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“In considering the study of physical phenomena, not merely in its bearings on the material wants of
life, but in its general influence on the intellectual advancement of mankind, we find its noblest and
most important result to be a knowledge of the chain of connection, by which all natural forces are linked
together, and made mutually dependent upon each other; and it is the perception of these relations that

exalts our views and ennobles our enjoyments.”

Alexander von Humboldt (Cosmos, 1845-58)
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Abstract

The magnitude of cooling in the equatorial East African mountains and Ethiopian Highlands
during the last glacial period and its impact on the afro-alpine environment and human ex-
pansion into higher elevations is still poorly understood. Quasi-continuous archives like ice or
sediment cores that provide insights into palaeoclimatic and -environmental changes at high
elevations in the region are extremely rare and cover mainly the Holocene. Glacial deposits and
periglacial landforms are often the only remaining evidence of Pleistocene climatic and envi-
ronmental changes in the tropical mountains of Eastern Africa. One of the least studied alpine
areas in the region with respect to the glacial and periglacial history are the Bale Mountains in
the southern Ethiopian Highlands, although they comprise the continent’s largest area above
4000 masl and provide geomorphological evidence for past glaciations. Glacial and periglacial
landforms have been reported from the Bale Mountains, but they have never been system-
atically mapped, dated, and investigated. To close this gap and explore the potential of this
afro-alpine archive for the reconstruction of past glacier fluctuations and regional high-altitude
climate and -environmental changes, is therefore the overarching goal of this dissertation.

More specifically, this implies the reconstruction of the former ice extent(s) by means of
geomorphological mapping, the development of a glacial chronology through ¢Cl surface ex-
posure dating of erratic boulders, and the investigation of recent and past periglacial landforms
and processes in the Bale Mountains. Knowing the extent and timing of past glaciations and
periglacial processes is a prerequisite for (i) drawing conclusions about the magnitude of high-
altitude tropical cooling during the last glacial period, (ii) elaborating the impact of Quaternary
climate and environmental changes on the afro-alpine ecosystem, and (iii) understanding the
context of a hypothesised early dispersal of humans into the high mountains.

The geomorphological mapping in the valleys and on the central plateau shows that glacial
and periglacial landforms are well preserved in the Bale Mountains and enable the reconstruc-
tion of the former ice extent and periglacial area. Characteristic for the Bale Mountains was the
formation of an extensive plateau glaciation covering up to 265 km? and extending down into
the northern valleys during the Pleistocene. Beyond the limits of the former ice cap, relict large
sorted stone polygons and stripes (up 1000 m long, 15m wide, and 2m deep) occur. Geomor-
phological patterns of similar size are extremely rare and have before only been known from
the mid and high latitudes, but not from the tropics. They are interpreted as the result of frost
heave and sorting and are thus an indicator of several decimetre deep seasonal or permanent
frost on the plateau during the last glacial period.

By developing a first glacial chronology for the region, this thesis demonstrates that the
stabilisation age of moraines in the volcanic Ethiopian Highlands can be successfully deter-
mined using *Cl surface exposure dating. The dating of moraines in the valleys and of erratic
boulders on the plateau testifies to an initial glaciation in the Bale Mountains during the Mid
Pleistocene (presumably Marine Isotope Stage 6), an early local Last Glacial Maximum (local
LGM) lasting from 50 to 30ka, a glacier extent at 19-17 ka similar to the local LGM, and the
disintegration of the valley glaciers after 16-14 ka.
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In cross-comparison with available glacial chronologies and reconstructions from other
tropical mountains in the region, the new data from the Bale Mountains contribute to a bet-
ter understanding of past glacier fluctuations and climate variations across Eastern Africa.
The comparison of glacial chronologies from the Bale Mountains, Rwenzori Mountains, Mount
Kenya, and Kilimanjaro indicates differences in the timing of the local LGM and subsequent re-
advances that have not been pointed out before. This asynchronicity suggests that regional hy-
droclimatic variations as well as topographic differences were important drivers of the palaeo
glacier dynamics across Eastern Africa and should therefore be given greater attention.

Glacial and periglacial landforms in the Bale Mountains provide by their presence alone
clear evidence for a strong cooling and pronounced climate and environmental changes, but
they also support the quantitative estimate of the temperature depression during the last glacial
period. The difference between the present-day climate and reconstructed past climatic condi-
tions suggests a temperature decrease of 4-8 °C during Marine Isotope Stages 3/2. In compari-
son with temperature reconstructions from lower areas in the region, these findings emphasise
an amplified cooling with increasing elevation in tropical Eastern Africa during the Late Pleis-
tocene. A strong cooling in tandem with the formation of glaciers and ground frost must have
had a considerable, yet unknown, impact on the afro-alpine ecosystem and endemic species in
the Bale Mountains.

By combining the glacial chronological with archaeological, soil biogeochemical, and zoo-
geographical data, the thesis contributes essentially to the corroboration of the hypothesised
advance of humans into the high mountains already during the last glacial period. The com-
bined findings reveal that the early colonisation of the Bale Mountains (47-31 ka cal BP) co-
incided with the local LGM (50-30 ka) and therefore with a relatively cold period. Beside ob-
sidian as raw material and an abundant rodent as key food source, perennial melt water from
the glaciers was presumably one of the afro-alpine key resources, which might have attracted
hunter-gatherers. The interdisciplinary findings therefore not only proof that the resources of
the world’s high mountains have already been accessed during the Late Pleistocene, but also
that the prehistoric foragers in the Bale Mountains were familiar with cold and glaciated envi-
ronments.

The main results of the dissertation summarised above highlight the value of glacial and
periglacial landforms in the Bale Mountains as geomorphological archive for the reconstruction
of past glacier fluctuations and regional high-altitude climate and -environmental changes, es-
pecially in a palaeoecological and archaeological context. Therefore, this contribution lays the
foundation for future glacial chronological research in other parts of the Ethiopian Highlands
and fosters our understanding of the natural and anthropogenic history of the highlands and

mountains in tropical Eastern Africa.
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Chapter 1

Introduction



2 Chapter 1. Introduction

1.1 Motivation

Today’s ice caps and glaciers on the African continent are restricted to the highest tropical
mountains (>5000 masl). Beside slope and plateau glaciers on Kilimanjaro, afro-alpine glaciers
persist in the equatorial Rwenzori Mountains and on Mount Kenya (Kaser, 1999; Veettil and
Kamp, 2019). However, well preserved moraine sequences and other glacial deposits from
lower elevations show that a much larger area of these mountains was covered by ice in the
past. Moreover, glacial and periglacial landforms on lower equatorial mountains (e.g. Aber-
dare Range and Mount Elgon) and in the Ethiopian Highlands (e.g. Arsi, Bale, and Simien
Mountains) testify to more extensive and numerous mountain glaciations in tropical Eastern
Africa during the Quaternary (e.g. Osmaston, 2004; Osmaston and Harrison, 2005). Provided
that moraines are well preserved and accurately mapped and dated, they allow to reconstruct
the glacial history of individual valleys or entire mountains (e.g. Mark and Osmaston, 2008).
Since afro-alpine glaciers respond sensitively to changes in insolation, temperature, cloudiness,
and precipitation (Molg, Georges, and Kaser, 2003; Molg and Hardy, 2004; Molg et al., 2008;
Molg, Cullen, and Kaser, 2009; Nicholson et al., 2013), past glacier fluctuations provide direct
insights into palaeoclimatic and -environmental changes at high elevations in the tropics (e.g.
Mark et al., 2005; Barrows et al., 2011).

Information on past glaciations and high-altitude palaeoclimatic and -environmental chan-
ges in tropical Eastern Africa are of great relevance because little is known about the magnitude
and manifestation of cooling at high elevations in the region during the last glacial period and
the impacts on the afro-alpine ecosystem (e.g. Farrera et al., 1999). According to the outputs
of global climate models, the tropics experienced a moderate cooling of 0-4 °C (relative to the
pre-industrial climate) during the global Last Glacial Maximum (LGM, 22 £ 4 ka after Shakun
and Carlson, 2010), compared to maximum temperature decrease of 13-28 °C over the north-
ern hemisphere ice sheets (Schneider von Deimling et al., 2006). Such a moderate low-latitude
cooling during the global LGM is in line with a reconstructed tropical sea surface temperature
decrease of ~2°C (MARGO Project Members, 2009). However, the distinct depression of al-
titudinal vegetation belts and equilibrium line altitudes on tropical mountains inferred from
terrestrial palaeoclimate records argues for a much stronger and more heterogeneous LGM
cooling in the order of 2-14°C (e.g. Farrera et al., 1999; Mark et al., 2005). Furthermore, the
comparison of terrestrial palaeoclimate proxy data from different elevations indicates an am-
plified LGM cooling in the tropics with increasing elevation (Farrera et al., 1999; Tripati et al.,
2014). Whether the amplified cooling of tropical mountains is the consequence of a drier at-
mosphere and steeper lapse rate during the global LGM, is subject of ongoing scientific debate
(e.g. Kageyama, Harrison, and Abe-Ouchi, 2005; Tripati et al., 2014).

Since many endemic plant and mammal species in tropical Eastern Africa are restricted to
the equatorial mountains and Ethiopian Highlands (e.g. Yalden and Largen, 1992; Miehe and
Miehe, 1994; Dimitrov, Nogués-Bravo, and Scharff, 2012), severe climatic changes along with
the formation of ice caps and valley glaciers during the cold phases of the Quaternary (e.g.
Mark and Osmaston, 2008) must have had a considerable, yet unknown, impact on the habi-

tat, distribution, and migration of afro-alpine species. To assess these impacts and elucidate
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the role of abiotic and biotic factors and processes leading to the high biodiversity and en-
demism in the equatorial mountains and Ethiopian Highlands, a profound understanding of
Quaternary high-altitude climate fluctuations and landscape evolution is crucial (e.g. Yalden
and Largen, 1992; Miehe and Miehe, 1994; Dimitrov, Nogués-Bravo, and Scharff, 2012). Fur-
thermore, knowing the climatic and environmental context is a prerequisite for understand-
ing the early human dispersal (e.g. Foerster et al., 2015) and potential colonisation of tropical
mountains during the last glacial cycle. Tropical mountains are widely perceived as natural
ecosystems that have experienced relatively little and late anthropogenic disturbance (e.g. Ellis
et al., 2010). However, latest archaeological findings from the Peruvian Andes between 4300-
4500 masl show that hunter-gatherers already started to colonise high-altitude environments
about 12 ka years ago at the Pleistocene-Holocene transition (Rademaker et al., 2014). In light
of these findings, a similar or even older occupation of the Ethiopian Highlands and equatorial
East African mountains, which are located not far from the oldest hominid sites in the Great
Rift Valley (e.g. Asfaw et al., 2002), seems likely.

Despite the potential and relevance of glacial and periglacial landforms for the reconstruc-
tion of past glaciations as well as palaeoclimatic and -environmental changes in Eastern Africa,
they have received little attention over the last two decades (see Section 1.2.2). Thanks to the pi-
oneering expeditions and evaluation of the first aerial images from the mid-20"" century, rough
overview maps of distinct moraines exists for most of the tropical mountains in Eastern Africa
(Osmaston and Harrison, 2005; Mark and Osmaston, 2008), although glacial field evidence for
some regions like the Bale Mountains in the southern Ethiopian Highlands is still very poor
(Osmaston, Mitchell, and Osmaston, 2005). For insights into the glacial history of a mountain
and the palaeoclimatic interpretation and comparison of past moraine stages and associated
glacier extents from different locations, the development of robust glacial chronologies is in-
evitable.

With the emergence of novel dating techniques that use cosmogenic nuclides like **Cl in
rocks for determining the exposure age of moraines and other landforms, it has become possi-
ble to establish glacial chronologies for individual valleys or mountains. One of the pioneering
studies using in-situ *°Cl for the direct dating of moraine boulders was carried out on Mount
Kenya and Kilimanjaro (Shanahan and Zreda, 2000). The only other location on the African
continent, where moraines have been directly dated, is one valley in the Rwenzori Mountains
on the border between Uganda and the Democratic Republic of Congo (Kelly et al., 2014). Due
to the absence of surface exposure ages of moraines from the Aberdare Range, Mount Elgon,
and the Ethiopian Highlands as well as from additional locations in the Rwenzori Mountains,
on Mount Kenya, and on Kilimanjaro, regional similarities and differences regarding the tim-
ing of local glacier advances and the onset of deglaciation remain little explored (Osmaston and
Harrison, 2005; Mark and Osmaston, 2008). However, especially the knowledge about regional
similarities and differences is important to reconstruct potential changes in Quaternary atmo-
spheric circulation patterns and elucidate the role of the regional climate and topography on
palaeo glacier dynamics (e.g. Zech et al., 2005; Ivy-Ochs, Kerschner, and Schliichter, 2007; Ivy-
Ochs et al., 2008; Zech et al., 2011; Akgar et al., 2014; Wirsig et al., 2016). Considering that, the
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(peri)glacial landforms in the equatorial mountains and Ethiopian Highlands constitute a valu-
able and comprehensive archive for high-altitude palaeoglacial, -climatic and -environmental
reconstructions in Eastern Africa that has not yet received the respective attention in the scien-
tific community.

A suitable test site for studying in depth the glacial, climatic, ecological, and anthropogenic
history of the tropical afro-alpine environment are the plateau-like Bale Mountains in the south-
ern Ethiopian Highlands (Miehe and Miehe, 1994). The Bale Mountains comprise Africa’s
largest afro-alpine area above 4000 masl and have faced relatively little anthropogenic dis-
turbance (Kidane, Stahlmann, and Beierkuhnlein, 2012) — an important precondition for the
conservation of climatic, environmental, and archaeological archives. Erratic boulders and
enigmatic large sorted patterned grounds have been reported from the central plateau and
moraines and other glacial landforms like roche moutonnées from the northern valleys (Miehe
and Miehe, 1994; Umer, Kebede, and Ostmaston, 2004; Osmaston, Mitchell, and Osmaston,
2005). These glacial and periglacial features have so far not been mapped systematically, dated,
and investigated, but constitute a valuable archive for reconstructing the local glacial and
periglacial history (see Section 1.2.2). Furthermore, the Bale Mountains are home to a high
number of endemic species from different taxonomic groups (Miehe and Miehe, 1994) and pro-
vide first evidence for pre-historic human activity dating to 2.5 ka (Kuzmicheva et al., 2013).

To unravel the natural and anthropogenic history of the Bale Mountains, a new interdis-
ciplinary research unit (no. 2358) entitled “The Mountain Exile Hypothesis” has been estab-
lished in 2016 with funding from the German Research Foundation (DFG) and additional fi-
nancial support of the Swiss National Science Foundation (SNSF). The joint Ethio-European
research unit combines expertise from the fields of archaeology, (palaeo)geoecology, (palaeo)-
climatology, soil sciences, and Quaternary geology. The main objectives of the research unit
are to reconstruct the natural and anthropogenic history of an afro-alpine model environment,
to determine the processes and drivers of palaeoclimatic and -environmental changes at high
elevations, and to assess the long-term anthropogenic impact on the afro-alpine ecology and
landscape evolution. Based on the hypothesis that the mountain archipelagos in Eastern Africa
were a potential glacial refuge, the research unit postulates that humans started to occupy the
afro-alpine environment already during the Pleistocene. The underlying assumption of this hy-
pothesis is that tropical mountains were much wetter than the surrounding lowlands during
the dry phases of the last glacial period and provided sufficient fresh water and the necessary
basic food resources for humans — both criteria have yet to be proven.

This thesis is embedded as subproject “P6 — Glacial Chronology” in the research unit and
aims to reconstruct the glacial and periglacial history of the Bale Mountains. More specifically,
this implies the reconstruction of the former ice extent(s) by means of geomorphological map-
ping, the development of a glacial chronology through 3°Cl surface exposure dating, and the
investigation of recent and past periglacial landforms and processes. Knowing the extent and
timing of past glaciations and periglacial processes is a prerequisite for (i) drawing conclu-
sions about the magnitude of high-altitude tropical cooling during the last glacial period, (ii)
elaborating the impact of Quaternary climate and environmental changes on the afro-alpine
ecosystem, and (iii) understanding the probable early dispersal of humans into the mountains.
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FIGURE 1.1: Topographic overview maps of Africa (A), the Ethiopian Highlands (B), and the Bale
Mountains (C), showing the highest peaks and most important locations of the study area.
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1.2 Background — The Ethiopian Highlands

1.2.1 Geography and climate

The Ethiopian Highlands (5-15 °N, 35—41 °E) are located in tropical Eastern Africa (see Fig.1.1)
and constitute the largest continuous elevated area above ~1500 masl on the continent. Pre-
cambrian rocks superimposed by Mesozoic marine sediments form the base of the highlands
(e.g. Hurni, 1989). These rocks are covered by several hundred to thousand metre thick Ceno-
zoic basaltic and trachytic lava flows which are associated with fissure eruptions along frac-
tures in the Earth’s crust and the formation of the Great Rift Valley (Mohr, 1983). The Great
Rift Valley runs from southwest to northeast and divides the Ethiopian Highlands into a north-
ern and southern part (see Fig.1.1). While the northern part comprises the rugged Simien
Mountains, the highest peak Ras Dejen (4543 masl) (e.g. Hurni, 1989), and numerous isolated
mountains that exceed 4000 masl (e.g. Hendrickx et al., 2015), the southern part is made up
of the Arsi and adjacent Bale Mountains (e.g. Miehe and Miehe, 1994; Umer, Kebede, and Ost-
maston, 2004; Osmaston, Mitchell, and Osmaston, 2005). Characteristic for the Bale Mountains,
the main study area of this thesis, is the central afro-alpine Sanetti Plateau (see Fig. 1.1). It has
a mean elevation of ~4000 masl and covers an area of more than 300 km?. The highest peak
Tullu Dimtu (4377 masl) and other cinder cones and volcanic plugs rise several tens or hun-
dreds of meters above the base level of the plateau (Osmaston, Mitchell, and Osmaston, 2005).
Distinct topographic differences exist between the northern declivity and southern escarpment.
The northern part of the plateau merges into broad, U-shaped valleys, whereas the southern
margin is bounded by the Harenna Escarpment (Miehe and Miehe, 1994).

The climate of the Ethiopian Highlands is mainly controlled by topography and the sea-
sonal movement of the Intertropical Convergence Zone (ITCZ) and Congo Air Boundary (CAB).
Both the ITCZ and CAB define important divides in Eastern Africa between air masses of dif-
ferent origin (see Fig. 1.2). While the ITCZ separates the rather dry northeasterly trade winds
from the moisture-laden southeasterly trade winds, the CAB describes the confluence of air
masses from the Atlantic and Indian Ocean (e.g. Levin, Zipser, and Cerling, 2009; Tierney et
al., 2011; Costa et al., 2014). The large-scale circulation patters are modulated by the rugged and
cool highlands. Orographic effects lead to much higher and spatially more variable precipita-
tion in the mountains than in the Great Rift Valley and surrounding lowlands (Gebrechorkos,
Hiilsmann, and Bernhofer, 2019). The Ethiopian Highlands are the source of many larger rivers
and thus a crucial fresh water source for the downstream population. The Blue Nile originates
from Lake Tana in the northern highlands and the main tributaries of the only two peren-
nial rivers in the Somali lowlands, Shebelle and Jubba, stem from the Bale Mountains. The
current climate of the highlands is characterised by a dry season (traditionally called “Bega”)
and two subsequent rainy seasons (“Belg” and “Kiremt”) which differ regionally in intensity
(Miehe and Miehe, 1994). The dry season lasts roughly from November to February and the
two rainy seasons prevail from March to June (“Belg”) and July to October (“Kiremt”), respec-
tively. “Kiremt” is generally more pronounced northeast of the Great Rift Valley, including the
northern highlands and catchment of the Blue Nile (Conway, 2000), whereas “Belg” plays a
major role in the southern highlands, including the study area (e.g Seleshi and Zanke, 2004).
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FIGURE 1.2: Schematic mean low-level (925 hPa) wind directions for the African continent as well
as approximate location of the Intertropical Convergence Zone (ITCZ) and the Congo Air Boundary
(CAB) during the boreal summer (A) and austral summer (B). After Levin, Zipser, and Cerling (2009).

Dry northeasterly trade winds from the Arabian Peninsula and Sea dominate in the Bale
Mountains during the dry season. They are the result of the location of the ITCZ south of
the equator and the formation of high-pressure cells over the Sahara and Western Asia. The
northward movement of the ITCZ from its southernmost position towards the Tropic of Cancer
causes a change in the prevailing wind direction from northeast to southeast (Fig. 1.2). The
southeasterly monsoon transports moisture from the Indian Ocean to the southern Ethiopian
Highlands and heralds the start of the rainy season “Belg” (e.g. Levin, Zipser, and Cerling,
2009). Intrusions of moist air from the Gulf of Guinea and the Congo Basin are a relevant source
of precipitation in the northern highlands during the rainy season “Kiremt” (Costa et al., 2014),
but their contribution to the rainfall in the Bale Mountains has yet neither been verified nor
quantified. Due to the lack of long-term meteorological records from different elevations and
locations in the Bale Mountains, altitudinal precipitation gradients and spatial precipitation
variations are not well understood. The mean annual rainfall varies spatially between 600-
1500 mm. Snow can fall on the plateau and highest peaks during the rainy season, but usually
does not persist longer than a few hours or maximum some days (Miehe and Miehe, 1994).

1.2.2 Glacial and periglacial context

Increasing evidence of past glaciations on several of the highest mountains (>4000 masl) in the
Ethiopian Highlands has been gathered over the last decades (see overview in Umer, Kebede,
and Ostmaston, 2004; Osmaston and Harrison, 2005). Our understanding of the glacial and
periglacial history of the Ethiopian Highlands is based almost entirely on pioneering field stud-
ies and evaluation of the first aerial images from the mid and late 20" century (Nilsson, 1935;
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Nilsson, 1940; Hovermann, 1954a; Hovermann, 1954b; Hastenrath, 1974; Potter, 1976; Has-
tenrath, 1977; Messerli et al., 1977; Hurni, 1982; Hurni, 1989; Miehe and Miehe, 1994); quasi
the golden age of Quaternary high mountain research in this region. Apart from the Simien
Mountains in the northernmost part of the highlands, moraines have been interpreted rather
on aerial photographs than directly verified, documented, and mapped in the field (e.g. Potter,
1976; Hastenrath, 1977). During the last thirty years, the interest in the glacial and periglacial
landforms has decreased. Additional geomorphological studies with a focus on the glacial and
periglacial environment have only been performed in the Bale Mountains (Umer, Kebede, and
Ostmaston, 2004; Osmaston, Mitchell, and Osmaston, 2005) and on three mountains (Ferrah
Amba, Lib Amba, and Abuna Yosef) in the northern highlands (Hendrickx et al., 2015). De-
spite the emergence of novel dating methods, which allow the direct dating of moraines using
cosmogenic nuclides (e.g. Shanahan and Zreda, 2000), a glacial chronology has not yet been
established for any of the formerly glaciated mountains in the Ethiopian Highlands.

