dating of Sodicho provided a comprehensive chronostratigraphic framework
that clearly highlights the settlement phases. Only by calculating an age-depth model,
was it possible to correlate the geochemical data against time. This enabled a modelling
of the results in relation to regional paleoenvironmental changes. In the process, it was
possible to recognize supraregional to global climatic dry events (e.g., 4.2 ka event,
Heinrich event 1, LGM) (Hensel et al. 2021).

While Mochena Borago was mainly occupied during rather humid phases (Brandt et al.
2017), the observations at Sodicho Rockshelter point to the settlement phases of
prehistoric hunter-gatherers also during arid to hyper-arid periods. This contributes to the
Mountain Refugium Hypothesis (Brandt et al. 2012), when humans left dryer lowland
habitats and retreaded to the highlands of Ethiopia, where they found an environmental
refugium (Basell 2008).

An absence of humans from the study region, can be suggested according to the
evidence within the stratigraphy of Sodicho. The clayish sterile unit, which was dated to
the AHP period constitutes the largest gab of occupation. Palaeoecological and
palaeoclimatic data from Chew Bahir records indicate an expansion of forest and dense
vegetation in southern Ethiopia (Fischer et al. 2021, Schaebitz et al. 2021). This probably
resulted in a thicker vegetation cover in the highlands, which must have hindered

humans to occupy the rockshelters, let alone hunting under limited visibility.

In summary, the results highlight Sodicho Rockshelter as a new prime example for
geoarchaeological, multiscale research approaches in East Africa. The observed
archaeological features and palaeoenvironmental circumstances are useful for the
reconstruction of past processes and human impact at other sites. The

multimethodological practice enabled interdisciplinary cooperation and allowed the
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investigations to use various spatial and temporal scales. This is especially suitable for
challenging research sites, that are lacking comprehensive archaeological and terrestrial
palaeoenvironmental archives, in regions such as the tropical highlands of Ethiopia.
Furthermore, the research design and the multi-method approach are applicable for
further geoarchaeological studies that deal with problematic/ critical stratigraphies in high
elevated mountainous areas.

This research demonstrates that most of the basic geoarchaeological research questions
that are asked at an archaeological study site or an archaeological important landscape,
can to be answered with a multimethodological research design. The presented multi-
method approach represents a solid tool to tackle difficult stratigraphies and to contribute
to the reconstruction of past human-environment interaction. But even with the fulfiiment
of research aims and objectives, new and interesting research questions arise that allow
new paths of science to be taken. For where one study ends, a new one begins. The

question now is: Where do we go from here?
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Appendix A

Sample and method overview

The following tables contain a brief summary of laboratory methodologies and their

frequencies, performed on bulk sediment samples from the Sodicho Rockshelter. For the

technical requirements and information on sample preparation, the reader is referred to

Chapter 1.5. The following abbreviations are used in the table:

Sgm
Qsgm
Depth
Sample ID

GS H202

GS H202, HCI

Spec CM-5

TC

TOC

MS

XRF XL3t

XRF Spectro

Phy.

AO

Excavation square

Quarter square within excavation square
field depth in m b.s.

Major sample identification number

Grain size analyses with hydrochloric acid (HCI 10 %)
pretreatment

Grain size analyses with hydrogen peroxide (H2O2> 15 %) and
hydrochloric acid (HCI 10 %) pretreatment

Sediment color determination with VIS spectrophotometer
(Konica Minolta, CM-5)

Total carbon content determination (Elementar Analysensysteme
GmbH, vario EL cube)

Total organic carbon determination (pretreatment with HCI 10 %)
(Elementar Analysensysteme GmbH, vario EL cube)

Mass specific magnetic susceptibility measurement (Bartington
MS2)

X-ray fluorescence determination (Thermo Scientific, handheld
Niton™ XL3t XRF Analyzer)

X-ray fluorescence determination (Spectro, SPECTRO XEPOS)

Phytolith analyses, determination of ratio (analyzed at the
University of Frankfurt)

Determination of active Fe, Si, Al, and Mn in an acidified
ammonium oxalate extract
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Appendix A

Table A 1: Summary of applied laboratory methods on the bulk sediment samples from profile

F35 SW. Samples that were measured and included in the results of this doctoral thesis are

marked with an X.

ov

X
X

X
‘Ayd oJsoadg
44X

XXX XXKXAXKXXXXKXXXXXXXXXKXXXKXXXXKXXXXX XX XXX

€7X
44X

Xe
Xé
X¢
Xé
X¢
Xe
Xé
Xe
Xe
Xe
Xe
Xé
Xc
X<
Xe
Xc
Xe
Xc
Xe
Xe
Xc
Xc
Xc
X<
Xe
Xc
Xe
Xc
X¢

S

001

HKXXAXKXXXXKXXXKXXXXXXXXKXXXKXXXXXXXX XX XXX

oL

XZ
Xc
X¢
XZ
Xe
XZ
Xe
Xe
Xe
Xe
XZ
Xe
Xe
Xe
Xe
XZ
XZ
Xe
Xe
Xe
Xe
Xe
Xe
Xe
XZ
Xe
Xe
Xe
Xe
S-NO
oadg

X

X
IOH “O°H
SO

XXX XXX XXX

NON_I_
SO

62 3S AOS
8Z IS 4OS
/Z 3S A0S
9z 3IS A0S
GZ IS Ados
¥¢ 3S A0S
€Z 3S Aos
ZZ 3S aos
L2 39S A0S
0Z 3IS A0S
61 3S A0S
gl IS dos
/L3S dos
91 3S A0S
Gl IS dos
¥1 3S A0S
€l 3S dos
Zl 35 aos
Ll 3S QoS
0l 3S A0S
60 3S AOS
80 IS 4OS
/0 3S dos
90 3S A0S
G0 3S dOS
¥0 35S A0S
€0 3S dos
20 3S dos
L0 38 doS
al sjdwes