Northern Ethiopian Highlands
The by far best studied area in terms of geomorphological mapping and photographic docu-
mentation are the Simien Mountains (Fig. 1.1) which comprise several peaks above 4400 masl,
including the highest peak Ras Dejen (4543 masl) (e.g. Hastenrath, 1977; Hurni, 1982). Most
of the mapped moraines are located between 4000 and 4200 masl in northwest- to northeast-
facing cirques below the highest peaks, but some reach further down to 3750 masl (Hastenrath,
1974; Hurni, 1982). Based on the detailed moraine mapping, Hurni (1982) inferred that about
13km? of the Simien Mountains were glaciated during the local LGM. This finding contra-
dicts the first estimation of Nilsson (1940), who postulated a maximum Pleistocene ice extent
of 60-440 km?. It remains unclear when glaciers reached their last glacial maximum extent in
the Simien Mountains and when deglaciation set in. *C dating of organic material deposited
on ground moraines in different catchments yielded a minimum age for deglaciation of 4.1 ka
(Hurni, 1982). However, the author admits that the Holocene was most likely too warm for
the persistence of glaciers and proposes that the Simien Mountains were already ice-free by 14-
10 ka. Historical reports from the 1620s suggest that perennial snow fields still existed on top of
Ras Dejen during the Holocene, at least temporarily. The last snow patches disappeared by the
early 1900s (Miehe and Miehe, 1994). Today, the 0 °C isotherm is located at ~4800 masl, about
250m above the highest peak, as the extrapolation of recent air temperature gradients shows
(Hurni, 1989). Modern periglacial processes associated with nocturnal frost like the formation
of needle ice or small-scale patterned grounds are restricted to the highest peaks. Altitudinal
vegetation belts and the lower limit of periglacial deposits were reduced by 800 m during the
last glacial cycle, corresponding to an air temperature depression of 7.0 £ 1.5 °C (Hurni, 1982).
The isolated, slightly lower mountains in the northern highlands south of the Simien Moun-
tains have yet received little attention. Evidence for glacial and periglacial activity during the
last glacial period was completely lacking until recently (Osmaston, Mitchell, and Osmaston,
2005). However, geomorphological field investigations by Hendrickx et al. (2015) on Mount
Ferrah Amba, Lib Amba, and Abuna Yosef (Fig.1.1) demonstrate that glacial and periglacial
processes also shaped the afro-alpine environment of the lower mountains (3500-4200 masl).
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On Abuna Yosef (~4250 masl), moraine riches are preserved below the highest cliffs and are
interpreted as the remains of small avalanche-fed glaciers. Furthermore, the authors report on
inactive solifluction lobes, scree slopes, and frost cracks on the three investigated mountains.
Based on an estimated depression of the lower limits of the periglacial belt in the order of 600 m,
the authors propose a regional last glacial cooling of ~6 °C (Hendrickx et al., 2015).

Southern Ethiopian Highlands
Compared to the northern Ethiopian Highlands, the Arsi and Bale Mountains south of the
Great Rift Valley (see Fig.1.1) were glaciated more extensively. The Arsi Mountains consist
of the 55km long, up to 4200 masl high, north-south running Galama Ridge and several iso-
lated volcanoes like Mount Chilalo (4000 masl), Mount Kaka (4200 masl), and Mount Enguolo
(3800 masl) (Hastenrath, 1977). Numerous valleys descend to the west, north, and east from
the central Galama Ridge. Most of them contain well preserved moraine ridges which have
tirst been mapped by Potter (1976). The mapping clearly shows that the palaeoglaciers reached
further down in the eastern (3200 masl) than in the western valleys (3700 masl). Potter (1976)
stated that in total more than 140 km? of ice covered the Galama Ridge during the last glacial
cycle. However, it later turned out that the glaciated area was overestimated due to a scale
error. Osmaston and Harrison (2005) provided a corrected estimate for the glaciated area in
the order of 85km?. The radiocarbon age of the base of a 3m long core taken from a bog at
4040 masl suggests that the Galama Ridge became ice-free latest by 11.5 ka (Hamilton, 1982).
Although the Bale Mountains comprise with the Sanetti Plateau the largest afro-alpine area
above 4000 masl (Miehe and Miehe, 1994), they have received considerably less attention than
the slightly higher Simien Mountains in the northern highlands. Helmer Smeds, a Finish ge-
ographer, wrote in 1959 “[...] that the Bale plateau is in every respect terra incognita” (Smeds,
1959). He was the first to report evidence for glacial erosion and overdeepening in the Togona
valley, a broad and deep U-shaped valley draining north from the plateau. Based on very little
field evidence, Messerli et al. (1977) claimed in a short conference abstract that 600 km? of the
Bale Mountains, including the entire Sanetti Plateau, was covered by ice during the last glacial
period. Such a palaeo glaciation would have been the largest on the continent (Osmaston and
Harrison, 2005). The accumulation of large erratic boulders encircling the highest peak Tullu
Dimtu indicate indeed the presence of a palaeo ice cap (Miehe and Miehe, 1994), but Osmas-
ton, Mitchell, and Osmaston (2005) concluded on the basis of apparently unglaciated features
that the plateau glaciation was less extensive. They proposed that the ice cap on the plateau
together with up to 10km long glaciers in the north-draining valleys covered about 180 km?
of the Bale Mountains. A range of 3750-4230 masl was estimated for the ELA of the valley
glaciers and ice cap. However, a thorough geomorphological mapping of glacial landforms on
the plateau, in the valleys, and along the southern escarpment is still pending. Most of the
remote valleys have not yet been investigated — neither in the field nor on aerial or satellite im-
ages. Thus, the reconstructed ice extent is fraught with uncertainty. Osmaston, Mitchell, and
Osmaston (2005) collected rock samples from moraines in the Togona valley and from erratic
boulders on the Sanetti Plateau for surface exposure dating, but never reported or published
any results. A sediment core from lake Garba Guracha, which is located at 4050 masl in a cirque
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in the upper part of the formerly glaciated Togona valley, provides insights in the deglaciation
history of that valley. The base of the 16 m long core was dated to 16.7 ka cal BP and implies
that the cirque became ice-free latest at that time (Tiercelin et al., 2008).

The periglacial environment of the Bale Mountains has never been studied systematically.
Messerli et al. (1977) reported a periglacial landscape above 4300 masl and Messerli and Winiger
(1992) located the lower limits of periglacial activity during the last glacial cycle at ~3000 masl,
but did not back their remarks with any concrete observations. Direct evidence for past peri-
glacial processes on the Sanetti Plateau has been provided by Miehe and Miehe (1994). They
documented large sorted stone circles (4-8 m wide) near Mount Tigrita at ~4100 masl in the
southwestern part of the plateau and large sorted stone stripes (2-4 m wide and 50-80 m long)
below volcanic outcrops in the southern part between 3800 and 3850 masl. Structures of similar
size have neither been reported from any other mountain in Eastern Africa nor the tropics in
general. The discovered stone circles and stripes on the plateau are similar to distinct patterned
grounds in the permafrost regions of the high latitudes. The only known processes that can the-
oretically explain the formation of such large forms and patterns are the frost heave and sorting
of clasts due to cyclic freezing and thawing of the ground (e.g. Kessler and Werner, 2003; Hallet,
2013). Grab (2002) interpreted the large dimension of the features on the Sanetti Plateau there-
fore as an indicator for past sporadic permafrost in the Bale Mountains. If the large sorted pat-
terned grounds are interpreted as the result of frost-induced processes associated with a mean
annual ground temperature <0 °C, these features could serve as palaecothermometer. However,
that would require a better understanding of the genesis of these structures and information on
the present-day ground temperature variations as modern reference for the temperature recon-
struction. Field observations of needle ice along saturated stream banks and active small-scale
patterned grounds on the plateau prove that superficial frost still occurs in the Bale Mountains.
Nocturnal frost is also verified through short-term ground temperature measurements between
December 1989 and March 1990, but frost depth, seasonal ground temperature variations, and
elevational temperature gradients have not yet been constrained (Miehe and Miehe, 1994).

As previous studies have already pointed out, the plateau-like topography of the Bale
Mountains was favourable for the formation of one of the largest glaciations and periglacial
environments on the African continent during the last glacial period (Miehe and Miehe, 1994;
Osmaston, Mitchell, and Osmaston, 2005). The comprehensive and diverse repertoire of glacial
and periglacial landforms provides great potential for insights into past cryogenic processes
and the reconstruction of the palaeolandscape and -climate. Considering the large unexplored
areas in the valleys and on the plateau, the discovery of additional (peri)glacial landforms is
likely and would help to better constrain the extent and characteristics of the former ice extent
and periglacial environment. Furthermore, the erratic boulders on the plateau and in the val-
leys seem appropriate for cosmogenic nuclide dating and the development of a glacial chronol-
ogy (Osmaston, Mitchell, and Osmaston, 2005). A glacial chronology from the Bale Mountains
would be the first one for the entire Ethiopian Highlands and enable the comparison with the
timing of glacial stages in the equatorial mountains in Eastern Africa. Thus, this thesis aims for
a detailed mapping, dating, and interpretation of glacial and periglacial features on the Sanetti
Plateau, along the southern escarpment, and in the western, northern, and eastern valleys.
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1.3 Objectives of the thesis

This thesis addresses the following specific research questions which relate to the glacial and
periglacial history of the Bale Mountains and are closely linked to the main objectives and
hypotheses of the joint Ethio-European DFG Research Unit 2358 “The Mountain Exile Hypoth-
esis” (see Section 1.1):

1. What was the extent of the ice cover in the Bale Mountains during the last glacial period?

2. When were the Bale Mountains glaciated? When did the glaciers reach their maximum
expansion? When did deglaciation set in?

3. When, how, and under which climatic and environmental conditions did the relict large
sorted stone stripes and polygons on the Sanetti Plateau form?

4. Which cooling can be inferred from the presence of glacial and periglacial landforms and
what does it imply for the palaeoclimate and -ecology of tropical mountains?

5. How did the palaeoclimate and -environment look like at the time when humans started
to colonise the Bale Mountains?

To tackle these questions, the following objectives (O) and work packages (WP) were defined:

O1: Reconstruction of the extent of past glaciations in the Bale Mountains.

WP1: Geomorphological mapping of moraines, erratic boulders, and other glacial landforms
like roche moutonnées both in the field and on high-resolution satellite images.

02: Development of a glacial chronology for the Bale Mountains.
WP2: %Cl surface exposure dating of moraine boulders in the valleys and on the plateau.
O3: Investigation of relict and modern periglacial landforms and processes in the Bale Moun-
tains.

WP3: Geomorphological mapping of modern and relict periglacial landforms both in the field
and on high-resolution satellite images.

WP4: Experimental 3¢Cl surface exposure dating of the relict large sorted stone stripes to deter-
mine the stabilisation age of these features.

WP5: Excavation of a cross-section profile in tandem with ground-penetrating radar measure-
ments to study the interior structure and genesis of the stone stripes.

WP6: Installation of a ground temperature measurement network to analyse present frost oc-
currence and seasonal ground temperature variations.
O4: Reconstruction of palaeotemperatures in the Bale Mountains.

WP?7: Estimation of the air temperature depression during the local last glacial maximum through
the comparison of the reconstructed equilibrium line altitude and recent meteorological
observations.

WPS8: Estimation of the minimum air and ground temperature depression required as precon-
dition for the formation of the relict large sorted patterned grounds.



12 Chapter 1. Introduction

1.4 Structure of the thesis

Three scientific articles that are either published in or under review for internationally renowned
peer-reviewed journals constitute the core of this cumulative thesis. Each article corresponds
to a separate chapter (2, 3, 4) and is embedded in the broader scientific context through the
introduction (1), synthesis (5), conclusion (6), and outlook (7), which form the frame of the
thesis.

Chapter 1 gives an overview of the state of knowledge at the beginning of the project, em-
phasises the most important scientific challenges, introduces the study area, and defines the

objectives of the thesis.

Chapter 2 is a manuscript currently in revision (after a first review round) for publication
in the open-access journal Science Advances. The manuscript is entitled “Asynchronous Late
Pleistocene glacier fluctuations in tropical Eastern Africa” and presents a first comprehensive
glacial reconstruction and chronology for the southern Ethiopian Highlands (comprising the
Bale Mountains and adjacent Arsi Mountains) based on geomorphological mapping and 3°Cl
surface exposure dating of moraines.

Chapter 3 is a manuscript entitled “Implications of present ground temperatures and relict
stone stripes in the Ethiopian Highlands for the palaeoclimate of the tropics”. It is currently
under review for publication in the open-access journal Earth Surface Dynamics and elaborates
ground temperature variations as well as the origin and implications of enigmatic large sorted

stone stripes and polygons on the Sanetti Plateau in the Bale Mountains.

Chapter 4 is a research article entitled “Middle Stone Age foragers resided in high elevations
of the glaciated Bale Mountains, Ethiopia” (Ossendorf et al., 2019) that evolved out of an in-
terdisciplinary collaboration within the joint Ethio-European DFG Research Unit 2358 “The
Mountain Exile Hypothesis” and was published in Science. The article reports on the earliest
evidence of a prehistoric high-elevation residential site worldwide and highlights that Middle
Stone Age foragers in the Bale Mountains resided in close proximity to the palaeo glaciers and
made use of the available alpine resources.

Chapter 5 provides a synthesis of the main findings, discusses their implications for the glacial,
climatic, environmental, and human history of tropical mountains and highlands in Eastern
Africa, and introduces new research questions arising from the thesis and collaborations within
the joint Ethio-European DFG Research Unit 2358 “The Mountain Exile Hypothesis”.

Chapter 6 briefly summarises the key findings, implications, and conclusions of the thesis.

Chapter 7 outlines ideas for future research.
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Abstract

Today’s ice caps and glaciers in Africa are restricted to the highest tropical peaks, but dur-
ing the Late Pleistocene, several mountain ranges on the continent were extensively glaciated.
However, little is known about regional differences in the timing and extent of past glaciations
and the impact of palaeoclimatic changes on the afro-alpine environment and early dispersal of
hunter-gatherers into the high mountains (47-31 ka). Here, we present a comprehensive glacial
chronology for the Ethiopian Highlands in comparison with other East African Mountains. In
the Ethiopian Highlands, the local Last Glacial Maximum (LGM) occurred at 39.6 & 9.9 ka, well
before the global LGM, and was accompanied by a temperature depression of 5.1 £ 0.7 °C and
700m downward shift of the alpine vegetation belt, reshaping the human and natural habi-
tats. The glacial chronological comparison reveals that glaciers in Eastern Africa responded
asynchronously to Late Pleistocene climate changes and suggests hydroclimatic variations as
crucial driver for past tropical glacier fluctuations.

2.1 Introduction

The remaining glaciers in Africa are restricted to the summit areas of Mount Kenya, Kilimanjaro
and Rwenzori Mountains (Kaser, 1999; Kaser and Osmaston, 2002), but during the cold peri-
ods of the Pleistocene, several mountain ranges on the continent were extensively glaciated
(Osmaston and Harrison, 2005; Mark and Osmaston, 2008; Hastenrath, 2009). Well-preserved
moraine sequences and other glacial landforms testify multiple glacier advances in the High
Atlas, East African Mountains and Ethiopian Highlands (Fig. 2.1). Since past glacial fluctua-
tions mainly reflect long-term changes in temperature, precipitation, cloudiness and insolation,
glacial landforms are an ideal proxy for reconstructing palaeoclimatic variations and palaeoe-
cological changes in alpine environments (Mark and Osmaston, 2008). Studying the climate
and glacial history of the mountains in Eastern Africa is of particular interest since the to-
pography at both sides of the East African Rift favored the formation of numerous ice caps
and valley glaciers accompanied by an amplified regional cooling at high elevations (Osmas-
ton and Harrison, 2005; Mark and Osmaston, 2008; Hastenrath, 2009; Loomis et al., 2017).
Furthermore, assessing the impacts of past glaciations on the afro-alpine environment plays
a key role in understanding the causes for the early migration of Middle Stone Age foragers
into the high elevations of the glaciated Ethiopian Highlands 47-31ka ago (Ossendorf et al.,
2019). Information on severe palaeoecological changes in the afro-alpine environment during
the Pleistocene are also of high relevance for elucidating why tropical mountains are biodiver-
sity hotspots. The high number of endemic species in the tropical mountains is associated with
pre-Quaternary speciation processes and assumed environmental stability over the Pleistocene
(Dimitrov, Nogués-Bravo, and Scharff, 2012). However, latest glacial chronological and palaeo-
climatological studies from the East African Mountains and Ethiopian Highlands challenge the
concept of climatically stable mountaintops as they provide evidence for multiple glacier ad-
vances, a pronounced cooling, and depression of altitudinal vegetation belts during the Late
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FIGURE 2.1: Quaternary glaciations in Africa. (A) Topographic map showing mountain localities with

clear and controversial geomorphological evidence of past glaciations (Osmaston and Harrison, 2005;

Mark and Osmaston, 2008). (B) Overview of glacial chronologies from the East African Mountains

and Ethiopian Highlands based on *Cl and '’Be cosmogenic nuclide dating (Shanahan and Zreda,
2000; Kelly et al., 2014; Jackson et al., 2019; Ossendorf et al., 2019).

Pleistocene (Shanahan and Zreda, 2000; Kelly et al., 2014; Jackson et al., 2019; Ossendorf et al.,
2019).

A recent comparative study focusing on palaeo glacier fluctuations in the Rwenzori Moun-
tains and Andes suggests that tropical glaciers reached their last glacial maxima at ~29-20 ka
and hypothesises that high-latitude warming initiated the onset of deglaciation in the trop-
ics at ~20-19ka (Jackson et al., 2019). However, first 36C] surface exposure ages of erratic
boulders from two moraine sequences in the Bale Mountains (Ethiopian Highlands) indicate
a more complex and non-uniform response of tropical glaciers to Late Pleistocene climate
changes (Ossendorf et al., 2019). The glaciers in the northwestern valleys of the Bale Mountains
reached their local Last Glacial Maximum (LGM) already at ~50-40 ka during Marine Isotope
Stage (MIS) 3. Any evidence for major glacier advances during the global LGM (22.1 £ 4.3 ka)
(Shakun and Carlson, 2010) is missing (Ossendorf et al., 2019). Considering the thermal ho-
mogeneity of the tropical atmosphere (Kaser and Osmaston, 2002), the looming discrepancy
between the timing of the local LGM in the East African Mountains (1°N-3°S) and more north-
ern Ethiopian Highlands (7-13°N) points towards hydroclimatic variations as a crucial driver
for past tropical glacial fluctuations. Hydroclimatic variations in the region are controlled by
the seasonal movement of the Intertropical Convergence Zone (ITCZ) and zonal shift of the
Congo Air Boundary, which defines the convergence zone of air masses from the Indian Ocean
and Atlantic (Levin, Zipser, and Cerling, 2009; Tierney et al., 2011; Costa et al., 2014). Never-
theless, to approve regional differences in the timing and extent of past glaciations in Eastern
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Africa and detect changes in large-scale tropical atmospheric circulation patterns, a represen-
tative glacial chronology of the Ethiopian Highlands including absolute moraine ages from
valleys and mountains over a wide area is necessary.

Here, we present a novel glacial chronology for the Ethiopian Highlands based on 21 pre-
viously published (Ossendorf et al., 2019) and 60 new **Cl surface exposure ages of moraine
boulders and periglacial features from the Bale and adjacent Arsi Mountains. By combining
the new %Cl ages from the Ethiopian Highlands with available *Cl and °Be glacial chronolo-
gies from Mount Kenya, Kilimanjaro and the Rwenzori Mountains (Shanahan and Zreda, 2000;
Kelly et al., 2014; Jackson et al., 2019), this study aims to investigate the response of tropical
glaciers in Eastern Africa to Late Pleistocene climate changes and elaborate the palaeoclimatic,
palaeoecological and archaeological implications of past glacial fluctuations. Since the extent
of past glaciations is not only determined by the prevailing climatic conditions, but also by
topography and the potential surface area above the former Equilibrium Line Altitude (ELA)
(Cunningham et al., 2019), this study also includes a first terrain analysis of the most exten-
sively glaciated African mountains (Osmaston and Harrison, 2005). Considering the varying
hypsography of the mountains is crucial for comparing and interpreting regional differences
of past glacial fluctuations and drawing conclusions about the palaeoclimate.

2.2 Results

2.2.1 Hypsography of Africa’s glaciated mountains

Africa’s high mountains cover less than 0.1% of the entire area of the continent and are located
mainly along the East African Rift (Fig. 2.1). Exceptions are the High Atlas in northwestern,
Mount Cameroon in western, and Drakensberg in southern Africa as well as the Tibesti in
the Sahara and Jebel Marra in the Sahel. The afro-alpine area >3500masl equals to 0.016 %
(5041 km?) and the area >4000 masl to 0.0028 % (880 km?) of the continent’s total area of ~31.6
million km?.

The extent, elevation range and hypsography of the Ethiopian Highlands, East African
Mountains and High Atlas in northern Africa differ widely (Fig. 2.2). The Ethiopian Highlands
(Arsi, Bale and Simien Mountains) reach maximum elevations between 4000 and 4500 masl. In
contrast, the highest East African Mountains (Kilimanjaro, Mount Kenya and Rwenzori) rise
above 5000 masl and are defined by their topographic prominence and small area-elevation
ratio. Africa’s highest mountain Kilimanjaro reaches almost 5900 masl and covers 387 km?
>3500 masl and 190 km? >4000 masl. Mount Kenya and the Rwenzori Mountains also cover
an area of more than 320 km? >3500 masl and 120 km? >4000 masl. Even though the Ethiopian
Highlands are lower in elevation, they comprise the largest part of Africa’s alpine environment
due to the broad base of the mountains (Fig. 2.2). The hypsography of the Bale Mountains is
exceptional because individual elevation bands (plateaus) protrude and its surface area does
not decrease evenly with elevation (Fig. 2.2). Due to the broad base and extent of the cen-
tral plateau, the Bale Mountains represent Africa’s largest solitary alpine environment. They
cover 8 % of the continent’s area >3000 masl, 22 % of the area >3500masl and 25 % of the area
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FIGURE 2.2: Hypsography of the eight African mountains that were most extensively glaciated during

the Late Pleistocene. Stated maximum elevations may differ by several meters from the real height

of the mountains since the entire terrain analysis is based on the evaluation of digital surface models
with a pixel resolution of ~90 m.

> 4000 masl. For the High Atlas, a broad base and exponential decrease of surface area with
elevation is characteristic. While 1051 km? of the mountain range are located above 3000 masl
and 162 km? above 3500 masl, only 1 km?2 exceeds 4000 masl.

The varying hypsography of the mountains has implications for present and past glacia-
tions on the continent. Under present climatic conditions, the ELA is located far above the
maximum elevation of most of the African mountains. Glaciers can therefore only persist in
the summit areas of the three highest peaks. However, when the ELA decreases below 4000-
4500 masl as during the last glaciation (Osmaston and Harrison, 2005), the potential surface
area in Africa for the accumulation of snow and formation of ice increases drastically. While
the entire area >5000 masl on the continent is limited to 22 km? and the area between 4500-
5000 masl to 61 km?, 796 km? are available for potential glaciations between 4000-4500 masl and
additional 4161 km? between 3500-4000 masl.

2.2.2 Glacial history of the Bale Mountains

The central Sanetti Plateau above 3800 masl in the Bale Mountains hosts several glacial and
periglacial features that are remarkable for the tropics (Fig. 2.3, Fig. A.1). Large boulders (up
to 8 m wide and 5 m high) encircle the highest peak (Tullu Dimtu, 4377 masl) in the central part
of the plateau at a distance of about 2 and 2.5km (Fig. 2.3, Fig. A.2). Due to their shape and
distribution around the peak, it is likely that the boulders originate from a former ice cap and
were deposited along the ice margin. The scatter of erratic boulders on the Sanetti Plateau has
previously been defined as Big Boulder Moraine (Miehe and Miehe, 1994). Outside the Big

Boulder Moraine, erratic boulders are completely lacking. Subglacial till and small depressions
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FIGURE 2.3: Glacial geomorphology of the northern valleys. (A) View into the former accumulation

basin of the Wasama Valley (northern margin of the plateau in the background). (B) Terminal moraine

in the Wasama Valley. (C) Moraine sequence and roche moutonnée in the Togona Valley. (D) Lateral

moraines in the Togona Valley. (E) Innermost terminal moraine in the Togona Valley. (F) Two moraines
in the Mararo Valley from the Mid Pleistocene.
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resulting from irregular glacial erosion are typical for the northern part of the plateau. The
small depressions are seasonally filled with water and desiccate during the dry season. An
outstanding geomorphological feature on the plateau are large sorted stone stripes that are up
to 2m deep, 15m wide and 200 m long (Fig. A.2). They are located at gentle slopes (4-8°) of
two volcanic plugs about 3 and 5 km south of Tullu Dimtu and in the far west of the plateau
(Fig. A.3). Sorted stone stripes of similar size are only known from periglacial environments in
the high latitudes and their genesis requires permafrost, a deep active layer and cyclic freezing
and thawing (Goldthwait, 1976; Kessler and Werner, 2003). The hardly-weathered surfaces
suggest a rather young age for the formation of these features (e.g. global LGM or postglacial).
Relict block fields characterise the upper part of the southern and southwestern escarpment. In
contrast to the western, northern and eastern valleys, no moraines or any other glacial features
were detected in the field or on high-resolution satellite images along the southern escarpment.

In the western, northern, and eastern U-shaped valleys, moraines and other glacial features
like roche moutonnées are well-preserved (Fig. 2.3). We recorded numerous glacial features
in several valleys of the Bale Mountains that were unexplored before. The terminal and lat-
eral moraines in the valleys are mainly located between 3600-3900 masl and suggest that the
glaciers in the northwest were mainly 4-5km and those in the northeast up to 7-8km long.
The maximum ice thickness inferred from the elevation difference between the valley floors
and preserved lateral moraines was about 200-300 m. Moraines consisting of fine and coarse
material are rare in the Bale Mountains (Fig. A.1). Moraines made up solely of large trachytic
and basaltic boulders (for the lithology see Fig. A.4) prevail. An exception are the innermost
moraines in the Wasama and Togona Valley. They are formed of unsorted glacial debris and
are several meters high. The lowermost glacial features are heavily-weathered boulders that
are distributed unevenly between 3500-3550 masl in the plains of the northwestern Web Valley.

The 69 ¢Cl-surface-exposure-ages of moraine boulders from the Bale Mountains reveal
a consistent glacial chronology for the U-shaped valleys and provide first insights into the
deglaciation of the palaeo ice cap on Tullu Dimtu (Fig. 2.4). Based on exposure ages of termi-
nal moraines from the Rafu, Harcha and Togona Valley, the local LGM is dated to 39.6 9.9 ka
(Late Pleistocene Glaciation, LPG, Stage I). The outermost moraine in the Wasama Valley orig-
inates probably also from LPG Stage I, but no samples were taken for dating. Lateral moraines
that are located ~100 m above the valley floor in the northern Batu Gudda and eastern Bada-
gusar Valley stem most likely also from the local LGM. However, the obtained exposure ages
are equivocal. The age of the four dated boulders from the Badagusar Valley ranges from
175+ 1.3to 57.1 £3.1ka. Characteristic for the Batu Gudda Valley are two parallel lateral
moraines. The sampled boulder from the lower moraine relates to LPG Stage I, but the two
boulders from the upper lateral moraine are older and both dated to ~70 ka. Three well-
preserved terminal moraines from the northwestern Harcha and Wasama Valley and two lat-
eral moraines from the northeastern Togona Valley clearly indicate a glacial readvance at 17.8
+ 1.5ka (LPG Stage II). The innermost terminal moraines from the same valleys are dated to
15.2 £1.2ka (LPG Stage III) and provide a maximum age for the onset of deglaciation. Inter-
estingly, the element composition of the boulders from the different valleys and glacial stages
vary significantly (Fig. A.4). This finding suggests that the boulders originate from different
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FIGURE 2.4: Glaciation map and %°Cl glacial chronology of the Bale Mountains. Ice extent represents
LPG Stage I. One white dot may represent multiple samples due to scale. 3Cl ages from the Wasama
and Harcha Valley are adopted from Ossendorf et al. (2019).
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catchment areas. The erratic boulders from the Web Valley and moraine boulders from the
Mararo Valley reveal exposure ages of >100 ka and indicate a larger Mid Pleistocene Glaciation
(MPGQG) prior to the LPG Stage I. However, the age scatter and lack of preserved glacial features
from this period prevents determining the exact timing of the MPG stages.

During LPG Stage I, the plateau glaciation extended down into the western, northern and
eastern valleys and formed several outlet glaciers (Fig. 2.4). Since glacial features that are suit-
able for dating were neither found along the southern margin of the former ice cap nor at the
northern transfluence, it remains unclear when exactly the ice cap reached its maximum extent.
Three boulders from the outer Big Boulder Moraine at Tullu Dimtu are dated to 17.5. £1.3,
20.1+£1.7, and 20.3 £ 1.2 ka and correlate with LPG Stage II in the valleys. In contrast, the two
sampled boulders from the inner Big Boulder Moraine, which is supposed to be geomorpho-
logically younger, are dated to 25.3 +1.3 and 43.3 +-2.1 ka and are not in agreement with LPG
Stage III in the valleys. The exposure age (>130ka) of large boulders outside the LPG Stage I
ice cap extent might indicate an even larger plateau glaciation during the Mid Pleistocene, but
the glacial origin of the boulders could not be verified unequivocally in the field. They could
also be a product of in-situ weathering.

The exposure ages obtained from rock samples of the sorted stone stripes scatter and do
not confirm a global LGM or postglacial formation age as suggested by the hardly-weathered
surface of the columnar basalt and trachyte (Fig. A.1). Three samples from the stone stripes
south of Tullu Dimtu reveal an age of 84 =4 and twice of 281 +13ka. Even older ages were
obtained for the western stone stripes (Fig. A.3). The old ages indicate that dating of permafrost
features on the Sanetti Plateau is problematic since the rocks were apparently exposed to **Cl-
producing cosmic rays before the formation of the patterned grounds. On the contrary, the
old ages and well-preserved structure of the stone stripes imply that they were never covered
by thick ice for a longer period. Hence, they serve as negative evidence for the southern and
western limits of the plateau glaciation during LPG Stage I.

The extent of the former ice cap on Tullu Dimtu with respect to the limits of the outer Big
Boulder Moraine was in the order of 75km?. However, the topographic depressions across
the northern plateau and smooth geomorphological transition of the plateau into the valleys
suggest that the ice cap extended beyond the limits of the Big Boulder Moraine during LPG
Stage I and covered up to 155km? of the plateau at that time. The western, northern and
eastern valley glaciers contributed another 110 km? of ice coverage. Altogether, about 265 km?
(23 % of the area >3500 masl) of the Bale Mountains might have been glaciated during LPG
Stage I (Fig. 2.4).

2.2.3 Glacial history of the Arsi Mountains

Another Ethiopian mountain range that was extensively glaciated during the Pleistocene are
the up to 4195 masl high Arsi Mountains, located east of the Main Ethiopian Rift and 100 km
northwest of the Bale Mountains (Fig. 2.1). A large alpine plateau like the one in the Bale Moun-
tains does not exist (Fig. 2.2). Characteristic for the Arsi Mountains is their elongated shape and
the preservation of lateral and terminal moraines in most of the U-shaped valleys along the
central ridge (Fig. 2.5). The terminal and lateral moraines suggest that the valley glaciers were
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FIGURE 2.5: Glaciation map and %°Cl glacial chronology of the Arsi Mountains. Ice extent represents
LPG Stage I. One white dot may represent multiple samples due to scale.

mainly between 2.5 and 5.5km long and up to 200 m thick. Some of the moraine sequences
comprise multiple glacial stages. The lowermost moraine in the investigated southwestern
Garemba Valley is >100ka old and originates from the largest MPG. The undated uppermost
moraine in the valley originates most likely from LPG Stage III and indicates the glacial extent
before the onset of deglaciation. The next outer moraine is dated to 18.2 £ 1.1 ka and coincides
with LPG Stage II readvance in the Bale Mountains. Three additional moraine ridges are lo-
cated between LPG Stage II and the maximum MPG extent (Fig. 2.5). One of these moraines
must represent LPG Stage 1. At that time, about 83 km? (29 % of the area >3500 masl) of the Arsi

Mountains were glaciated.

2.2.4 Reconstructed ELAs and temperature depression

The LPG Stage I moraines in the western and northwestern valleys of the Bale Mountains
are mainly located between 3800 and 3850 masl. In the northern and northeastern valleys,
the glaciers extended further down and reached elevations below 3500-3700 masl. The high-
est peaks at the glacier headwalls along the northern declivity exceed 4100-4300 masl. This
translates into a relatively small vertical extent of the valley glaciers in the order of 300-800 m.
A terminus-to-headwall-altitude-ratio (THAR) of 0.5 revealed an ELA for the northwestern
glaciers of 3940 +40m (ELA g rch, ~ 3980 masl, ELA,,,0med ~ 3940 masl, ELApqt,6udds ~ 3900
masl). These glaciers did not gain any mass input from the central ice cap and are therefore

most suitable for ELA reconstructions (Fig. 2.4). The maximum elevation of lateral moraines
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(MELM method) in the Harcha (~3950 masl), Batu Gudda (~3880masl) and Togona Valley
(~3800 masl) as well as remains of a former cirque glacier in the same valley (~3850-3900 masl)
provide minimum values for the ELA and thus support the THAR results. The present annual
0°C isotherm is located at 4650 masl, ~270 m above the highest peak (Tullu Dimtu), and serves
as a rough proxy for the theoretical modern ELA. The difference between the theoretical mod-
ern ELA and the palaeo ELA yields an ELA lowering of 710m. Applying a modern regional
lapse rate of 7.2 °C km ! (Fig. A.5) to the calculated ELA lowering and assuming an uncertainty
of +0.5 °C for the palaeo lapse rate results in a temperature depression for the Bale Mountains
of 5.1+ 0.7 °C at LPG Stage 1.

A mean LPG Stage I ELA of 3840 £ 80 m was calculated for the neighboring Arsi Moun-
tains using the THAR method. However, the individual ELAs of the west- and east-facing
palaeoglaciers differ widely (Fig. A.6). The average ELA of the east-facing glaciers (3780 - 30 m)
was about 125m lower than that of the west-facing glaciers (3905 + 35m). This pattern is also
supported by the lower glacial limits (3400-3500 masl vs. 3650-3750 masl) and lower maximum
elevation of lateral moraines in the eastern valleys (3800 vs. 3900 masl). The reconstructed
ELAs from the Arsi and Bale Mountains agree within the margin of uncertainty and demon-
strate that glacial geomorphological features in the Ethiopian Highlands are a valuable proxy
for assessing regional palaeoclimatic changes.

2.2.5 Late Pleistocene glacial fluctuations in Eastern Africa

The combined analyses of the new glacial chronologies from the Ethiopian Highlands and pre-
viously published chronologies from the Rwenzori Mountains (Kelly et al., 2014; Jackson et
al., 2019), Mount Kenya, and Kilimanjaro (Shanahan and Zreda, 2000) reveals that tropical
glaciers in Eastern Africa advanced asynchronously during the Late Pleistocene (Fig. 2.6). In
the southern Ethiopian Highlands, the local LGM (LPG I) predated the global LGM and oc-
curred already at 39.6 - 9.9 ka during Marine Isotope Stage (MIS) 3. A similar pattern is also
evident from the High Atlas in northwestern Africa, where glaciers reached their maximum
expansion (Glacial Unit 1) at 50.2 £ 19.5 ka and therefore also prior to the global LGM (Hughes
et al., 2018). On Mount Kenya, the presumed local LGM was dated to 28 + 3 ka (Liki Il moraine
in the Gorges Valley) and on Kilimanjaro to 20 +1ka (Mawenzi main glaciation) (Shanahan
and Zreda, 2000). However, the overall large age scatter of dated moraines on Mount Kenya
and Kilimanjaro hinders the comparison with other glacial chronologies and palaeoclimate
proxies (Kelly et al., 2014). A consistent glacial chronology from the lower Mubuku Valley
in the Rwenzori Mountains testifies major advances at 28.9 £ 1.0 (Mahoma Stage 4), 28.7 + 0.6
(Mahoma Stage 3), 24.9 £+ 0.5 (Mahoma Stage 2) and 21.5 £ 0.7 ka (Mahoma Stage 1) during or
shortly before the global LGM (Kelly et al., 2014; Jackson et al., 2019). Interestingly, any evi-
dence for a major glacier advance in the Ethiopian Highlands during the global LGM is lacking.
A distinct glacier advance that is clearly recognizable in the Ethiopian Highlands (LPG Stage
IT) as well as Rwenzori Mountains (Mahoma Stage 0) is dated to ~18 ka. However, while the
ice extent in the Ethiopian Highlands during LPG Stage II is almost similar to the local LGM
extent, the Mahoma 0 moraine in the Rwenzori Mountains is located almost 5 km up the valley
from the Mahoma 1 terminus (Jackson et al., 2019). Despite temporal differences of the major
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glacier advances in Eastern Africa and the High Atlas, distinct glacier shrinkage after ~15-12ka
is verified for all studied African mountains at the end of the last glacial cycle (Shanahan and
Zreda, 2000; Hughes et al., 2018; Ossendorf et al., 2019). In the Bale Mountains, the onset of
deglaciation after 15.2 + 1.2 ka is in line with the basal age of a sediment core from the cirque
lake Garba Guracha (3940 masl) (Umer et al., 2007), which is located in the head of the Togona
Valley (Fig. 2.4).

Not only the timing, but also the reconstructed maximum ice extent and percentage of the
glaciated area above the lower ice limits (~3500masl) (Osmaston and Harrison, 2005) dur-
ing the last glacial cycle differ widely between the individual mountains in Eastern Africa.
The four most extensive Late Pleistocene glaciations occurred in the Bale Mountains, in the
Rwenzori Mountains and on Mount Kenya and Kilimanjaro (Table A.1). This observation is in
agreement with the mountains high maximum elevation and large area above the palaeco ELA
(Fig. 2.2). When comparing the percentage of the glaciated area above the lower ice limits of
the individual mountains, a distinct spatial pattern becomes apparent: the percentage of the
glaciated area above 3500 masl is much higher in the East African Mountains near the equator
(Rwenzori = 62-80 %, Mount Kenya = 54-65 %, Kilimanjaro = 39-52 %, Mount Elgon = 30-38 %)
than in the more northern Ethiopian Highlands (Arsi = 29 %, Bale = 23 %, Simien = 2 %).

2.3 Discussion

Comprehensive glacial geomorphological and chronological investigations from the Bale and
Arsi Mountains presented here demonstrate that extensive plateau and valley glaciers formed
in the southern Ethiopian Highlands during the Mid and Late Pleistocene. 2°Cl surface ex-
posure ages of moraine boulders provide evidence that glaciers in the Ethiopian Highlands
reached their local LGM (LPG Stage I) well before the global LGM (Shakun and Carlson, 2010)
at 39.6 +£9.9ka. Ice covered about 265 km? of the Bale Mountains and 83 km? of the neighbor-
ing Arsi Mountains at that time. The maximum glacier extent was accompanied by a mean
temperature depression in the region of 5.1 £0.7 °C. Two post-LGM readvances were dated
to 17.8 = 1.5ka (LPG Stage II) and to 15.2 £ 1.2 ka (LPG Stage III). The comparison of the new
3(l glacial chronologies from the southern Ethiopian Highlands with previously published
%(Cl and !°Be glacial chronologies from Kilimanjaro, Mount Kenya, and the Rwenzori Moun-
tains clearly shows that tropical glaciers in Eastern Africa responded asynchronously to Late
Pleistocene climate changes. This finding challenges the persisting idea of uniform glacier
expansion and shrinkage in the tropics during the Late Pleistocene and questions the role of
temperature as the predominant driver of past glacier fluctuations in Eastern Africa (Kelly et
al., 2014; Jackson et al., 2019).

Based on the latest reevaluation of published °Be moraine ages from the Andes and new
10Be data from the Rwenzori Mountains, Jackson et al. (2019) concluded that tropical glaciers
reached their last glacial maxima at ~29-20ka and started to melt down at ~20-19ka. The
authors hypothesise that the supposed “early” onset of deglaciation in the tropics before the
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FIGURE 2.6: Comparison of different
climate proxies and glacial chronolo-
gies from Eastern Africa for the
last 71ka. (A) Insolation variations
at 15°N (July) and 15°S (January)
(Berger and Loutre, 1991). (B) Smr
record (smectite to illitite + chlo-
rite ratio) from the Nile discharge
plume off Israel indicating wet (1)
and dry (}) phases in the Northern
Ethiopian Highlands (Ehrmann et al.,
2016). (C) Ca/Ti record (calcium
to titanium ratio) from Lake Tana
(Northern Ethiopian Highlands) in-
dicating high (1) and low (]) lake lev-
els (Lamb et al., 2018). (D) Potas-
sium record from Chew Bahir (South-
ern Ethiopian Rift) indicating wet (1)
and dry (]) periods (Foerster et al.,
2018). (E) Deuterium record from
Lake Tanganyika (East African Rift)
indicating wet (1) and dry (]) peri-
ods (Tierney et al., 2008). (F) Sea
surface temperature proxy from Lake
Tanganyika (Tierney et al., 2008). (G-
K) Relative frequency (RF) of surface
exposure ages from the High Atlas
(®*Cl and 1Be) (Hughes et al., 2018),
Bale Mountains (3°Cl) (Ossendorf et
al., 2019), Rwenzori (1°Be) (Kelly et
al., 2014; Jackson et al., 2019), Mount
Kenya (*®Cl) (Shanahan and Zreda,
2000) and Kilimanjaro (3*Cl) (Shana-
han and Zreda, 2000). Each gray
line illustrates the age (with an an-
alytical error of 1¢) of one dated
glacial feature as a Gaussian distribu-
tion (the flatter the curve, the larger
the uncertainty). Black dotted lines
represent the sum of all individual
ages (including outliers). Colored
lines represent the sum of all ages
(excluding outliers) from the same
glacial stage as defined in the original
publications (see Methods) (Shana-
han and Zreda, 2000; Kelly et al.,
2014; Hughes et al., 2018; Jackson
et al., 2019; Ossendorf et al., 2019).
Mount Kenya: GV = Gorges Val-
ley, TV = Teleki Valley. Kilimanjaro:
MGM = Main Glaciation Mawenzi,
MGS = Main Glaciation Saddle, LGS
= Little Glaciation Saddle, FGKP =
Fourth Glaciation Kibo Peak.
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rapid CO? rise at 18.2ka was due to high-latitude warming, which reduced the thermal gra-
dient between the polar regions and tropics and decreased the heat removal from the trop-
ics towards the high latitudes. A key assumption underlying this hypothesis is that tropical
glaciers are most sensitive to changes in temperature. As modern analogy and evidence that
temperature is the main climatic control on glacier mass balance in the inner tropics, Jackson
et al. (2019) quote a controversial study claiming rising temperatures as the dominant factor for
recent glacier melting in the Rwenzori Mountains (Taylor et al., 2006). However, the detailed
comment on this study by Molg et al. (2006) elaborating the importance of other climate vari-
ables for the energy and mass balance of tropical glaciers was neglected in the discussion about
climate sensitivity of tropical glaciers (Jackson et al., 2019). Several studies from Kilimanjaro
and Rwenzori Mountains emphasise that climate variables related to air moisture (e.g. specific
humidity affecting sublimation, cloudiness affecting incoming solar radiation, precipitation af-
fecting glacier surface albedo and mass gain) dominate the present surface energy balance of
tropical glaciers in Eastern Africa, especially at high elevations above the 0 °C isotherm (Molg,
Georges, and Kaser, 2003; Molg and Hardy, 2004; Molg et al., 2006; Molg et al., 2008). In light of
the modern observations, it seems highly questionable that past glacial fluctuations in Eastern
Africa can be explained by temperature variations alone.