650 MS
150 MS
Ss'0 MS
€50 MS
LGS0 MS
610 MS
170 MS
S0 MS
€¥'0 MS
L0 MS
6€°0 MS
€0 MS
Geo MS
€e0 MS
LE0 MS
620 MS
120 MS
Ge'o MS
€C0 MS
120 MS
610 MS
410 MS
=] 0] MS
€10 MS
L0 MS
600 MS
900 MS
€00 MS
L0'0 MS
['s’qw] bwspd
yidag

Gged
Ged
Gged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Gged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
Ged
wds

CLXVI



Appendix A

F35 SW; continuation of table A 1. Samples that were measured and included in the results of

Table A 2: Summary of applied laboratory methods on the bulk sediment samples from profile
this doctoral thesis are marked with an X.
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Appendix A

F35 SW; continuation of table A 1. Samples that were measured and included in the results of

Table A 3: Summary of applied laboratory methods on the bulk sediment samples from profile
this doctoral thesis are marked with an X.
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Appendix A

Table A 4: Summary of applied laboratory methods on the bulk sediment samples from profile

G35 SE. Samples that were measured and included in the results of this doctoral thesis are

marked with an X.
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Appendix A

Table A 5: Summary of applied laboratory methods on the bulk sediment samples from profile
G35 SW; continuation of table A 4. Samples that were measured and included in the results of
this doctoral thesis are marked with an X.
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Appendix B

Appendix B

Stratigraphic position of the micromorphological samples

In the following the stratigraphic position of the micromorphological sample blocks and
the thin sections analysed for this thesis are illustrated.

Excavation trench
J
J29: South Profile
rock fragments / big gravel

charcoal fragment
[] position of thin section

7] rock/ boulder
@

[[] clayish sandy silt
[] sandysilt

[7] silty sand
|:| disturbance

Legend

Excavation trench

Figure modified from Hensel et al. (2022)

Figure A. 1 Schematic illustration of the excavation profiles F35 west and north, G35 south and
J29 south. Blue blocks refer to micromorphological sample blocks and thin sections are indicated
as whitish squares (mod. from Hensel et al. 2022).
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Appendix B

Micromorphological sample block SOD_01
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Figure A. 2 Schematic illustration of the micromorphological sample block SOD_01, and the

position of the thin sections (mod. from Hensel et al. 2022).
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Micromorphological sample block SOD_02
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Figure A. 3 Schematic illustration of the micromorphological sample block SO

position of the thin sections (mod. from Hensel et al. 2022).
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Micromorphological sample block SOD_03
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Figure A. 4 Schematic illustration of the micromorphological sample block SOD_03, and the

position of the thin sections (mod. from Hensel et al. 2022).
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Micromorphological sample block SOD_04
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Figure A. 5 Schematic illustration of the micromorphological sample block SO

position of the thin sections (mod. from Hensel et al. 2022).
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Micromorphological sample block SOD_I-1
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Figure A. 6 Schematic illustration of the micromorphological sample block SOD_[-1, and the
position of the thin sections (mod. from Hensel et al. 2022).
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Micromorphological sample block SOD_I-4
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Figure A. 7 Schematic illustration of the micromorphological sample block SOD_[-4, and the

position of the thin sections (mod. from Hensel et al. 2022).
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Micromorphological sample block SOD_lII-3
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Figure A. 8 Schematic illustration of the micromorphological sample block SOD_II-3, and the

position of the thin sections (mod. from Hensel et al. 2022).

CLXXVII



Appendix B

Micromorphological sample block SOD_7
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Figure A. 9 Schematic illustration of the micromorphological sample block SOD_7, and the

position of the thin sections (mod. from Hensel et al. 2022).
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Micromorphological sample block SOD_6
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Figure A. 10 Schematic illustration of the micromorphological sample block SOD_6, and the

position of the thin sections (mod. from Hensel et al. 2022).
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Appendix B

Micromorphological sample blocks SOD_IIl and SOD_IV
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Figure A. 11 Schematic illustration of the micromorphological sample blocks SOD_IIl and
SOD 1V, and the position of the thin sections (mod. from Hensel et al. 2022).
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Database and supplementary material

The raw GIS data sets that support the findings of the article Hensel et al. (2019), are
available to access online at the CRC 806 Database: https://doi.org/10.5880/SFB806.49.

The supplementary material that was published alongside the article Hensel et al. (2021),
can be accessed online at:
https://www.frontiersin.org/articles/10.3389/feart.2020.611700/full##supplementary-
material.

The geoarchaeological raw data that support the findings are available to access online
at the CRC 806 Database: https://doi.org/10.5880/SFB806.55.

The supplementary material that was published alongside the article Hensel et al. (2022),
can be accessed online at:
https://www.mdpi.com/article/10.3390/geosciences12020092/s.

CLXXXI



Chapter Contribution

Chapter Contribution

Chapter II: Hensel, E.A., Bddeker, O., Bubenzer, O., and Vogelsang, R. (2019).
Combining geomorphological-hydrological analyses and the location of settlement and
raw material sites — a case study on understanding prehistoric human settlement activity
in the southwestern Ethiopia Highlands. E&G Quaternary Science Journal 68, 201-213.
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Authoring the publication: 80 %
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