If temperature was the primary control on past glacier fluctuations in Eastern Africa, the
local LGM and onset of deglaciation in the East African Mountains and Ethiopian Highlands
should have occurred rather simultaneously. However, the local LGM in the Ethiopian High-
lands predated the global LGM and deglaciation was not underway before ~18 ka. While the
~18ka stage (Mahoma 0) in the Rwenzori Mountains is located about 5 km up the valley from
the LGM terminus (Mahoma 1) and clearly indicates pronounced glacier shrinkage after ~20-
19ka (Jackson et al., 2019), glaciers in the southern Ethiopian Highlands reached almost the
same extent at LPG Stage II (17.8 + 1.5 ka) as during LPG Stage I (39.6 = 9.9 ka). To discuss the
potential influence of different climate variables on past glacial fluctuation in Eastern Africa,
we compiled additional Late Pleistocene climate proxy records from the region (Fig. 2.6).

LPG Stage I in the Bale Mountains coincided with a climate period favouring glacier growth.
Temperatures in Eastern Africa decreased continuously from the MIS 4/3 transition until ~45-
35ka and remained on a relatively low level until ~20-18ka, as proxy data from Lake Tan-
ganyika in the Great Rift Valley show (Fig. 2.6). A deuterium record from the same lake
indicates furthermore that MIS 3 was generally wetter than MIS 2, despite several distinct
drought periods (Tierney et al., 2008). Sedimentation rates from the Nile discharge plume in
the Mediterranean Sea, lake level fluctuations from Lake Tana (northwestern Ethiopian High-
lands), and a potassium record from Chew Bahir (southern Ethiopian Rift) confirm the alterna-
tion of longer humid periods and abrupt dry phases during MIS 3 (Ehrmann et al., 2016; Lamb
et al., 2018; Foerster et al., 2018). The concurrence of low temperatures with a persistent hu-
mid period might have triggered the maximum glacier advance in the Bale Mountains prior to
the global LGM. A similar scenario is likely for the High Atlas in northwestern Africa, where
the local LGM (50.2 19.5ka) also coincided with a cold and relatively wet period (Hughes
et al., 2018; Tjallingii et al., 2008). However, the large age spread of the local LGM stages in
the Bale Mountains and High Atlas hinders the attribution of individual glacier advances to
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specific climatic events. Furthermore, cold and wet conditions in Eastern Africa should have
also triggered glacier expansion in the Rwenzori Mountains during MIS 3. Since the undif-
ferentiated outermost moraines in the Rwenzori Mountains have not yet been dated (Kelly et
al., 2014; Jackson et al., 2019), it can be speculated that they also originate from MIS 3. Dur-
ing the persistent cold and dry period from ~30-20ka, when almost all African Great Lakes
were nearly or completely desiccated (Johnson et al., 1996; Gasse, 2000), glaciers in the Bale
Mountains were probably stagnating somewhere between LPG Stage II and III (Fig. 2.4). The
contrasting glacier advances in the Rwenzori at that time (Kelly et al., 2014; Jackson et al., 2019)
indicate that at least the highest elevations between the Congo Basin and African Great Lakes
received enough moisture for sustaining extensive valley glaciers. The late glacial advances in
the Bale Mountains at 17.8 1.5 and 15.2 + 1.2 ka can be explained by increasingly wetter cli-
matic conditions in the region between ~20-15ka as suggested by the potassium record from
Chew Bahir (Fig. 2.6). The discrepancy between increasingly wetter conditions at Chew Bahir
(5°N) and sustained dry conditions at Lake Tanganyika (6°S) between ~20-15 ka might explain
the difference between major glacier expansion in the Ethiopian Highlands and stagnation in
the Rwenzori Mountains at ~18 ka. The onset of deglaciation in the Bale Mountains and suc-
cessive glacier recession on Mount Kenya and Kilimanjaro after ~15ka is in line with rapidly
rising temperatures after ~20-15ka, depending on the reference record (Loomis et al., 2017).
Nevertheless, due to the scarcity of climate proxy records from high elevations and uncertainty
of palaeo precipitation simulations, our understanding of the Late Pleistocene climate in East-
ern Africa is not yet sufficient to disentangle the impact of various climate variables on past
glacier dynamics.

Besides the timing, also the extent of past glaciations varied among the mountains in East-
ern Africa. Most extensively glaciated were the Bale Mountains, Rwenzori Mountains, Kili-
manjaro and Mount Kenya (Table A.1). The ratio between the glaciated and total available
surface area above the lower ice limit (~3500 masl) (Osmaston and Harrison, 2005; Mark and
Osmaston, 2008) was much smaller in the Ethiopian Highlands (2-29 %) compared to the East
African Mountains (30-80 %). The discrepancy might be due to the higher maximum elevation
of the East African Mountains (Fig.2.2), but could also indicate a negative precipitation gradi-
ent from the equator towards the outer tropics. Surprising is the extremely small LGM extent
of only 13km? in the Simien Mountains (northern Ethiopian Highlands) (Hurni, 1989), which
stands in stark contrast to the available surface area of 573 km? above 3500 masl and 119 km?
above 4000 masl (Fig. 2.2). Provided that the glacial reconstruction is reliable, only very dry
climatic conditions and the lack of sufficient accumulation basins in this rugged terrain could
explain the contrast between minor glaciations in the northern and extensive glaciations in the
southern Ethiopian Highlands. The Simien Mountains are located at the present northern lim-
its of the tropical rain belt (Costa et al., 2014). A slight southward-shift of the northern limits of
the tropical rain belt during a period of reduced summer insolation on the northern hemisphere
might have caused a pronounced drought in the region. However, the climatic interpretation
of past glaciations in Eastern Africa remains hypothetical as long as comparative studies on re-
cent afro-alpine precipitation patterns are lacking and novel LGM rainfall simulations are not
better constrained (Chevalier, Brewer, and Chase, 2017).
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The presented glacial chronological and geomorphological work provides insights into the
climate and glacial history of Eastern Africa, but also raises more specific questions regarding
the complex plateau glaciation and discrepancy between the ice-free southern escarpment and
extensively glaciated northern declivity of the Bale Mountains (Fig. 2.4). Fluvial erosion along
the southern escarpment during the Holocene could theoretically explain the absence of well-
preserved glacial deposits, but gullies and other erosion features are lacking. The formation
of extensive glaciers in the south is unlikely because the southern plateau is less elevated and
larger basins for the accumulation of snow do not exist. On the contrary, also prevailing north-
westerly to northeasterly winds associated with a distinct precipitation pattern (wet northern
and dry southern declivity) could explain this mismatch. The phenomenon of larger glaciers
(lower ELAs) at the windward slopes and smaller glaciers (higher ELAs) in the precipitation
shadow is also evident on other African mountains like Kilimanjaro (Osmaston and Harrison,
2005; Mark and Osmaston, 2008). Permafrost patterns on the southern plateau and fossil block
fields along the southern escarpment of the Bale Mountains support the idea of a drier south-
ern declivity (Fig. A.2). Dominating moisture fluxes from north to northeast associated with
convection and cloud formation could also explain the lower palaeo ELAs in the northern and
eastern valleys of the Arsi Mountains (Fig. A.6) (Osmaston and Harrison, 2005; Mark and Os-
maston, 2008). However, it is important to note that the prevailing direction of the incoming
moisture fluxes in the Ethiopian Highlands does not necessarily indicate where the moisture
comes from. Moist air parcels from the Indian Ocean or Congo Basin may flow around the
highlands and intrude from the north (Levin, Zipser, and Cerling, 2009; Viste and Sorteberg,
2013; Costa et al., 2014; Lemma et al., 2020). To verify whether the hypothesised high-elevation
north-south precipitation discrepancy in the Bale Mountains is consistent with present climatic
conditions or indicates changes in large-scale circulation patterns during the LGM, further in-
formation on the recent synoptic pattern are required.

A peculiarity of the Bale Mountains, which stands out from all other glaciated African
mountains except Kilimanjaro, was the formation of an extensive plateau glaciation. Due to
equivocal exposure ages and the lack of clear glacial geomorphological features outside the
Big Boulder Moraine (Fig. 2.4), reconstructing the maximum extent and recession stages of the
plateau glaciation is fraught with uncertainty. Dating of additional boulders from the inner Big
Boulder Moraine and determining the age of glaciofluvial sediments in the northern shallow
depressions would help to better constrain the deglaciation history of the plateau. The well-
preserved structure and old exposures ages of the stone stripes on the southern and western
plateau indicate that not the entire area of the plateau above the reconstructed palaeco ELA
(~3925 masl) was covered by ice (Fig. 2.4). Ice free areas above the ELA could be the result
of high insolation, variable precipitation and snow drift due to strong winds. The tabular ice
fields with their characteristic ice walls on Kilimanjaro, which are mainly controlled by solar
radiation and changes in precipitation and surface albedo, might serve as a modern analogy
for the former plateau glaciation in the Bale Mountains (Kaser et al., 2010).

The reconstructed ELA lowering of ~700 masl in the Bale Mountains during LPG Stage I
and the inferred temperature depression of 5.1 +0.7 °C provides a minimum estimate for the
Late Pleistocene temperature decrease and downward shift of the alpine belt in the southern
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Ethiopian Highlands. Other temperature reconstructions in Eastern Africa from the same pe-
riod are rare. Proxy data from Lake Rutundu, Lake Tanganyika, and the Congo Basin focus
mainly on the global LGM and propose a regional cooling at that time of ~4-6 °C compared to
today (Weijers et al., 2007; Tierney et al., 2008; Loomis et al., 2017). However, due to the steep-
ened lapse rate (Loomis et al., 2017) and maximum temperature decrease during the MIS 2 (Fig.
2.6), the temperature and vegetation belt depression in the Ethiopian Highlands was probably
even larger during the global LGM than LPG Stage I. Our new palaeoclimatic and environmen-
tal findings from the region have direct implications for the settlement history and ecology of
the mountains in Eastern Africa. With our comprehensive glacial reconstruction, we provide
further evidence that the repeated residence of Middle Stone Age foragers in the Bale Moun-
tains 47-31 ka (Ossendorf et al., 2019) coincided with a phase of maximum glaciation and up
to 6 °C cooler temperatures. Besides the abundance of obsidian for the manufacturing of stone
tools and an endemic rodent as a key food source, year-round melt water from the nearby
glaciers was probably one of the important resources for attracting game and early foragers
(Ossendorf et al., 2019). The end of the settlement phase at ~31ka might be related to drier
climatic conditions and a reduction in melt water after LPG Stage I. The large ice-covered area
and 700 masl downward shift of the alpine belt must have also drastically affected the habitat of
endemic species like the Giant Molerat, Mountain Nyala and Ethiopian Wolf, which nowadays
populate the Sanetti Plateau and Ericaceous Belt (~3000-4300 masl) (Miehe and Miehe, 1994).
Nevertheless, the latest archeological findings (Ossendorf et al., 2019) and high percentage of
endemic mammal species (>20 %) in the Bale Mountains (Miehe and Miehe, 1994) prove the ab-
sence of glacial extinction events in the region. Middle Stone Age foragers as well as endemic
plants, mammals, and rodents were coping with the harsh climatic conditions in the Ethiopian
Highlands and East Afrian Mountains during the last glacial cycle.

2.4 Conclusion

This contribution provides clear evidence that the Ethiopian Highlands were subject to se-
vere climatic and environmental changes during the Late Pleistocene, with implications for
the palaeoecology and early migration of hunter-gatherers into the high tropical mountains.
At 39.6 &= 9.9 ka, well before the global LGM, glaciers reached their maximum expansion in
the Ethiopian Highlands and covered altogether about 350 km? of the Bale and adjacent Arsi
Mountains. The mean annual air temperature in higher elevations at that time was 5.1 £ 0.7 °C
lower than today and caused a downward shift of the afro-alpine belt of about 700 m. These
findings along with ecological investigations and latest archaeological excavations indicate that
endemic afro-alpine species (plants, mammals, rodents, etc.) and the arriving Middle Stone
Age foragers adapted to the harsh environmental conditions in the highlands during the Late
Pleistocene. Furthermore, the comparison of different glacial geomorphological and chrono-
logical studies from the East African Mountains and Ethiopian Highlands reveals regional
differences in the timing and extent of past glaciations. The differences suggest less moist
conditions from the inner to the outer tropics and demonstrate that temperature variations

alone cannot explain the asynchronous Late Pleistocene glacier fluctuations in tropical Eastern
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Africa. Spatial and temporal variations in precipitation, cloudiness, air humidity and insolation
must also be taken into account. To unravel the complex dynamics of the palaeoglaciers and
palaeoclimate in the region, reliable glacial chronologies from the northern Ethiopian High-
lands and other equatorial mountains (Kilimanjaro, Mount, Kenya, Mount Elgon, Aberdare),

where moraine sequences are well-preserved, are urgently needed.

2.5 Materials and Methods

2.5.1 Terrain analysis

For our terrain analysis of Africa’s alpine environment, we analysed digital elevation data
of the entire continent provided by the CGIAR Consortium for Spatial Information (CGIAR-
CSI). The CGIAR-CSI data set is a void-filled elevation product (Reuter, Nelson, and Jarvis,
2007; Jarvis, Reuter, and Nelson, 2008) with a spatial resolution of approximately 93 m at
the equator derived from 3 arc-second data (version 2) of the NASA Shuttle Radar Topog-
raphy Mission (SRTM). As recent studies have shown, SRTM elevation data are suitable for
hypsometric and topographic analyses of mountains worldwide due to the product’s near-
global coverage and vertical accuracy (Elsen and Tingley, 2015). We downloaded ten elevation
data tiles (each 30 x 30 degree in size) from the CGIAR-CSI website (version 4.1, available at
http:/ /srtm.csi.cgiar.org). The ten tiles cover together the entire area of the continent. Along
the edges, the tiles were overlapping by up to 2km. We cut and merged the tiles properly
to guaranty accurate area-elevation calculations. Since most of the Pleistocene glaciations and
periglacial processes in Africa were limited to elevations >3000 masl (Osmaston and Harrison,
2005; Mark and Osmaston, 2008), we neglected areas below this elevation in our analysis. We
quantified the continent-wide area above 3000, 3500 and 4000 masl using the CGIAR-CSI eleva-
tion data set to specify the extent of the afro-alpine environment. Furthermore, we calculated
the surface-area-distribution with increasing elevation of eight African mountains that were
most extensively glaciated during the Pleistocene (Osmaston and Harrison, 2005; Mark and
Osmaston, 2008). The relative and absolute surface area based on the CGIAR-CSI date set was
computed for 10 m elevation bands between 3000 masl and the individual maximum mountain
height.

2.5.2 Glacial geomorphological mapping

Comprehensive geomorphological mapping of glacial and periglacial features is mandatory for
the spatial and chronological reconstruction of past glaciations (Chandler et al., 2018). We eval-
uated maps and photographs of previous studies on Quaternary glaciations in the southern
Ethiopian Highlands to compile geomorphological evidence of palaeoglaciations in the Bale
and Arsi Mountains (Potter, 1976; Miehe and Miehe, 1994; Osmaston, Mitchell, and Osmas-
ton, 2005; Osmaston and Harrison, 2005; Mark and Osmaston, 2008). In contrast to the Arsi
Mountains, where moraines sequences are documented in almost every valley (Potter, 1976;
Osmaston and Harrison, 2005; Mark and Osmaston, 2008), glacial and periglacial features in
the Bale Mountains were hitherto only fragmentarily studied on the Sanetti Plateau and in
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the Wasama, Harcha and Togona valley (Miehe and Miehe, 1994; Osmaston, Mitchell, and Os-
maston, 2005; Ossendorf et al., 2019). During our ground reconnaissance, we mapped erratic
boulders, moraines, roche moutonnées and periglacial features all over the Bale Mountains.
Furthermore, we analysed high-resolution DigitalGlobe satellite imagery to identify terminal
and lateral moraines in remote areas of the mountain range. If it was feasible, the remote ob-
servations were verified in the field later on. High-resolution satellite images were also used to
verify and complement previous moraine mapping attempts in the Arsi Mountains (Osmaston
and Harrison, 2005; Mark and Osmaston, 2008). For detailed information on the location and
characteristics of each mapped moraine in the Bale and Arsi Mountains, see supplementary
materials.

2.5.3 Surface exposure dating

To develop a robust glacial chronology for the Bale Mountains, we build upon 21 recently
published 3*Cl cosmogenic surface exposure datings from the Harcha and Wasama valley (Os-
sendorf et al., 2019). We analysed 48 additional erratic boulders Table A.2 on stable geomor-
phic surfaces at 14 different sites in the valleys and on the Sanetti Plateau following established
sampling strategies (Akgar et al., 2011). Furthermore, we took six rock samples from periglacial
features in the south and west of the Sanetti Plateau to determine their time of formation. In the
southwestern Garemba Valley of the adjacent Arsi Mountains, three boulders from the outer-
most and three from the second innermost moraine were sampled to verify whether the glacial
chronology of the Bale Mountains is also representative for other mountains of the southern
Ethiopian Highlands. Approximately 1 kg of rock material from the upper 5 cm of each boul-
der was taken with hammer, chisel and angle grinder for the subsequent laboratory analysis.
An inclinometer was used to measure the topographic shielding.

The 60 rock samples from the Bale and Arsi Mountains were crushed, sieved and chem-
ically treated in the Surface Exposure Dating Laboratory at the University of Bern. 120 g of
the 200-400 p grain-size fraction was leached in 2M HNO3 and afterwards rinsed with ultra-
pure water (18.2MQecm) to remove any non-in-situ produced chlorine. From each leached
sample, an aliquot of 10 g was sent to SGS Laboratories in Toronto, Canada. There, major and
trace element concentrations, required for the calculation of local 361 production rates, were
measured Table A.3. For the extraction of Cl-isotopes, we followed an established approach
(Akgar et al., 2012) using isotope dilution (Stone et al., 1996b; Elmore et al., 1997; Ivy-Ochs et
al., 2004; Desilets et al., 2006). Total Cl- and 3°Cl-concentrations Table A.4 were measured from
one target at the 6 MV AMS-facility of the ETH Zurich based on the isotope dilution technique
(Ivy-Ochs et al., 2004) and the gas-filled magnet to separate *S (Vockenhuber, Miltenberger,
and Synal, 2019). The measured ratios of 36C1/35Cl were normalised to the ETH in-house stan-
dard K382/4N (Christl et al., 2013) with a 3°Cl/Cl-value of 17.36 x 10~!2 (calibrated against
the Nishiizumi KNSTD5000 standard in 2009), whereas the stable ratio of 3’Cl/3*Cl was nor-
malised to the natural ¥’ Cl/%°Cl-ratio, which equals to 31.98 % of the K382/4N standard and
machine blank.
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We calculated surface exposure ages of the boulders from the Bale and Arsi Mountains
based on the measured total Cl and 3°Cl concentrations. The applied spallogenic produc-
tion rate of cosmogenic %Cl at sea-level from Ca corresponds to 48.8 4+ 1.7 atoms g~! Ca a™!
(Stone et al., 1996a; Stone et al., 1998) and from K to 162 + 24 atoms g_l Ka~! (Evans et al.,
1997). Since altitude and latitude influence the scaling of the *Cl production rate, we fol-
lowed the scheme described in Stone (Stone, 2000) to correct for the geographic location of
the sampling sites. Muon capture contributes with 5.3 + 0.5atoms g ! Caa~! to the production
of 3°Cl from Ca (Stone et al., 1996a; Stone et al., 1998). Another source for the production of
3(Cl is the capture of thermal and epithermal neutrons by 3*Cl near the surface in the order
of 760 = 150 neutrons g_l air a! (Liu et al., 1994; Phillips, Stone, and Fabryka-Martin, 2001;
Alfimov and Ivy-Ochs, 2009). We used major and trace element (B, Gd and Sm) concentra-
tions to determine the fraction of low-energy neutrons available for the production of *Cl
from 2°Cl (Phillips, Stone, and Fabryka-Martin, 2001; Alfimov and Ivy-Ochs, 2009). U and
Th concentrations served for the quantification of non-cosmogenic %*Cl in the rocks. We cor-
rected 3¢Cl production rates for sample thickness Table A.2 assuming a rock density of 2.65 g
and an attenuation length of 160 g cm-—2. Correction factors were computed to account for the
topographic shielding at the sampling sites (Dunne, Elmore, and Muzikar, 1999; Tikhomirov
et al., 2014). The attenuating effect of snow on the local production of %*Cl is neglected since
snow is rare in the Bale Mountains and melts within hours or days (Miehe and Miehe, 1994).
Post-depositional erosion rates of boulders have not been determined in the Ethiopian High-
lands and East African mountains, but are estimated to be in the range of 0 to 2mm ka~! (a
detailed discussion on the effect of erosion on 3°Cl ages is given in Shanahan and Zreda, 2000).
To account for the impact of erosion, we calculated three different °Cl surface exposure ages
for every boulder Table A.4 considering a minimum, medium and maximum erosion scenario
(€min =0mmka~!, g,,,s = Immka~, ey, =2mmka~!). All exposure ages presented in Fig. 2.4
and 2.5 are stated without any erosion correction (¢ = 0mmka~'). The 1o-error given for each
individual exposure age includes solely the analytical uncertainty. Recently published surface
exposure ages from Rwenzori Mountains (1°Be) (Kelly et al., 2014; Jackson et al., 2019) and
High Atlas (1°Be and 3¢Cl) (Hughes et al., 2018) were adopted without any modifications for
discussion and Fig 2.6. Furthermore, it was not possible to recalculate the 20-year old **Cl ages
from Mount Kenya and Kilimanjaro (Shanahan and Zreda, 2000) because only *Cl/Cl and no
3%Cl concentrations or information on the blank corrections, spiking with Cl carrier etc. were
made available along with the original publication. For the sake of easy reproducibility and for
testing the impact of different **Cl production rate scalings, we also computed the exposure
ages of the boulders from the Bale and Arsi Mountains using the online version (2.0) of the
CRONUS 3°Cl Exposure Age Calculator (Marrero et al., 2016). All input data required for the
CRONUS calculator (http:/ /cronus.cosmogenicnuclides.rocks/2.0/) are available in Table A.5.
For the results see Table A.6.

2.5.4 Glacial chronology

Based on the exposure age, location and geomorphology of the investigated moraines, we dis-
tinguished between different glaciations and glacial stages in the Bale Mountains to establish a
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glacial chronology. The exposure ages of moraine boulders from the upper valleys and Sanetti
Plateau allow to differentiate between three glacial stages within the Late Pleistocene glacia-
tion (LPG): I (local LGM)), II (readvance) and III (readvance before onset of deglaciation). We
grouped all exposure ages of moraines associated with the same glacial stage. If one of the
three exposure ages of a moraine deviated from the other two in the order of more than 3, it
was treated as an outlier. Moraines comprising three or more inconsistent exposure ages were
classified as ‘equivocal’. The arithmetic mean (n = 9, outliers = 1) was used for determining
the timing of LPG Stage I due to the large scatter of the moraine boulder ages. The timing of
LPG Stage II (n = 16, outliers = 2) and LPG Stage III (n = 14, outliers = 1) was calculated using
the weighted mean. Along with the weighted mean, we computed the internal (analytical) and
external (“geomorphological”) error Table A.7. The external error is defined by the standard
deviation (1 0) of the glacial stage and the internal error by the standard error of the weighted
mean. In Fig. 2.4 and 2.5, only the larger of the two errors is reported. For the Mid Pleistocene
Glaciation (MPG), it was not possible to constrain the timing of the two geomorphologically

evident glacial stages because of the large scatter of the exposure ages.

2.5.5 Glacial extent

To assess the potential ice cover extent in the valleys of the Bale Mountains during the lo-
cal LGM, we reconstructed palaeoglacier outlines based on the location of mapped and dated
moraines associated with LPG Stage I. In those valleys, where no terminal moraines were de-
tected, the elevation of the lower ice limits in the neighboring valleys served as reference for
the compilation of the glaciation map. Glacial geomorphological features and landforms, but
also outcrops and cliffs which lack any sign of glacial erosion, were mapped in the head of the
upper valleys to delineate the former accumulation areas. In the absence of geomorphological
evidence for or against glacial activity, we interpolated the palaeoglacier boundaries to the best
of our knowledge, referring to the typical geometry of valley glaciers.

For the reconstruction of the geometry and extent of the plateau glaciation during LPG
Stage I, we studied the distribution of erratic boulders around Tullu Dimtu, sediment-filled
depressions across the northern plateau and large periglacial patterns across the southern and
western plateau. The boulders encircling Tullu Dimtu were probably deposited after LPG stage
I and therefore indicate the minimum extent of the former plateau glaciation. Subglacial till and
numerous shallow depression across the northern plateau provide evidence for a much larger
plateau glaciation extending down into the western, northern and eastern valleys. To the south
and west of Tullu Dimtu, well-preserved permafrost features exist (Fig. A.2 and Fig. A.3). Due
to the large dimension, undisturbed structure, barely weathered surface and old exposure age
of these features, we assume that they have not, or at least not for a long time, been covered by
thick ice during the local LGM. Therefore, the features serve as markers for the southern and
western limit of the plateau glaciation.

The extent of the local LGM glaciation in the Arsi Mountains was reconstructed based on
the well-preserved terminal and lateral moraines in the valleys following the procedure de-
scribed above. The outermost (lowermost) terminal moraines in the valleys were not consid-
ered for the delineation of the glacier boundaries since they probably originate from the Mid
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Pleistocene glaciation.

2.5.6 Equilibrium line altitude and temperature reconstruction

The climatic equilibrium line altitude (ELA) is defined as the average elevation over a 30-year
period of a glacier zone where the annual net balance (accumulation vs. ablation) is zero (Singh,
2011). Since the position of the ELA responds sensitively to climatic changes, it is a useful proxy
for temperature reconstructions, especially in alpine regions, where other climate records are
often lacking. The most widely used methods for calculating ELAs like the accumulation-area-
ratio (AAR) or area-altitude-balance-ratio (AABR) require knowledge about the geometry of
palaeoglaciers (Benn et al., 2005). However, the current knowledge about the plateau glacia-
tion in the Bale Mountains is not sufficient to draw contour lines, reconstruct the geometry
of the palaeo ice cap, and quantify the ice mass turnover from the plateau into the valleys.
Hence, we applied a simple terminus-to-headwall-altitude-ratio (THAR), which assumes a
constant ratio between the altitude of the frontal position and headwall of the reconstructed
palaeoglaciers (Benn et al., 2005). A THAR of 0.5 is appropriate for tropical valley glaciers
(Osmaston, Mitchell, and Osmaston, 2005). We chose three valleys (Harcha, unnamed, and
Batu Gudda) in the northwest of the Bale Mountains for the ELA reconstruction since they did
not gain any mass input from the central ice cap and were fed solely by snowfall. To back
up the calculations, we also determined the maximum elevation of lateral moraines (MELM)
in the Harcha, Batu Gudda and Togona Valley because their upper limit provides a reliable
minimum elevation for the palaeco ELA. The comparison between palaeo and modern ELAs
from the same region allows calculating temperature changes relative to today. Due to the ab-
sence of present-day glaciers in the Ethiopian Highlands, we used the present mean annual
0°C isotherm (freezing height) as a rough proxy for the modern ELA (Greene, Seager, and
Broecker, 2002; Benn et al., 2005). Hourly temperature data from 15t March 2017 until 28"
February 2018 of three recently installed automatic weather stations between 3848 and 4377
masl on the Sanetti Plateau served for the computation of an average modern lapse rate (I';;p40r1
=7.2°Ckm™!) and the determination of the present 0 °C isotherm (ELA,,,jer, = 4650 masl). For
more information, see Fig. A.5 and caption. The temperature depression at LPG Stage I (AT
in °C) was calculated using the following formula and assuming an uncertainty of + 40 m for
the palaeo ELA (ELApalaeo = 3940 masl) and of +0.5°C for the applied lapse rate (I'parze0 =

Uinodern):
AT = (ELApalaeo - ELAmodern) X rpalaeo (2.1)

The applied lapse rate of 7.2 & 0.5 °C km ! for translating the ELA-lowering into a temperature
change is similar to the tropical paleo lapse rate of 6.7 & 0.3 °C km ! derived from global LGM
surface temperatures of four East African Lakes between 474 and 3081 masl (Loomis et al.,
2017). For calculating the ELA of 19 paleoglaciers in the Arsi Mountains, we applied the same
procedure (THAR and MELM method) as described above.
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Abstract

Large sorted patterned grounds are the most prominent features of periglacial and permafrost
environments of the mid and high latitudes, but have not yet been verified for the tropics. Here,
we report on relict large sorted polygons (up to 8 m in diameter) and large sorted stone stripes
(up to 1000 m long, 15 m wide, and 2 m deep) on the ~4000 masl high Sanetti Plateau in the Bale
Mountains, southern Ethiopian Highlands. For a systematic investigation of past and present
frost-related processes and landforms in the Bale Mountains, we conducted geomorphologi-
cal mapping both in the field and on satellite images. The sorted stone stripes were studied
in more detail by applying aerial photogrammetry, ground-penetrating radar measurements,
and %¢Cl surface exposure dating. In addition, we installed 29 ground temperature data log-
gers between 3493 and 4377 masl to analyse present frost occurrence and seasonal temperature
variations from 2017 to 2020. Finally, we ran a simple experiment and combined recent ground
temperature measurements with meteorological data in a statistical model to assess the air
temperature depression needed for the past formation of deep seasonal frost and cyclic freez-
ing and thawing on the plateau. Our results show that relict and modern periglacial landforms
are common in the Bale Mountains. Nocturnal superficial ground frost on the plateau occurs at
35-90 days per year, but the mean annual ground temperature (~11 °C) is far off from seasonal
or permanent frost conditions. The modelling experiment suggests a minimum air temperature
depression on the plateau of 7.6 + 1.3 °C for the emergence of several decimetre deep seasonal
frost. The stone stripes probably formed under periglacial conditions in proximity of a palaeo
ice cap on the plateau during the coldest period(s) of the last glacial cycle. We hypothesise that
the slightly inclined and unglaciated areas of the plateau, the coexistence of regolith and large
blocks, the occurrence of deep seasonal frost, as well as relatively dry conditions beyond the
ice cap provided ideal conditions for frost heave and sorting and the formation of large sorted
patterned grounds. The presence of these landforms and the associated air temperature de-
pression provide further evidence for an amplified cooling of high tropical mountains during
the last glacial period that is yet not well captured in global climate models.

3.1 Introduction

The Earth experienced a pronounced global-mean cooling of 5-7 °C during the global Last
Glacial Maximum (LGM; 22 + 4 ka after Shakun and Carlson, 2010) compared to the pre-indus-
trial climate, but the magnitude of cooling and expansion of ice sheets and glaciers varied con-
siderably across the globe. While global climate models point towards a maximum cooling
over the northern hemisphere ice sheets, they suggest only a moderate cooling for the tropics
(Schneider von Deimling et al., 2006). A synthesis of sea surface temperatures testifies to a
moderate mean zonal LGM cooling of the tropical oceans of ~2 °C (MARGO Project Members,
2009). However, terrestrial temperature reconstructions based on calculated snow line depres-
sions on tropical mountains indicate a much stronger and more heterogeneous cooling of 2-
14°C (Mark et al., 2005). Other terrestrial palaeoclimate data from the low-latitudes confirm
the pronounced cooling over land and highlight an amplified cooling with increasing elevation
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(Farrera et al., 1999; Loomis et al., 2017). Disentangling the causes for the mismatch between
the reconstructed cooling of the tropical oceans and land areas, especially at high elevation, is
crucial for understanding and simulating global climate changes during the last glacial period
because the energy excess in the the tropics and transport towards higher latitudes drives the
large-scale atmospheric and oceanic circulation (Kageyama, Harrison, and Abe-Ouchi, 2005).
Model uncertainties and limitations as well as erroneous marine and terrestrial temperature
reconstructions have been discussed as potential causes for the discrepancy. Climate model
experiments and latest temperature reconstructions along an elevational gradient in Eastern
Africa provide an alternative explanation: they support the interpretation that the amplified
cooling at high elevations in the tropics during the global LGM was the result of a drier at-
mosphere and steeper lapse rate (Kageyama, Harrison, and Abe-Ouchi, 2005; Tripati et al.,
2014; Loomis et al., 2017). However, climate proxy data from the high tropical mountains are
still sparse although they are essential for quantifying global LGM temperature changes in the
middle troposphere (Farrera et al., 1999).

A promising region for high-elevation palaeoclimatic and geoecological reconstructions
in the tropics are the Bale Mountains in the southern Ethiopian Highlands as they comprise
Africa’s largest alpine environment and provide manifold evidence for past glacial and peri-
glacial processes (Grab, 2002; Osmaston, Mitchell, and Osmaston, 2005; Hendrickx et al., 2014;
Groos et al., in revision). During the Late Pleistocene, an ice cap with several outletglaciers
covered the central Sanetti Plateau and northern valleys of the Bale Mountains. The local max-
imum glacier expansion in the region was reached between 50-30 ka, well before the global
LGM, and coincided with a temperature depression of 4-6 °C (Groos et al., in revision). In view
of the gradual global cooling until 22 4- 4 ka, an even stronger temperature depression (>6 °C) in
the Ethiopian Highlands seems likely after 50-30ka. A conspicuous geomorphological feature
beyond the glacial remains of the former ice cap on the Sanetti Plateau are large sorted stone
stripes (several meters wide and hundred meters long) between 3850 and 4150 masl. They are
associated with past sporadic permafrost and might indicate a severe cooling in the Bale Moun-
tains during the Pleistocene (Miehe and Miehe, 1994; Grab, 2002). Sorted patterned grounds
of similar size are typical for periglacial and permafrost environments of the mid and high
latitudes (Goldthwait, 1976; André et al., 2008). Diurnal freeze-thaw cycles in tropical moun-
tains are sufficient for the development of small-scale patterned grounds (Francou, Méhauté,
and Jomelli, 2001), but the large dimension of the stone stripes on the Sanetti Plateau is unique
for the low latitudes as their formation presumably requires deep ground frost and seasonal
freezing and thawing (e.g. Kessler and Werner, 2003). A systematic investigation of the relict
periglacial landforms and present frost patterns in the Bale Mountains is lacking. When, how,
and under which environmental conditions the relict patterned grounds formed and what their
occurrence implies for the palaeoclimate of the tropics is therefore still unexplored.

The aim of this study is the systematic investigation of past and present frost-related pro-
cesses and landforms in the Bale Mountains to elaborate the potential of geomorphological
features like the large sorted stone stripes for paleoclimatic reconstructions at high-elevations
in the tropics. For gaining insights into the spatial and elevational distribution of relict and ac-
tive periglacial landforms, we conducted geomorphological mapping both in the field and on
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high-resolution satellite images. The sorted stone stripes on the Sanetti Plateau were studied
in more detail by applying aerial photogrammetry, ground-penetrating radar (GPR) measure-
ments, and 3¢Cl surface exposure dating. The *Cl ages were originally published by Groos et
al. (in revision) in a palaeoglaciological context, but we present them here again as they are also
of relevance for the interpretation of the relict stone stripes. Since knowledge on present frost
occurrence and ground temperature variations in the Bale Mountains is indispensable for dis-
cussing how and under which climatic and environmental conditions the relict structures may
have formed, we installed a ground temperature network covering the Sanetti Plateau and
northeastern declivity. In a final step, we combined the ground temperature measurements
with meteorological data from nearby weather stations and applied a simple statistical model
to assess the minimum air temperature depression needed for the formation of deep frost and
patterned grounds in the tropical Ethiopian Highlands.

3.2 Study Area

The Bale Mountains (6.6-7.1°N, 39.5-40.0 °E) are located southeast of the Main Ethiopian Rift
and belong to the Bale-Arsi massif which constitutes the western part of the southern Ethiopian
Highlands (Fig. 3.1). Precambrian rocks and overlying Mesozoic marine sediments form the
base of the massif and are covered by Cenozoic trachytic and basaltic lava flows (Miehe and
Miehe, 1994; Osmaston, Mitchell, and Osmaston, 2005; Hendrickx et al., 2014). Due to the
lack of geological maps, lithological information, geochemical studies, and radiometric dat-
ing, especially in the southern Ethiopian Highlands, the exact timing of volcanic eruptions is
unknown and the successive formation of the Bale-Arsi massif still poorly understood (Mohr,
1983; Osmaston, Mitchell, and Osmaston, 2005). Characteristic for the Bale Mountains is the
central Sanetti Plateau with a mean elevation of ~4000 masl. It is bounded to the west by hardly
weathered lava flows, to the north and east by broad U-shaped valleys, and to the south by
the Harenna Escarpment. Several volcanic plugs and cinder cones like the highest peak Tullu
Dimtu (4377 masl) rise above the plateau (Osmaston, Mitchell, and Osmaston, 2005). With an
area of almost 2000 km? above 3000 masl, the Bale Mountains comprise Africa’s most exten-
sive alpine environment (Groos et al., in revision) and are an important fresh water source for
the surrounding lowlands. The main tributaries of the only two perennial rivers in the Somali
lowlands, Shebelle and Jubba, originate from the Bale Mountains.

The seasonal movement of the Intertropical Convergence Zone (ITCZ) and zonal shift of
the Congo Air Boundary, which defines the confluence of air masses from the Indian Ocean
and Atlantic, determines the climate and rainfall patterns of the Ethiopian Highlands (Levin,
Zipser, and Cerling, 2009; Tierney et al., 2011; Costa et al., 2014). Due to the complex topogra-
phy, the mean annual precipitation varies considerably across the region and is strongly linked
to elevation (Gebrechorkos, Hiilsmann, and Bernhofer, 2019). Three seasons characterise the
current climate: The dry season (traditionally called “Bega”) lasts from November to February
and is followed by two rainy seasons (“Belg” and “Kiremt”). While “Belg” (March to June)
is more pronounced in the southern Ethiopian Highlands, “Kiremt” (July to October) plays a
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FIGURE 3.1: Overview map of the experimental setup and observation network in the Bale Moun-
tains, southern Ethiopia. The lowest weather stations Magnete (1599 masl) and Delo Mena (1315 masl)
are located 25 and 40 km south of Rira. GT: high-quality temperature data loggers. TM: low-cost tem-
perature data loggers. Rock samples: blocks sampled for surface exposure dating. Control points: nat-
ural objects used for the georeferencing of the high-resolution orthophoto and digital surface model.
GPR: ground-penetrating radar. Data basis: SRTM 1 Arc-Second Global (United States Geological
Survey) and high-resolution WorldView-1 satellite image (DigitalGlobe Foundation).

major role in the northern highlands including the upper catchment area of the Blue Nile (Con-
way, 2000; Seleshi and Zanke, 2004). During the dry season, when the ITCZ in Eastern Africa
is located south of the equator and high pressure cells have established over Western Asia and
the Sahara, northeasterly trade winds from the Arabian Peninsula and Sea prevail in the Bale
Mountains and cause only little precipitation. Along with the northward movement of the
ITCZ from March to June, the main wind direction changes from northeast to southeast and
brings moist air from the southern Indian Ocean to the Bale Mountains (Lemma et al., 2020).
Although the Gulf of Guinea and Congo Basin are important moisture sources for the north-
ern Ethiopian Highlands (Levin, Zipser, and Cerling, 2009; Viste and Sorteberg, 2013; Costa
et al., 2014), they seem of minor relevance for the Bale-Arsi massif (Lemma et al., 2020). The
Sanetti Plateau and highest peaks of the massif experience occasional snowfall during the rainy
seasons, but the thin snowpack usually melts within hours or days (Miehe and Miehe, 1994).
Like most of the other tropical mountains in Eastern Africa, the Bale Mountains are cur-
rently unglaciated. The present mean 0 °C isotherm (a rough proxy for the modern snow line
in the tropics) is located at least 300m above the highest peak Tullu Dimtu. However, lat-

est glacial geomorphological and chronological studies provide clear evidence that the snow



50 Chapter 3. Implications of present ground temperatures and relict stone stripes in the
Ethiopian Highlands for the palaeoclimate of the tropics

line was much lower during the Late Pleistocene and favoured the formation of an extensive
plateau glaciation with outlet glaciers extending down into the northern valleys. Between 50-
30 ka during the local Last Glacial Maximum in the southern Ethiopian Highlands, ice covered
about 265 km? of the Bale and additional 83 km? of the adjacent Arsi Mountains. Two later
glacial stages were dated to ~18 and ~15ka. At ~18ka, the ice extent was slightly smaller
than during the local LGM, but ice still covered the central part of the plateau and northern
valleys. Deglaciation in the region set in after ~18-15ka. The highlands remained probably
ice-free over the entire Holocene (Ossendorf et al., 2019; Groos et al., in revision). Besides
glacial landforms like moraines and roche moutonnées, also relict periglacial features have
been reported from the Bale Mountains (Grab, 2002; Hendrickx et al., 2014). Among those,
large sorted stone circles (several meters in diameter) and stone stripes (several meters wide
and hundred meter long) on the Sanetti Plateau are the most prominent ones. The formation of
such large features is associated with freeze-thaw processes and indicates decimetre to meter
deep seasonal frost or sporadic permafrost with a thick active layer (see Sections 3.3.7, 3.4, and
3.5). Field observations and short-term ground temperature measurements between December
1989 and March 1990 verify that nocturnal frost near the soil-atmosphere interface still occurs.
The most apparent results of the modern freeze-thaw cycles are the formation of needle ice
along saturated stream banks and the presence of sorted stone nets in flat and poorly drained
areas on the Sanetti Plateau (Miehe and Miehe, 1994; Grab, 2002).

Afroalpine herbs, grasses, Helichrysum dwarf shrubs, extrazonal patches of Erica, and gi-
ant lobelias cover the ice-free and barren Sanetti Plateau today (Miehe and Miehe, 1994). The
plateau is home to many endemic plant species like the giant lobelia (Lobelia rhynchopetalum)
(Chala et al., 2016) and mammal species like the Ethiopian wolf (Canis simensis) (e.g. Gottelli
et al., 1994), giant mole-rat (Tachyoryctes macrocephalus) (e.g. Vlasata et al., 2017), and mountain
nyala (Tragelaphus buxtoni) that are restricted to the Ethiopian Highlands (Miehe and Miehe,
1994). Since these endemic species mainly populate the upper valleys and Sanetti Plateau
today, palaeoclimatic and -environmental changes like a severe cooling, expansion of the ice
cover and periglacial area as well as depression of altitudinal vegetation belts must have di-

rectly affected their habitat and are therefore also of relevance in a geoecological context.

3.3 Data and Methods

3.3.1 Mapping of periglacial landforms

Comprehensive and thorough geomorphological mapping of glacial and periglacial landforms
provides crucial data for establishing glacial chronologies and reconstructing the palaeocli-
mate and palaeoenvironment of polar and alpine regions (Chandler et al., 2018). We evaluated
maps, photographs, and field notes from previous studies dealing with periglacial processes
and landforms in the Bale Mountains (e.g. Messerli and Winiger, 1992; Miehe and Miehe, 1994;
Grab, 2002; Umer, Kebede, and Osmaston, 2004; Osmaston, Mitchell, and Osmaston, 2005)
to compile evidence of relict and modern frost occurrence. Since periglacial landforms have
yet not been described systematically, we performed extensive geomorphological mapping on
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FIGURE 3.2: Field work in the Bale Mountains: (a) reconnaissance and mapping of periglacial land-
forms, (b) sampling of stone stripes for surface exposure dating, (c-e) installation of ground tempera-
ture loggers, and (f) ground-penetrating radar survey.

the Sanetti Plateau, along the upper Harenna Escarpment and in the western, northern, and
eastern valleys during multiple field excursions between 2016 and 2020 (Fig. 3.2). In addition,
we evaluated high-resolution WorldView-1 satellite images (pixel size = 0.5m) provided by
the DigitalGlobe Foundation to identify features in remote and difficult-to-access areas of the
mountain range. All periglacial features discovered in the field or on satellite images were
geotagged and compiled in a catalogue (see Table B.1).

For a detailed analysis of the geomorphology, geometry, and size of the sorted stone stripes
on the Sanetti Plateau, we conducted a manual aerial survey (~50 m above ground level) with
a small quadcopter (DJI Mavic Pro) on the 30t January 2020 at 2 pm local time. A total of
75 aerial images were acquired during the survey and processed with the photogrammetric
software OpenDroneMap (following the approach described in Groos et al., 2019) to obtain a
high-resolution orthophoto (5 cm) and digital surface model (DSM, 10 cm) of the stone stripes.
Five natural objects (rocks and dwarf shrubs) visible on the orthorectified WorldView-1 image
and at least on three aerial images were used as ground control points (Fig. 3.1) for a rough
georeferencing of the orthophoto and DSM (Groos et al., 2019). The necessary elevation infor-
mation were extracted from the SRTM 1 Arc-Second Global dataset.
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3.3.2 Ground-penetrating radar measurements

Investigating the internal structure of the sorted stone stripes by excavating a transect was not
possible due to regulations. Instead, we performed a ground-penetrating radar (GPR) sur-
vey between two stripes on the southern Sanetti Plateau on the 10" February 2020 (Fig. 3.1).
We made use of the Pulse EKKO PRO GPR with a 1000 MHz antenna (7.5 cm sensor width)
manufactured by Sensors & Software Inc., which was originally purchased by another sub-
project of the Ethio-European DFG Research Unit 2358 “The Mountain Exile Hypothesis” for
geoecological investigations (for system settings see Table B.2). The GPR was mounted on a
compatible pushcart (Fig. 3.2). As survey setting, an exploration depth of 1 m and pulse length
of 16 nanoseconds (ns) was applied for the first line and modified to 1.5 m depth and 24 ns
pulse length for the following lines. The starting point of the GPR measurement was located
10 m above the position of data loggers GT07-09 since the uppermost part of the volcanic plug
was not accessible with the pushcart. Due to uneven terrain and several natural obstacles like
smaller stones and Helichrysum dwarf shrubs, the GPR profile between the two stone stripes
was split into five separate lines varying between 3.8 and 38.5m in length. The chaotic struc-
ture of the stones stripes prevented a GPR survey inside the troughs and coarse material. For
analysis and visualisation of the GPR data, we used the software EKKO Project (version 5.0).

3.3.3 3°Cl surface exposure dating of periglacial landforms

Previous studies have demonstrated that the stabilisation age of relict periglacial features like
rock glaciers and block fields can be successfully dated with cosmogenic nuclides (e.g. Bar-
rows, Stone, and Fifield, 2004; Ivy-Ochs et al., 2009; Steinemann et al., in press). In analogy, we
sampled two sorted stone stripes on the Sanetti Plateau, one about 5 km south and another one
about 10 km west of Tullu Dimtu (Fig. 3.1), to determine the stabilisation age of these features.
The results were originally published by Groos et al. (in revision) in a palaeoglaciological con-
text. We present them here briefly again as they are also of relevance for the discussion of the
origin of the sorted stone stripes. From both ston stripes, we selected three columnar rocks for
36Cl surface exposure dating (Table 3.1). To avoid distorting effects on exposure dating due to
strong shielding in the trough-shaped stripes or toppling of rocks after the stabilisation phase,
we only chose rocks that were sticking out a bit and were wedged between other rocks. The up-
per few centimetres of each target rock were sampled with hammer, chisel, and angle grinder
for the subsequent laboratory analysis (Fig. 3.2). An inclinometer was used in the field for
measuring the topographic shielding. For extraction of the isotope %Cl, the six samples were
crushed, sieved and chemically treated in the Surface Exposure Dating Laboratory of the Uni-
versity of Bern. Total Cl- and 3*Cl-concentrations (see Table B.4) were measured from one target
at the 6 MV AMS-facility of the ETH Zurich using the isotope dilution technique (Ivy-Ochs et
al., 2004) and a gas-filled magnet to separate 36g (Vockenhuber, Miltenberger, and Synal, 2019).
For a detailed description of the sample preparation, Cl and %*Cl measurements, and surface
exposure age calculation see Groos et al. (in revision).
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TABLE 3.1: Description of periglacial features on the Sanetti Plateau sampled for 3®Cl surface exposure
dating. TAD = Trachyandesite.

Rock Lithology Latitude Longitude Elevation Boulder Boulder Boulder Sample  Shielding

sample (°N) (°E) (masl) length (m)width (m) height (m) thickness (cm) factor
BSO1 Basalt 6.78634 39.79297 3874 2.1 0.6 1.0 2.5 0.9961
BS02 Basalt 6.78660 39.79280 3869 1.5 0.5 14 45 0.9961
BS03  Basalt 6.78682 39.79263 3865 0.6 0.4 1.0 3.0 0.9997
BS04 Basalt 6.85491 39.72078 4050 0.8 0.6 1.1 5.0 0.9990
BSO5 TAD  6.85513 39.72074 4049 0.5 0.5 1.0 45 0.9990
BSO6 TAD  6.85550 39.72049 4045 1.5 0.5 0.6 35 0.9994

3.3.4 Ground temperature measurements

For measuring hourly ground temperatures of the Bale Mountains, we installed high-quality
UTL-3 Scientific Dataloggers (hereafter GT data loggers) in 2, 10, and 50 cm depth at five dif-
ferent locations with little vegetation between 3877 and 4377 masl (Fig. 3.1 and Table 3.2). The
GT data loggers are developed by GEOTEST Ltd. in collaboration with the Swiss Institute for
Snow and Avalanche Research. They consist of a waterproof housing, a YSI 44005 thermistor
for measuring temperature, a memory for up to 65.000 readings (>7 years by hourly interval),
a replaceable 3.6 V lithium battery for power supply, and a USB interface for data transfer. Ac-
cording to the manufacturer, the measurement accuracy is <0.1 °C at 0 °C and the thermometric
drift per 100 months is <0.01 °C at 0 °C. At each of the five measurement sites, the upper 50 cm
of the ground were removed to install the GT data loggers (Fig. 3.2). We used data loggers
with an external cable and thermistor for the measurements in 10 and 50 cm depth. A stan-
dard logger without external cable was placed just below the surface in 2 cm depth. After the
installation, each hole was filled in the same order as during the excavation to ensure as little
disturbance of the profile as possible. Additional low-cost tempmate.-B2 temperature data log-
gers (hereafter TM data loggers) in the size of a button cell (Fig. 3.2) were distributed across the
Bale Mountains between 3493 and 4377 masl to increase the spatial coverage of near-surface
(2 cm) hourly ground temperature measurements (Fig. 3.1 and Table 3.2). The single-use TM
data loggers consist of a splashproof housing (we wrapped the loggers in thin tape for better
protection), an unspecified thermistor, a memory for up to 8192 readings (341 days by hourly
interval), and an irreplaceable 3.0 V battery. A logger-pan-to-USB cable is needed for con-
necting the TM loggers to a computer and retrieving the data. The measurement accuracy is
£0.5°C at -10 to 65 °C according to the manufacturer. Due to the much lower accuracy of the
TM data loggers compared to the GT data loggers, we performed a comparative measurement
indoor over several hours with logger GT04 as reference. Since the root-mean-square deviation
of each TM data logger from the reference measurement was smaller than the stated accuracy
of £0.5°C, a calibration was unnecessary. For a direct cross-comparison in the field, data log-
ger TMO08 was installed next to GT13 in 2 cm depth on top of Tullu Dimtu. Two TM data logger
(16 and 17) were buried below Erica in 10 cm depth for comparison with sites (TM14 and TM15)
with only little vegetation.

Several issues occurred during the measurement period from January 2017 to January 2020
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TABLE 3.2: Overview of the installed ground temperature data loggers (excluding six lost items).

Data Latitude Longitude Elevation Depth Slope Aspect ~ Start of Readout

logger (°N) (°E) (masl) (cm) (°) (°) measurement dates

GT16 692725 39.77275 4153 241 22 140 31.12.17 14.06.18, 23.01.20

GT02 6.92725 39.77275 4153 10+£2 22 140 06.01.17 17.12.17,31.12.17, 14.06.18, 23.01.20
GT03 6.92725 39.77275 4153 50+5 22 140 06.01.17  17.12.17,31.12.17, 14.06.18, 23.01.20
GT17 6.93000 39.77188 4181 2+£1 19 35 31.12.17 14.06.18, 23.01.20

GTO05 6.93000 39.77188 4181 10+2 19 35 06.01.17 17.12.17,31.12.17, 14.06.18, 23.01.20
GTO06 6.93000 39.77188 4181 50+5 19 35 06.01.17 17.12.17,31.12.17, 14.06.18, 23.01.20
GT07 6.78665 39.79342 3877 2+1 8 320 21.01.17 10.12.17, 06.01.18, 25.01.20
GTO08 6.78665 39.79342 3877 10+2 8 320 21.01.17 10.12.17, 06.01.18, 25.01.20
GT09 6.78665 39.79342 3877 50+5 8 320 21.01.17 10.12.17, 06.01.18, 25.01.20
GT10 6.79474 39.81469 3932 2+1 10 130 21.01.17 11.12.17, 06.01.18, 26.01.20
GT11 6.79474 39.81469 3932 10+2 10 130 21.01.17 11.12.17, 06.01.18, 26.01.20
GT12 6.79474 39.81469 3932 50+5 10 130 21.01.17 11.12.17, 06.01.18, 26.01.20
GT13 6.82617 39.81897 4377 2£1 0 - 21.01.17 19.12.17, 20.01.20, 26.01.20
GT14 6.82617 39.81897 4377 10+2 O - 21.01.17 19.12.17,20.01.20

GT15 6.82617 39.81897 4377 50+5 O - 21.01.17 19.12.17, 26.01.20

TMO04 6.84411 39.87876 4129 2+1 O - 18.01.17 09.12.17, 05.01.18, 10.06.18
TMO5 6.77522 39.80307 3858 2+1 O - 18.01.17  09.12.17, 06.01.18, 29.12.18, 25.01.20
TMO06 6.77535 39.80311 3857 2+1 O - 18.01.17 09.12.17, 06.01.18, 29.12.18
TMO07 6.77521 39.80318 3856 2+1 O - 18.01.17  09.12.17, 06.01.18, 29.12.18, 25.01.20
TMO08 6.82617 39.81897 4377 2+1 O - 21.01.17 19.12.17

TMO09 6.86644 39.74365 4084 2+1 O - 23.01.17 12.12.17, 15.06.18, 24.01.20
TM10 6.85509 39.71345 4022 2£1 O - 23.01.17 13.12.17, 15.06.18, 24.01.20
TM11 7.01307 39.72272 3493 2+1 O - 29.12.17 14.06.18

TM12 6.95493 39.73463 3769 2+1 O - 30.12.17 14.06.18, 22.01.20

TM13 6.91937 39.76898 3930 2+1 O - 31.12.17 14.06.18, 22.01.20

TM14 6.82605 39.80496 4124 10+2 O - 06.01.18 30.12.18, 26.01.20

TM15 6.81928 39.81152 4185 10+2 O - 06.01.18 30.12.18, 16.02.20

TM16 6.81327 39.81968 4103 10+2 O - 06.01.18 30.12.18, 26.01.20

TM17 6.79197 39.81005 3880 10£+2 O - 06.01.18 31.12.18, 26.01.20

and caused considerable data gaps (Fig. 3.3). The data logger positions were orginially marked
with four small plastic poles in 2m distance. They were apparently too conspicuous and led
to the loss of several items (GT01, GT04, GT18, TM01-03, TM08, and TM11). Therefore, we
removed all poles and switched to natural markers (dwarf shrubs, stones, etc.). Data loggers
GTO01 and GT04 were replaced by GT16 and GT17. On Tullu Dimtu, data loggers GT13-15 were
taken away in May 2017, but could be recovered and reinstalled in January 2018. Furthermore,
we also noticed a relatively short battery life of just two years for some of the GT and TM data
loggers leading to a substantial data loss. Two years are much shorter than the battery life
stated by both manufacturers for the respective sampling interval (GT ~ 3-5 years, TM ~ 5
years). After consultation, the manufacturer of the GT data loggers adjusted the internal han-
dling of the lithium batteries to ensure the stated battery life. The two data loggers TM05 and
TMO6 temporarily recorded unrealistic low values (down to -40 °C). Individual outliers and
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longer periods with implausible measurements were removed from the time series. After the
first reading of data logger GT07, we realised that it was accidentally placed in 6 cm depth and
not in 2 cm as intended. The relocation towards the surface in December 2017 led to an abrupt
increase in the temperature amplitude. Therefore, we calculated hourly ground temperature
gradients between 6 and 10 cm depth from GT07 and GT08 data by applying a simple linear
regression to extrapolate the GT07 measurements from 6 to 2 cm in the period 21% January to
10" December 2017. A compilation of all ground temperature time series from the Bale Moun-
tains is provided in Table S1. Data gaps were filled using a simple linear regression and data
from other GT or TM data loggers to generate a complete data set for the period 1% of February
2017 to 20" January 2020 (see Section 3.3.6). All data modifications made for each logger are
listed in Table S2 (see data availability statement for Tables S1-4).

FIGURE 3.3: Measurement period(s) of each ground temperature data logger between January 2017
and January 2020. For the statistical gap-filling method applied to obtain complete time series see
Section 3.6.

3.3.5 Meteorological measurements

Within the framework of the DFG Research Unit 2358 ten automatic weather stations (AWS)
were installed in the Bale Mountains national park between 1315 and 4377 masl beginning of
2017 (Table 3.3). The AWS are manufactured by Campbell Scientific and consist of a three metre
galvanised tubing tripod, a grounding kit, a weather-resistant enclosure, a measurement and
control system (CR800), a solar module (SDT200), a 168 Wh battery, a charging regulator, a tem-
perature and relative humidity probe (CS215) with radiation shield, a pyranometer (LI-200R),
a two-dimensional ultrasonic anemometer from Gill Instruments, and a rain gauge from Texas
Electronics (TR-525USW 8”). For protection, the AWS are wire-fenced by a 3 x 3m compound.

Air temperature, relative humidity, and global radiation are measured in 2m height, wind
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speed and wind direction in 2.6 m height, and precipitation in 1 m height. The measurement
interval is 15 minutes. All measured variables are finally aggregated to hourly averages.

TABLE 3.3: Overview of the installed automatic weather stations in the Bale Mountains. *Ratio of
actual to maximum possible measurements during the respective measurement period. **The weather
station was abondoned after breakdown in April 2018.

Weather Location Latitude Longitude Elevation First Last Data
station (°N) (°E) (masl) measurement completeness (%)*
BALEOO1 Tullu Dimtu 6.82693 39.81871 4377  04.02.17 31.01.20 73
BALE002 Tuluka 6.78945 39.77511 3848  02.02.17 30.01.20 100
BALEO0O3  Angesso Station 6.89642 39.90854 3949  31.01.17 30.01.20 68
BALE004 Magnete 6.51622 39.74515 1599  06.02.17 01.02.20 100
BALE00O5  Meskel Darkina 7.05860 39.62336 3724 09.02.17 05.10.19 97
BALE0O6  Rira Substation 6.75912  39.72161 2803  06.02.17 19.02.20 86
BALEOO7 Dinsho Head Quarter 7.09378 39.78966 3208  28.01.17 20.02.20 100
BALEO008 Sodota** 6.99249 39.70171 3529  29.01.17 21.04.18 100
BALEO009 EWCP Station 6.84945 39.88197 4124  01.02.17 30.01.20 100
BALEO10 Delo Mena 6.41199 39.83328 1315  11.02.17 01.02.20 100

3.3.6 Statistical data interpolation and analysis

To obtain a complete and consistent data set of hourly ground temperatures for the Bale Moun-
tains from 1% February 2017 until 20" January 2020, we applied a statistical gap-filling ap-
proach. Most of the ground temperature measurements from different locations or depths
overlap for a certain period in time (see Fig. 3.3) and allow to establish a statistical relationship.
We applied a simple linear regression model to interpolate missing data points in the time se-
ries of a logger using data from a nearby logger for which measurements were available. If
multiple logger with a similar equidistance came into question for the interpolation, we chose
the one that yielded the best fit (evaluated by the coefficient of determination R?) and lowest
root-mean-square error (RMSE). The overlapping measurement period between the predicting
logger and dependent logger was split into a calibration and validation part. For the interpola-
tion of incomplete time series in 10 or 50 cm depth, we drew on available data from 2 cm depth
of the same location. We used a moving average of the data from 2 cm depth to account for the
time-lag response to atmospheric changes in greater depths. The number of preceding hours
considered for the calculation of the moving average that yielded the best prediction (high R?,
low RMSE) of the ground temperatures in 10 or 50 cm depth was chosen. Details on the data
gap-filling of each incomplete time series are provided in Table S4. The validation of the sim-
ple linear models applied for interpolation revealed an average R? of 0.86 4- 0.07 and RMSE of
1.9 £1.4 °C. The time series of the data loggers TM05-06, TM08, and TM14-17 were not inter-
polated because the data served only for comparative experiments (low-cost vs. high-quality
loggers, vegetated vs. unvegetated locations, etc.) and were dispensable for the temporal and

elevational analysis.
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Most of the AWS installed in the Bale Mountains measured continuously, but some of the
time series are interrupted due to issues with the power supply (Table 3.3). The hourly mete-
orological data from the different AWS are stored in an online database and gaps in the time
series of all variables except wind speed and direction are interpolated statistically following
a workflow developed by Wollauer et al. (in revision). Single missing values are interpolated
linearly using the average of the adjacent data points. Longer gaps in a time series are filled
using available data from several nearby AWS. A multiple linear regression model fitted with
data from the overlapping measurement periods is applied to predict the missing values from
data of those AWS that reveal a strong correlation and low RMSE. Predictor variables (AWS)
with a high R? and low error are given a higher weight in the interpolation.

We evaluated the interpolated hourly meteorological and ground temperature data statis-
tically to quantify frost occurrence and spatio-temporal ground temperature variations in the
Bale Mountains. Twelve data loggers from 2 cm depth (excluding TM05-06, TM08, and TM14-
17) and five loggers from 10 and 50 cm depth were considered for calculating mean annual
ground temperatures, daily ground temperature cycles, thermal gradients, number of frost
days, frost penetration depth, elevational gradients, etc. To study seasonal ground temperature
variations related to changes in insolation, cloudiness and humidity, we conducted the calcula-
tions separately for the entire study period, the dry season (Bega: November — February), and
the two rainy seasons (Belg: March — June, Kiremt: July — October). Furthermore, comparative
measurements were performed to investigate the differences in ground temperature between
north- and south-facing slopes (GT16 and GT02-03 vs. GT17 and GT05-06), vegetated and un-
vegetated areas (TM16-17 vs. TM14-15), and the performance of low-cost vs. high-quality data
loggers (TMO08 vs. GT13).

3.3.7 Ground temperature modelling and palaeoclimate reconstruction

The potential of periglacial landforms for paleoclimatic and environmental reconstructions has
already been pointed out in pioneering studies from more than half a century ago (e.g. Gal-
loway, 1965). Periglacial landforms are often more abundant than glacial deposits, especially
in dry regions, and can be a more reliable climate proxy than palaeo glacier extents as their for-
mation is less sensitive to changes in precipitation. Here, we explore a novel and experimental
approach to infer palaeoclimatic information from relict periglacial landforms and established
ground temperature modelling (e.g. MacLean and Ayres, 1985) using on-site meteorological
data and present ground temperature measurements.

We make the following main assumptions for our model experiment: First, the large sorted
stone stripes on the Sanetti Plateau are of periglacial origin and their formation required deep
seasonal frost or sporadic permafrost with a thick active layer (see Sections 3.4 and 3.5 for argu-
ments supporting this interpretation). Second, deep seasonal frost (or permafrost) forms when
the long-term mean annual ground temperature is < -1 °C. Third, the impact of the geothermal
heat flux on ground temperatures near the surface is negligible in the Bale Mountain. The prin-
cipal idea of the introduced method is to establish a statistical relationship between the mea-
sured ground temperatures and a set of meteorological variables for simulating under which
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climatic conditions (e.g. decrease in air temperature and insolation) the mean ground temper-
ature would approximate frost conditions. For the development of separate multiple linear
regression models, we considered three locations on the Sanetti Plateau where ground tem-
peratures and meteorological variables were measured simultaneously (Tullu Dimtu, EWCP
Station, Tuluka). We chose only air temperature and global radiation as explanatory vari-
ables. The wind speed time series contains data gaps, precipitation is limited to individual
rain events, and relative humidity does not show a direct linear relationship with ground tem-
perature (see Section 3.4.3). The multiple linear regression model at each site was calibrated for
the period 1% February 2017 — 31! January 2019 and validated for the period 1% February 2019 -
20" January 2020. Based on the established statistical relationship, present-day hourly ground
temperatures in 2 cm (T2¢,) can be modelled using measured air temperature and incoming
shortwave radiation:

TZcm,i = ,30 + (ﬁl X Tair,i) + (,32 X QS,i)/ (31)

where Ty, ; (i = 1,...,n) is the hourly measured air temperature in °C, Qs is the hourly mea-
sured incoming shortwave radiation in Wm™2, f is the intercept, B is the coefficient for T,;,,
and B, is the coefficient for Qg. The coefficients and goodness of fit for each of the three linear
models are provided in Table 3.4. For simulating past ground temperatures, two additional
parameters, AT,; and AQg, were introduced:

Taemi = Bo + (B1 X (Tairi — ATair)) + (B2 X (Qsi — AQs)), (3.2)

where AT, is the difference between the mean present-day and past air temperature in °C and
AQgs is the difference between the mean present-day and past incoming shortwave radiation
in Wm 2. For simplicity, we set AQs to 30 W m 2 (the rough lowering of incoming shortwave
radiation during the LGM at 15°N, see Groos et al., in revision). To infer the air tempera-
ture depression at the formation time of the periglacial landforms using Eq. 3.2, we increased
AT, (starting with: AT,;, = 0°C) with every iteration until T.,, became < -1 °C. We tested all
three developed multiple linear regression models (Tullu Dimtu, EWCP Station, and Tuluka) to
quantify the uncertainty of the approach originating from differences in the model coefficients
B (Table 3.4). Since the lowest-situated stone stripes on the Sanetti Plateau are located at an
elevation of 3870-3890 masl, we used meteorological data (T,;, and Qs) from the Tuluka AWS
at 3848 masl to run the three models. Alternatively, the meteorological data from the higher-
situated AWS (Tullu Dimtu and ECWP Station) can be adjusted to the elevation of the stone
stripes using a lapse rate of 0.7 °C per 100 m (see Section 3.4.2). Running each model with the
locally adjusted meteorological data led to the same calculated temperature depression as us-
ing the Tuluka AWS data. We rescaled the simulated ground temperatures in 2 cm depth to the
maximum seasonal ground temperature variations in 10 and 50 cm depth observed today (see

Section 3.4.2) to model temperature variations in these depths:

(T2cm,i - min(Tkm)) X (b — [’Z)

(max(Toem) — min(Toem)) (3.3)

Ts0emi = (Toem — ) +

where (Tsoc ;) are the simulated ground temperatures in 50 cm depth in °C (i = 1,...,n), Tocm
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TABLE 3.4: Coefficients and goodness of fit of the three established multiple linear regression models

(MLRM) with ground temperature as dependent and air temperature and global radiation as explana-

tory variables. Distance means the distance between AWS and data logger, By is the intercept, 8 the
air temperature coefficiet, and 8, the incoming shortwave radiation coefficient.

Linear regression model Elev. (masl) Dist. (m) By B1 B2 RZ?cal RMSE cal (°C) R? val RMSE val (°C)

MLRM Tullu Dimtu 4377 90 3.7 1.7 0.004 0.73 3.0 0.72 3.0
MLRM EWCP Station 4124 690 1.2 1.6 0.010 0.79 3.6 0.76 3.6
MLRM Tuluka 3848 2050 -0.51.90.004 0.63 49 0.78 4.0

is the mean air temperature in 2 cm depth in °C, a (= - 1.25°C) is the predefined seasonal min-
imum, and b (= 1.25°C) the predefined maximum of Tsy, ;. For 10 cm depth (T1oc), @ equals
to -3°C and b to 3 °C. The main drawback of the presented approach is the non-consideration
of ground moisture and thermal conductivity due to the lack of respective measurements. To
further improve the method in the future, profile sensors measuring moisture, electrical con-
ductivity, and temperature in 5 cm intervals between 0 and 50 cm depth have been installed at
three AWS on the Sanetti Plateau in January 2020. The data are not yet available.

3.4 Results

3.4.1 Distribution and characteristics of periglacial landforms

The Bale Mountains comprise a wide range of periglacial landforms and other characteristic
geomorphological features related to present and relict frost occurrence (Fig. 3.4 and Table B.1).
Current frost-induced phenomena like frozen waterfalls, needle ice, patterned grounds, and
solifluction lobes are limited to the upper part of the valleys (>3900 masl), Sanetti Plateau, and
highest peaks, even though ground temperatures below freezing can sporadically extend to
much lower elevations (down to 2700-3000 masl). We observed needle ice (3-5 cm long) mainly
along water-saturated stream banks at places with cold air ponding. Needle ice is a typical
small-scale example for diurnal freeze-thaw cycles in the Bale Mountains as it forms at clear
nights throughout the dry season. Interestingly, we also found evidence for seasonal frost
phenomena. Up to 10m high frozen water falls evolve at shaded north-exposed cliffs in the
Wasama Valley during the dry season and last until the onset of the following wet season.
Active small-scale polygonal stone nets occur in flat and poorly drained areas on the Sanetti
Plateau and unvegetated solifluction lobes above 4100 masl at the southern slopes of Mount
Wasama. Compared to the modern periglacial processes and landforms, relict geomorpholog-
ical features are larger and much more pronounced in the Bale Mountains.

Most of the relict periglacial features can be found along the Harenna Escarpment, on the
Sanetti and Genale Plateau, and at the slopes of the highest peaks (Fig. 3.5a). Characteristic for
the highest peaks of the northern declivity are bare and gentle slopes and the accumulation of
scree below heavily eroded basaltic and trachytic cliffs. This type of deposits is associated inter
alia with frost weathering and differs from the chaotic spread of individual boulders below
elongated cliffs at lower elevations. Another conspicuous landform associated with periglacial
activity are large blockfields located between 3500 and 4000 masl at the southern and western
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FIGURE 3.4: Periglacial environment of the Bale Mountains: (a) view from the southern Sanetti

Plateau towards Tullu Dimtu, (b) frozen waterfall and (c) needle ice in the Wasama Valley, (d) relict

blockfields along the southern Harenna Escarpment, (e) active solifluction lobes at Mt. Wasama, (f)
relict sorted stone stripes, and (g) active sorted polygons on the Sanetti Plateau.
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FIGURE 3.5: (a) Overview map of periglacial landforms and other characteristic geomorphological

features in the Bale Mountains. (b-c) Sorted stone stripes in the western (b) and southern part (c)

of the Sanetti Plateau as seen on WorldView-1 satellite images (DigitalGlobe Foundation). (d) High-

resolution orthophoto and DSM cross-section profile of the stone stripes derived from the aerial im-
ages.

slopes of the Sanetti Plateau. The blockfields consist of hardly weathered angular boulders
and are no longer active as the presence of lichens and partly reoccupation by Erica prove.
Circular patterns across the Sanetti and Genale Plateau as well as elevated areas of the northern
declivity are not further considered here since they are, at least in some areas, of biogenic
origin related to the activity of the endemic giant mole-rat (Miehe and Miehe, 1994). The most
striking geomorphological features on the Sanetti Plateau are large sorted patterned grounds
comprising stone stripes and less developed stone circles.

The large sorted stone stripes occur exclusively on the southern and western Sanetti Plateau
and at one site on the lower Genale Plateau (Fig. 3.5). On the southern Sanetti Plateau and on
the Genale Plateau, the stone stripes formed at gentle slopes (inclination: 2 — 9°) of three differ-
ent volcanic plugs between 3700 and 3950 masl. The stone stripes consist of hardly weathered
angular or columnar basalt boulders (Fig. 3.2 and 3.6), are partly covered by lichens, and are up
to 200 m long, 15 m wide, and 2m deep (Fig. 3.5c). While the stone stripes are trough-shaped,
the areas with finer material inbetween are more rampart-like (Fig. 3.5d). The distance between
the stone stripes equals in most cases to the width of the stripes. Typical for some of the stone
stripes is that they split up into two narrower branches in the upper part and merge to a single
wider branch in the lower part. As the GPR survey suggests, the regolith layer between the
stone stripes contains no larger rocks (exceeding several decimetres) and is more than 1.5m
deep (Fig. 3.6b). The surface of the underlying solid rock was not detected. All larger rocks
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FIGURE 3.6: (a) 3D aerial view and (b) radargram of the sorted stones stripes on the southern Sanetti
Plateau. For the location of the displayed radargram section (GPR05) see Fig. 3.1.

(up to 0.5m wide and 2m long) are located mainly in the troughs or on top of the regolith
layer. On the slightly inclined (2 - 9°) western Sanetti Plateau between 3950 and 4150 masl, the
stone stripes are 300 - 1000 m long and mainly 5 - 10 m wide (Fig. 3.5b). Most of the stripes are
connected to heavily eroded cliffs. In the upper part, some of the stripes split up into multiple
branches and where the plateau flattens, a transition from sorted stone stripes to less developed
stone circles is visible in the field, but hardly recognisable on satellite images.

The six dated rock samples from two different locations on the Sanetti Plateau originate
from basaltic (BS01-04) and trachytic (BS05-06) lava flows as it is indicated by the varying al-
kali and silica contents (Table B.3). We obtained very high 3*Cl concentrations, especially for
the two trachytic samples (>120 x 10° At g~!) from the western part of the plateau (Table B.4).
In these two samples (BS05 and BS05), 36Cl has reached saturation. This means that the produc-
tion and decay of 3°Cl average out. Since the resulting exposure ages (>1000 ka) are at the limit
of the method, they are not explicitly stated in the figures and tables. Based on the remaining
samples, we calculated non-erosion-corrected 36C] surface exposure ages of 84 4, 281 +12,
and 281 + 13 ka for the southern and of 620 + 13 ka for the western stone stripes (Table B.4).
However, due to the high 36C] concentrations, an erosion rate of >l mmka~! would lead to

considerably older exposure ages for all samples except BSO1. The “old” ages conflict with a
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relatively young formation age (e.g. global LGM or postglacial) as suggested by the morphol-
ogy and hardly weathered surface of the investigated angular and columnar boulders. Long-
term exposure of the sampled rocks to 3**Cl-producing cosmic rays prior to the formation of the
stone stripes could explain this mismatch. Despite the high 3Cl concentrations, a temporary ice
cover overlying the stone stripes for several thousand years during the last glacial cycle cannot
be entirely ruled out from the exposure dating alone. A meter-thick ice cover would reduce the
production rate, but a period of several thousand years would not be sufficient to affect the *°Cl
concentrations noticeably or zero the inheritance. However, a temporary ice cover overlying

the stripes seems unlikely in light of the absent field evidence for such a scenario.

3.4.2 Present frost occurrence and ground temperature variations

FIGURE 3.7: (a) Hourly ground temperatures and (b) seasonal ground temperature variations in 2,

10, and 50 cm depth on the southern Sanetti Plateau (3877 masl) from January 2017 to January 2020.

A local regression with a smoothing span of 0.32 was applied to derive seasonal ground tempera-

ture variations from hourly measurements. Daily mean ground temperature variations in 50 cm are
provided additionally (thin dark red line).

The observed present-day ground temperatures in the Bale Mountains show characteristic
daily and seasonal variations, but are in general way off from permafrost conditions (Fig. 3.7).
At the location of the stone stripes on the southern Sanetti Plateau, the mean multiannual
ground temperature between the surface and 50 cm depth is 11 °C. On top of the highest peak
Tullu Dimtu, the mean annual ground temperature is 7.5 °C. The mean air temperature at the
same location is 2°C and therefore about 5.5°C lower than the mean ground temperature.
While the daily ground temperature range is largest near the surface and decreases with depth,
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FIGURE 3.8: (a) Mean multiannual and multiseasonal diurnal ground temperature cycle in 2, 10, and
50 cm depth considering all data (as defined in Section 3.6) between February 2017 and January 2020
from the respective depths. The shaded areas display the mean diurnal ground temperature vari-
ability (as standard deviation) resulting from the different logger locations. First column: multian-
nual mean, second column: multiannual dry season mean (Bega: Nov/Dec/Jan/Feb), third column:
multiannual wet season mean (Belg: Mar/Apr/May/Jun), fourth column: multiannual wet season
mean (Kiremt: Jul/Aug/Sep/Oct). (b) Multiannual (black) and multiseasonal (Bega: green, Belg:
blue, Kiremt: purple) daily ground temperature profiles in 2-50 cm depth between February 2017 and
January 2020. Each line represents a mean daily ground temperature profile averaged over the five
locations where data loggers where installed in 2, 10, and 50 cm depth. (c) Mean multiannual (black)
and multiseasonal (Bega: green, Belg: blue, Kiremt: purple) ground temperature gradients in 2 cm
depth between 3493 and 4377 masl considering all data (excluding the warm-biased GT16 logger from
a southern slope and the cold-biased GT17 logger from a northern slope) from Feb 2017 to Jan 2020.
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the seasonal variations in all depths follow a similar cycle (Fig. 3.7). On the plateau, the ground
cools down during the dry season (Bega) and warms up during the wet seasons (Belg and
Kiremt). The difference between the seasonal minimum and maximum of daily mean temper-
atures over a year is about 10 °C near the surface, 6 °C in 10 cm, and 2.5°C in 50 cm depth
(in Fig. 3.7, daily mean ground temperatures are only presented for 50 cm depth). This shows
that seasonal temperature variations can also be of relevance for tropical mountains with a pro-
nounced diurnal climate. The time series is far too short for deriving any long-term trends, but
the interannual ground temperature variability observed during the three-year period (2017 —
2020) was rather low (<0.5°C).

Near the surface, the diurnal ground temperature amplitude is well pronounced and varies
on average between 10-20 °C during the wet and 20-30 °C during the dry season (Fig. 3.8a).
Extreme temperatures of up to 45-50 °C during cloudless days and down to -10 °C during clear
night have been observed on the Sanetti Plateau. Nocturnal ground frost on the plateau occurs
at 35-90 days per year. However, the frost penetrates only the uppermost centimetres. The
diurnal amplitude decreases considerably with increasing depth. At 10 cm depth, tempera-
tures below freezing have not been measured at any of the logger locations during the entire
study period. The annual ground temperature profile in the upper 50 cm is homogeneous.
The daily temperature difference between the surface and 50 cm depth is rarely larger than
+2°C (Fig. 3.8b). Annual ground temperatures increase from Tullu Dimtu down to the lowest
logger location in the Web Valley by 0.71 °C per 100m (Fig. 3.8c), but noctural frost occurs in
the valleys still at 5-25 days per year. The ground temperature gradient of 0.71 °C per 100 m
is similar to the annual lapse rate obtained for the plateau (0.70 °C per 100m) and northern
declivity from measured air temperatures (Fig. 3.9). Interestingly, the lapse rate obtained for
the Harenna Escparment is less steep (0.62 °C per 100 m) and might represent wetter conditions
and pronounced cloud formation at the southern declivity between ~1500-3800 masl compared
to the drier plateau and northern declivity. However, the number of AWS below the afro-alpine
belt is not sufficient to determine unequivocally elevations where the mean annual lapse rate
changes from a more or less dry adiabatic to a moist adiabatic and vice versa. Distinct eleva-
tional changes in the lapse rate could indicate the mean annual condensation level as well as
the upper atmospheric storey where dry north-easterly trade winds dominate.

The comparative experiment on Mount Wasama shows clear differences between the ther-
mal regime of the southern and northern slope (Fig. 3.10a). The southern slope is on average
more than 2 °C warmer and reveals a more pronounced seasonality and larger diurnal ampli-
tude which favours freezing and thawing and might explain the presence of solifluction lobes.
While the mean daily temperature at the southern slope peaks towards the end of the dry sea-
son (January to February) when the sun is in its zenith, it reaches its maximum at the northern
slope a few month later when the sun approaches its northernmost position. The ground tem-
perature differences between vegetated and unvegetated areas on the Sanetti Plateau are less
obvious (Fig. 3.10b). Small Erica trees and bushes buffer the diurnal temperature amplitudes of
the shaded ground, but have only little impact on the seasonality. Like at Mount Wasama, both
south exposed locations at Tullu Dimtu (vegetated and unvegetated) have their temperature
maxima at the end of the dry season, whereas the vegetated and unvegetated locations in the
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FIGURE 3.9: Mean multiannual and multiseasonal (Bega: Nov/Dec/Jan/Feb, Belg:

Mar/Apr/May/Jun, Kiremt: Jul/Aug/Sep/Oct) lapse rate of air temperature (a) in the Bale

Mountains, (b) along the Harenna Escarpment, (c) along the northern declivity, and (d) on the Sanetti

Plateau between February 2017 and January 2020. The lapse rate for the northern declivity and

Sanetti Plateau is given in °C per 100 m because of the relatively small elevation range (ca. 1200 and
500 m).

FIGURE 3.10: (a) Comparison of the seasonal ground temperature variations in 2, 10, and 50 cm

depth between the northern and southern slope of Mount Wasama. Data from the southern slope

at 4153 masl are from the loggers GT16/GT02/GT03, and data from the northern slope at 4181 masl

are from the loggers GT17/GT05/GT06. (b) Comparison of seasonal ground temperature variations

in 2, 10, and 50 cm depth between locations with and without Erica at the slopes of Tullu Dimtu. A

local regression with a smoothing span of 0.32 was applied to derive seasonal ground temperature
variations from hourly measurements.

plain heat up during June/July. The cross-comparison between low-cost and high-quality data
loggers on top of Tullu Dimtu revealed a promising relationship (R? = 0.98) and proved that the
tested low-cost loggers, which have not been developed explicitly for scientific applications, are
suitable for short-term (< 1 year) ground temperature measurements and experiments at high
elevations. Both loggers measured nearly the same mean ground temperature (8.46 vs. 8.48 °C).
Only the standard deviation of the low-cost logger was a bit larger (9.1 vs. 7.3 °C) since it was

installed minimal closer to the surface.

3.4.3 Modelled palaeo ground temperatures

At the three locations on the Sanetti Plateau (Tullu Dimtu, EWCP Station, and Tuluka), where
ground temperatures and a set of meteorological variables were measured concurrently, the
ground temperature is mainly controlled by air temperature and global radiation (Fig. 3.11).



3.4. Results 67

FIGURE 3.11: Relationship between hourly ground temperatures in 2 cm depth and different meteo-
rological variables at three different locations: (a) Tullu Dimtu (GT13 vs. BALE0O1), (b) EWCP Station
(TM04 vs. BALE009), (c) Tuluka (GT07 vs. BALE002).

The two variables can explain together about 75 + 3 % of the ground temperature variance
(Table 3.4). Ground temperature and the other meteorological variables do not show any sig-
nificant linear relationship what is not surprising in view of the non-consideration of ground
moisture. Precipitation, relative humidity, and wind speed affect ground moisture as well
as evaporation and therefore alter the energy balance at the surface and energy transfer into
the ground. Measuring and considering ground moisture (directly at the AWS) would likely
help to reduce the uncertainties of the applied multiple linear regression models (RMSE of 3-
4°C). Nevertheless, the established relationship between ground temperature and air temper-
ature/global radiation is strong enough to use the models for a first palaeoclimatic reconstruc-
tion experiment. To obtain mean annual ground temperatures associated with deep seasonal
ground frost or sporadic permafrost (Tg,ouna < -1°C) at the elevation of the lowermost stone
stripes on the southern Sanetti Plateau during their time of formation, the three tested linear
models require a mean ground temperature depression of ~12°C. This would translate into a
mean air temperature depression of 7.6 &= 1.3 °C (the error is the standard deviation of the three
model outputs) which would imply a mean annual air temperature on the southern plateau of
-1.9£1.3 °C. The deduced stronger decrease of the ground temperature over the air tempera-
ture is due to the observed modern relationship. A cooling/warming of the air of 1 °C relates
to a decrease/increase of the ground of 1.6-1.9 °C and vice versa (see Table 3.4 and Fig. 3.11).
The geophysical reason for this statistical relationship can be manifold. They are associated
with the radiative forcing and energy exchange between the atmosphere and ground, which in

turn is affected by many factors ranging from insolation, air pressure, relative humidity to the
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FIGURE 3.12: Simulated daily mean ground temperatures in (a) 2 cm, (b) 10 cm, and (c) 50 cm depth

on the southern Sanetti Plateau (3877 masl) assuming a decrease in temperature of 7.6 £1.3 °C and

decrease in global radiation of 30 Wm™?2 relative to present-day conditions. (d) A local regression

with a smoothing span of 0.32 was applied to derive seasonal ground temperature variations from
daily mean values.

thermal conductivity, specific heat capacity, density, humidity, albedo, etc. of the ground.

Over a year, the seasonal mean daily ground temperature fluctuations between the surface
and 50 cm depth were theoretically large enough to freeze and thaw the upper half metre of the
ground (Fig. 3.12). However, seasonal freezing and thawing below 50 cm depth seems unlikely
in the past if the ground properties and seasonal temperature fluctuations were similar like
today. A mean annual ground temperature in the order of -1 °C seems critical for the formation
of deep seasonal frost on the Sanetti Plateau since much warmer temperatures would prevent
seasonal freezing and lower temperatures seasonal thawing.

3.5 Discussion

Comprehensive geomorphological investigations in combination with different field measure-
ments, °Cl surface exposure dating, and statistical ground temperature modelling presented
here provide novel insights in the distribution, characteristics, and palaeoclimatic implica-
tions of modern and relict periglacial landformsin the tropical Bale Mountains in the southern
Ethiopian Highlands. Modern diurnal and seasonal frost phenomena like small-scale patterned
grounds, solifluction lobes, frozen waterfalls, and needle ice are limited to the Sanetti Plateau,
the highest peaks, and the upper part of the northern valleys above 3900 masl. Relict periglacial
landforms are more abundant and much more pronounced in the Bale Mountains. Besides ex-
tensive blockfields along the southern and western Harenna Escarpment, large sorted stone
stripes on the southern and western Sanetti Plateau between 3850 to 4150 masl are the most
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prominent geomorphological features. These features are associated with seasonal freezing
and thawing of the upper half metre of the ground. Ground temperature measurements at
sixteen locations between 3493 to 4377 masl over a three-year period (2017-2020) verify sea-
sonal temperature variations and frequent nocturnal frost on the plateau and in the valleys.
However, the frost penetrates only the uppermost centimetres of the ground. The mean an-
nual present-day ground temperature between the southern stone stripes (~11°C) is way off
from permafrost conditions. Experimental modelling suggests that a distinct ground temper-
ature depression of ~12°C and air temperature depression of 7.6 += 1.3 °C would be necessary
for the formation of deep seasonal frost at the elevation of the stone stripes. The main aim of
the following discussion is to elaborate when and how the large structures may have formed
and what their presence implies for the palaeoclimate and palaeogeoecology of the tropical
Ethiopian Highlands.

Patterned grounds comprising sorted stone stripes, circles, and polygons are a common
feature of periglacial environments and are known from the Arctic (e.g. Nicholson, 1976; Hallet,
2013), Antarctic (e.g. Hallet, Sletten, and Whilden, 2011), mid latitudes (e.g. Richmond, 1949;
Miller, Common, and Galloway, 1954; Ball and Goodier, 1968; André et al., 2008), and high
mountains worldwide (e.g. Francou, Méhauté, and Jomelli, 2001; Matsuoka, 2005; Bertran et
al., 2010). They have also been detected on other celestial bodies like Mars (e.g. Mangold, 2005;
Balme et al., 2009). Small-scale sorted stone stripes in the order of centimetres to decimetres,
which are associated with superficial diurnal freeze-thaw cycles, are typical for several mid-
latitude and also high tropical mountains (e.g. Francou, Méhauté, and Jomelli, 2001; Matsuoka,
2005). However, large sorted stone stripes comparable to those on the Sanetti Plateau (10-15m
wide and 100-1000 m long) have not been reported from any other tropical mountain and seem
to be a rare phenomenon in general. In contrast to small-scale features which do not necessarily
require mean annual air temperatures below freezing, large sorted patterned grounds like stone
circles and polygons that are well-documented for the High Arctic (e.g. Kessler and Werner,
2003; Hallet, 2013) occur commonly in permafrost areas with mean annual air temperatures of
-4 to -6 °C (Goldthwait, 1976). The only other location worldwide where stone stripes in the
same order of magnitude as on the Sanetti Plateau and even larger have been described are the
non-volcanic Falkland Islands in the South Atlantic (André et al., 2008).

The vernacular term for extensive blockstreams and stone stripes in the Falkland Islands
is “stone runs”. Stone runs cover large parts of the eastern and western island and are linked
to quartzite outcrops in the elevated areas (50-700 m). The stone stripes in the Falkland Island
show some interesting similarities and differences with the features on the Sanetti Plateau.
They occur in clusters at gentle slopes (inclination: 1-10°), are several hundred meters long,
several meters wide, consist of large angular blocks (up to 2m wide and 5m long), and origi-
nate in some cases from eroded ridges and summit areas. As on the Sanetti Plateau, the coarse
stone stripes in the Falkland Islands run parallel downslope and alternate with stripes of fine-
grained material of similar width (André et al., 2008). However, the partial emergence of stone
stripes from blockfields and downslope transition into vast blockstreams as it is typical for
the Falkdland Islands is uncommon for the Bale Mountains where the stripes are restricted to
the plateau and the blockfields to the southern and western escarpment. Also the geological
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(volcanic vs. sedimentary and metamorphic rocks), climatic (continental vs. oceanic), and geo-
graphical setting (tropical mountain vs. mid-latitude island) between the Bale Mountains and
Falkland Islands differs considerably. A link between both locations is the coexistence of coarse
and fine-grained material (large angular blocks and regolith) and the evidence for glaciations
and colder conditions during the Pleistocene (Clapperton, 1971; Clapperton and Sudgen, 1976;
Groos et al., in revision).

The origin and genesis of the stone runs in the Falkland Islands has been discussed con-
troversially over the last one hundred years and numerous theories have been proposed to
explain their formation as a result of different interconnected periglacial processes (frost shat-
tering, frost heave, frost sorting, etc.). Based on a literature review and micromorphological
analyses, André et al. (2008) come to a more nuanced conclusion and consider the stone runs
as complex polygenetic landform. The authors hypothesise that the parent material (blocks and
regolith) formed under subtropical or temperate conditions during the Neogene/Palaeogene
and interpret the stone runs as the product of subsequent frost-sorting during the cold stages
of the Pleistocene. Nevertheless, the understanding of the physical processes underlying the
frost-related sorting of such large blocks is still fragmentary (Aldiss and Edwards, 1999). The
limited process understanding, the small number of analogies worldwide, and the lack of a
cross-section profile complicate the interpretation of the stone stripes on the Sanetti Plateau in
the Bale Mountains, but the following observations and findings suggest that deep seasonal
frost and periglacial processes played a major role in the formation of this landform.

As aforementionend, the Bale Mountains were covered by an extensive ice cap and expe-
rienced a pronounced cooling of 4-6 °C between 50-30 ka (Ossendorf et al., 2019; Groos et al.,
in revision). It is important to note that the stone stripes on the western and southern Sanetti
Plateau are located beyond the glacial remains and the assumed maximum extent of the for-
mer ice cap. The obtained 3°Cl surface exposure ages of >600ka (**Cl has reached saturation
in two samples) for the western and of 84 44, 281 + 12, and 281 + 13 ka for the southern stone
stripes predate the local last glacial maximum. However, the exposure ages probably do not
represent the timing of formation or stagnation of the features. Since the sampled trachytic
blocks and columnar basalt originate from eroded cliffs and volcanic plugs, it is likely that they
were exposed to cosmic radiation during and prior to the formation of the stone stripes. The
well-preserved morphology, the absence of erratic boulders in the surrounding area, and the
high **Cl concentrations indicate that the stone stripes have not been eroded and deformed by
a dynamic and warm-based glacier. However, we cannot compeletely rule out that stagnant,
cold-based, and relatively shallow ice covered the stripes for several thousand years. Such an
ice cover would not have been sufficient to zero the inheritence (high 3°Cl concentrations). We
interpret the hardly weathered surface of the angular blocks and little reoccupation by vege-
tation as an indication for a younger formation stage of the stone stripes coinciding probably
with the coldest and driest phase in Africa (30-15ka) during the last glacial period (e.g. Tierney
et al., 2008). The ice extent in the Bale Mountains at ~18 ka was slightly smaller compared to
the local LGM despite the general cooling trend in Eastern Africa. The lack of any evidence for
a major glacier advance between the local LGM and the ~18ka stage might be indicative of a

cold and dry climate which provides ideal conditions for periglacial processes.
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A precondition for the formation of patterned grounds is cyclic freezing and thawing of a
decimetre- to meter-thick layer and the coexistence of fine-grained material and larger stones
or blocks (Kessler et al., 2001; Kessler and Werner, 2003). Both large blocks and fine-grained
material are present on the Sanetti Plateau. A decimetre-thick regolith layer rich in silt and
loam covers the underlying bedrock of the plateau (Lemma et al., 2019). Whether the regolith
has developed during the Pleistocene or during warmer periods before, as suggested for the
Falkland Islands, remains unclear. The accumulation of trachytic blocks and columnar basalt at
some places on the plateau is probably related to intensive frost wedging at cliffs and volcanic
plugs during the last glacial cycle. As our ground temperature modelling suggests, a half-
meter-thick frozen layer could have formed seasonally on the plateau outside the glaciated
area as the result of a pronounced air temperature cooling of 7.6 1.3 °C during the coldest
period of the last glacial cycle. Deep frozen grounds and sporadic permafrost still exist at some
of the highest tropical and subtropical mountains in Africa (Kaser et al., 2004; Vieira, Mora, and
Faleh, 2017). Potential evidence for past sporadic permafrost in the Bale Mountains exists in the
northeastern Togona Valley, which was covered by a 8 km long valley glacier during the Late
Pleistocene. During or after deglaciation of the lower part of the valley, two large landslides
(0.5 and 1.5km long; see Fig. 3.5) occurred between the ~18ka and ~15ka moraine stages and
might have been triggered by slope destabilisation due to thawing permafrost.

The strongest arguments for the stone stripes being the “final” product of frost heave and
sorting is their configuration as well as the presence of less-pronounced relict large sorted stone
polygons in the highest flat parts of the western plateau. The width of the alternating fine-
grained and coarse stone stripes (about 10-20 times larger than the average block size), the
absence of larger blocks in the fine-grained stripes, the axis orientation of the stripes parallel to
the greatest slope, and the convergence of individual narrower branches to wider single stripes
is remarkably similar to patterned grounds at gentle slopes predicted by numerical models af-
ter several hundred freeze-thaw cycles (Werner and Hallet, 1993; Mulheran, 1994; Kessler et al.,
2001; Kessler and Werner, 2003). Such numerical models can reproduce the self-organization
of different sorted grounds by varying just a few parameters (mainly stone concentration, hills-
lope, and degree of lateral confinement) and need about 500 to 5000 freeze-thaw cycles to form
similar stripe patterns as found on the southern Sanetti Plateau (Fig. 3.5). Less cycles would
lead to a more random configuration and more cycles would eliminate the smaller branches
and lead to a “perfect” sorting of the stripes (see Fig. 2 in Werner and Hallet, 1993). Assuming
downslope displacement rates of 10-50 cm per year (or cycle) for clasts as it is observed for
small-scale periglacial features in the tropics (Francou and Bertran, 1997) would require a sim-
ilar number of cycles (about 400 to 2000) to form the 200 m long stone stripes on the southern
plateau. In view of the length of the coldest phase of the last glacial period, the formation of
the stone stripes on the plateau in proximity to the ice cap over several hundred to thousand
cycles/years is a plausible scenario.

Instead of seasonal variations, longer freeze-thaw cycles could theoretically also explain
the formation of the stone stripes on the Sanetti Plateau. A formation over several cold stages
during the Pleistocene as proposed for the stone runs in the Falkland Islands (Wilson et al.,
2008) is conceivable. This would imply the formation of sporadic permafrost during the colder
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periods and complete thawing of the ground during the warmer periods of the Pleistocene. The
“old” exposure ages would generally support such a scenario, although the mismatch between
the high 3Cl concentrations of the western stone stripe compared to the lower concentrations of
the southern stone stripe would remain an open question. However, due to the well-preserved
morphology of the stone stripes, the verified seasonal ground temperature variations on the
Sanetti Plateau, and the absence of further evidence for the formation over several cold stages,
we propose seasonal freezing and thawing during the last glacial cycle as the main mechanism
for the formation of the stripes.

The presence of sorted stone stripes and other relict frost-related landforms on the Sanetti
Plateau and along the Harenna Escarpment provide further evidence that the Bale Mountains
underwent severe climatic and environmental changes during the Pleistocene. Both glacial
and periglacial processes played a major role in shaping the afro-alpine landscape. The in-
ferred cooling of 7.6 & 1.3 °C needed for the formation of large patterned grounds on the Sanetti
Plateau is much larger than the temperature decrease in the Bale Mountains of 5.1 0.7 °C de-
rived from the estimated snow line depression during the local last glacial maximum 50-30 ka
(Groos et al., in revision). This discrepancy might indicate a further cooling in the southern
Ethiopian Highlands from the time of the local maximum glacier expansion to the global LGM
(22 4 ka) as seen in other climate records from Eastern Africa and worldwide (e.g. Jouzel
et al., 2007; Tierney et al., 2008). Moreover, the reconstructed temperature decrease from the
Ethiopian Highlands in comparison with the reconstructions from the lower-situated Congo
Basin and Lake Tanganyika in the order of 4 to 4.5 °C (Weijers et al., 2007; Tierney et al., 2008)
reveals an amplified tropical cooling at high elevations in Eastern Africa during the global
LGM. Strong evidence for such a cooling is also provided by sea surface and air temperature
reconstructions from different lakes along an elevational transect in Eastern Africa. Loomis
et al. (2017) explain the observed elevational trend with a steeper tropical lapse rate (I'rgm
=6.74+0.3°Ckm~! vs. T)p4ern = 5.8 £0.1°C km™!) related to a drier atmosphere during the
global LGM. The present-day mean annual lapse rate and ground temperature gradient on the
Sanetti Plateau of 0.7 °C per 100m (Fig. 3.8 and 3.9) is larger than thepalaeo (I' 1) and mod-
ern (I';04rn ) East African lapse rate between 474 and 3081 masl. This emphasises that attention
should be drawn to temporal as well as vertical changes in the lapse rate when reconstructing
or simulating the palaeoclimate of the tropics. Despite improvements, global climate models
still tend to underestimate the cooling at high elevations in the tropics during the last glacial
cycle (Loomis et al., 2017).

The palaeoclimatic and environmental findings presented here have direct implications for
the settlement history and ecology of the Bale Mountains. Latest archaeological excavations
at 3469 masl in the northwestern part of the Bale Mountains along with biogeochemical, zoo-
geographical, and glacial chronological investigations reveal that Middle Stone Age foragers
resided in the highlands already between 47 to 31 ka and made use of the available alpine re-
sources (Ossendorf et al., 2019). Why the residential site was abandoned after 31 ka is unclear,
but might be related to a gradual cooling and dessication of the highlands until the global
LGM as suggested by the large-scale periglacial landforms and lack of major glacier advances
between 50-30 and ~18ka (Groos et al., in revision). Moreover, the temperature depression,
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ice cover, and periglacial conditions must have also affected the habitat of endemic mammal
species like the Ethiopian wolf, giant mole-rat, and mountain nyala that currently populate the
Sanetti Plateau and upper valleys (Miehe and Miehe, 1994). Due to the absence of any evidence
for glacial extinction events in the region, we conclude that endemic plants and mammals as
well as Middle Stone Age foragers coped with the harsh climatic and environmental conditions
in the Ethiopian Highlands during the Pleistocene.

Many questions regarding the relict periglacial processes and landforms in the Bale Moun-
tains remain open due to the pioneering and experimental character of this study and may
hopefully stimulate further research on this topic. A key challenge for better understanding
the landscape evolution on the Sanetti Plateau is the development of a robust geochronology.
The age of the volcanic plugs, the formation time of the regolith and stone stripes as well as
the deglaciation history of the former ice cap on Tullu Dimtu are uncertain. Moreover, infor-
mation on the depth and internal structure (grain size distribution, mineral composition, etc.)
of the coarse and fine-grained stone stripes would provide additional insights into the genesis
of the landforms. To reduce the uncertainty of the statistical model applied for ground tem-
perature simulations and air temperature reconstructions, considering the impact of moisture
on the thermal conductivity and heat capacity of the ground as well as energy fluxes into the
ground is necessary. It is possible that ground moisture and stagnant water played a more
important role during the Late Pleistocene than today due to (perma)frost-induced waterlog-
ging and perennial melting of snow and ice. Why the relict patterned grounds are restricted to
the southern and western Sanetti Plateau can be explained by the assumed preconditions for
their formation: a relatively flat and unglaciated terrain, presence of coarse and fine grained

material, deep ground frost, and absence of a thick snow layer.

3.6 Conclusion

This contribution provides further evidence that the tropical Bale Mountains in the southern
Ethiopian Highlands were subject to severe climatic and environmental changes during the
Late Pleistocene. Both glacial and periglacial processes have shaped the afro-alpine environ-
ment. Compared to the modern nocturnal and seasonal frost phenomena, relict periglacial
landforms like blockfields along the Harenna Escarpment and sorted stone stripes on the Sanetti
Plateau are much larger and more developed. The large sorted stone stripes are exceptional for
the tropics and probably formed under periglacial conditions in proximity of the palaeo ice
cap on Tullu Dimtu during the coldest period(s) of the last glacial cycle. We hypothesise that
the slightly inclined and unglaciated areas of the Sanetti Plateau, the coexistence of regolith
and large blocks, the occurrence of deep seasonal frost, as well as relatively dry conditions
beyond the ice cap provided ideal conditions for frost heave and sorting and the formation
of large patterned grounds. Based on our ground temperature measurements and modelling
experiment, we propose a distinct ground temperature depression of ~12°C and air temper-
ature depression of 7.6 £ 1.3 °C as precondition for the formation of deep ground frost on the
Sanetti Plateau. The novel idea of using a statistical relationship between measured present-
day ground temperatures and meteorological variables to assess past climatic changes through
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the simulation of palaeo ground temperatures has also potential for other regions where relict
frost-related periglacial landforms exist. Comparing the reconstructed air temperature depres-
sion from the Bale Mountains with climate records from lower elevations in Eastern Africa
emphasises a strongly amplified cooling at high elevations that has already been outlined for
many other tropical mountains. Such a cooling in tandem with the extensive glaciation and
frost action must have dramatically affected the habitat of endemic mammal species like the
Ethiopian wolf, giant mole-rat, and mountain nyala that currently populate the Sanetti Plateau
and upper valleys of the Bale Mountains. Attention should therefore be given to the ampli-
fied middle troposphere cooling when reconstructing and modelling climatic and geoecologi-
cal changes in the tropical mountains of Eastern Africa.

Data Availability

The ground temperature data (Tables S1-4) can be downloaded from the open access library
PANGAEA (provisional link until data are published:
https://filesender.switch.chfilesender/?vid=06bf00d3-d750-e748-82f8-00006e12ef78).
Raw data, aerial images, additional field photos, etc. are available upon request by email to the

corresponding author.
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Abstract

Studies of early human settlement in alpine environments provide insights into human physio-
logical, genetic, and cultural adaptation potentials. Although Late and even Middle Pleistocene
human presence has been recently documented on the Tibetan Plateau, little is known regard-
ing the nature and context of early persistent human settlement in high elevations. Here, we
report the earliest evidence of a prehistoric high-altitude residential site. Located in Africa’s
largest alpine ecosystem, the repeated occupation of Fincha Habera rock shelter is dated to 47
to 31 thousand years ago. The available resources in cold and glaciated environments included
the exploitation of an endemic rodent as a key food source, and this played a pivotal role in

facilitating the occupation of this site by Late Pleistocene hunter-gatherers.

4.1 Main Text

The occupation of the world’s high mountains and plateaus has long been thought to have
occurred rather late in human history (Aldenderfer, 2014; Rademaker et al., 2014; Chen et al.,
2015; Meyer et al., 2017). High-altitude hypoxia severely limits every aspect of human life,
especially when combined with other stressors such as low and oscillating temperatures, arid-
ity, and higher levels of ultraviolet radiation (Beall, 2001; Aldenderfer, 2006; Alkorta-Aranburu
et al., 2012). However, recent studies have revealed the presence of a Denisova hominin as
early as 160 thousand years (ka) ago on the outer eastern slope of the Tibetan Plateau (Chen
et al., 2019), and at 4600 m above sea level (masl), short-term stays for raw material procure-
ment and artefact manufacturing have been dated to 30 to 40 ka ago (Zhang et al., 2018). Here,
we describe the world’s oldest occupation of a residential site at high elevation, which was
repeatedly inhabited by humans who exploited a glaciated African ecosystem.

Past human adaptations to African highlands are poorly known despite the considerable
amount of evidence of cultural and behavioural flexibility documented for Middle Stone Age
(MSA) populations in Africa (Barham and Mitchell, 2008; Brooks et al., 2018). Palaeoenviron-
mental and archaeological data on alpine settlements are needed to assess the modes of past
human biological responses, such as short-term acclimatization (e.g., via epigenetic modifica-
tions), or longer-term genetic changes (Beall, 2014; Julian, 2017). We suggest that the ecological
stability of the humid African mountains provided refugia not only for plants and animals but
also for humans during times when the lowland climates were arid (Basell, 2008; Brandt et al.,
2012; Stewart and Stringer, 2012). The Bale Mountains are ideal for testing this hypothesis,
as the endemic species richness of this largest Afro-alpine ecosystem testifies to its ecological
stability. Moreover, this area yields palaeoecological and archaeological records that enable the
reconstruction of landscape and human history (Miehe and Miehe, 1994).

Here, we present the results of combined archaeological, soil biogeochemical, glacial chrono-
logical, and zoogeographical analyses. Archaeological excavations were conducted at the MSA
site Fincha Habera, and intensive surveys were conducted to locate related human activities in
the landscape. This led to the identification of five obsidian outcrops at ~4200 masl (Fig. 4.1
and Fig. C.1), the highest currently known in Ethiopia. Abundant surface scatters of flaked
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FIGURE 4.1: Geographic location and setting of the study area. (A) Overview map of the glaciated

Bale Mountains in southern Ethiopia during the local Last Glacial Maximum (45.5 + 3.6 ka ago). (B)

Detailed map showing the glacial chronology of the northwestern valleys, the location of the MSA

site Fincha Habera rock shelter and the location of natural obsidian sources (B04, B06, and B08) along

the ridge between the glaciated Harcha and Wasama Valleys. (C) Setting and (D) close-up view of
Fincha Habera rock shelter in the Web Valley.
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FIGURE 4.2: Stratigraphic sequence of the archaeological deposits. (A) Photograph of north wall
profile section (square E8) with lithofacies defined in the field, location and material of radiocarbon
samples, and AMS dating results [in thousands of years calibrated before present (ka cal. BP)]. Shaded
area indicates sample column of anthrosol analyses. (B) Schematic drawing of west wall profile section
(square H11) showing lithofacies, location and material of radiocarbon samples, and AMS dating
results. Dated materials are charcoal (black), giant mole-rat bones (yellow), coprolites (red), and black
carbon (green). Gray scale (100) shows absolute height below datum. Scale is in centimetres..

artefacts were found around the outcrops, which is evidence of extensive human obsidian ex-
traction (C.2).

At Fincha Habera rock shelter (3469 masl), <10km away and ~700 m lower than the ob-
sidian outcrops, a succession of fluvial sediments with considerable human input of varying
extent and nature were excavated. In both squares (>3 m apart; Fig. C.3), a similar stratigraphic
sequence was encountered, characterised by a twofold division of the deposits (Fig. 4.2). The
younger deposits were dated to the last 800 years and consisted of a 20-cm-thick succession of
finely laminated layers of banded ash and charcoal (lithofacies FHL-01 to FHL-06). The cultural
material only included eight undiagnostic obsidian artefacts, five pottery shards, and a single
glass bead. A biogeochemical analysis of the anthrosols showed high amounts of organic car-
bon, black carbon, and nitrogen but low amounts of phosphorus and calcium (Table C.1). This
indicated intensive burning activities and a high input of organic material with only limited
bone contribution. The ratios of 5b-stanols revealed a dominant presence of herbivore faeces
in this upper part of the sequence (Fig. 4.3), which corresponds to the site’s recent function
as a livestock enclosure (see Section 4.2). By contrast, the lower part (lithofacies FHL-07 to
FHL-09) consisted of unconformably deposited sandy silt sediments. Single charcoal nodules
occurred scattered or accumulated throughout the excavated layers (Fig. 4.2). Typical MSA
lithic artefacts (n = 1011), as well as faunal remains (n = 3655) and hyena coprolites (n = 88),
were found in these layers. Anthrosol analyses showed less organic carbon, black carbon, and
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FIGURE 4.3: Soil profile and depth functions of biogeochemical proxies representing soil organic mat-

ter quantity [total organic carbon (TOC) and nitrogen] and human influence (black carbon content,

element contents, and steroid pattern). Plot on the far right shows the ratio of 58-stanols (coprostanol

+ epicoprostanol) / (58-stigmastanol + epi-53-stigmastanol). The red line differentiates major input of
herbivore feces (<1) and omnivore feces (>1).

nitrogen in the lower deposits, indicating less input of organic material and only remnants of
former hearths. The quantities of phosphorus and calcium were much higher compared with
the upper part (Fig. 4.3), which is consistent with the increased number of bones. The ratios
of 5b-stanols indicated a major contribution of omnivore faeces (Fig. 4.3). Although the as-
sessment for 5b-stanols does not allow differentiation between human faeces and that of other
omnivores (see Section 4.2), the faecal depositions throughout the lower part of the profile are
very likely to be of human origin because of the high 5b-stanol ratios, the high P values, the
abundance of lithic artefacts and human-accumulated fauna (see analysis below), and the low
5b-stanol ratios of directly analysed hyena coprolites (Table C.1).

Twenty-one accelerator mass spectrometry (AMS) radiocarbon dates were obtained to per-
form a chronological classification of the deposits (Table C.2). Charcoal and burnt faunal re-
mains were used to date the human occupations, and hyena coprolite samples were used to
derive the coeval human and carnivore presence. The objective of 14 C dating of black carbon
was to test the sediment integrity of the deposits (Fig. 4.2). Eight dates from the lower deposits
supported a Late Pleistocene occupation, bracketing the MSA settlement between 47 and 31 ka

ago. Very young results, exclusively derived from charcoal samples, fell within the last 800
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years and also occurred in the MSA-bearing layers (Table C.2). Accordingly, the black carbon
dates prove that mixing of the sediments had occurred, as they represent averaged ages from
their respective levels. This might most likely be associated with the digging of pits by hu-
mans (Fig. 4.2A) or with herbivores enclosed in the shelter as mentioned above. In the lower
deposits, postdepositional disturbances can be attributed to hyenas. Their presence was con-
firmed by corresponding coprolites and by nearly 200 gnawing and digestion marks visible on
large mammal bones (Fig. 4.4D). The dating results of two coprolites confirmed that hyenas
were present during and after the MSA occupation (Table C.3). Correspondingly, the vertical
distribution of coprolites (Fig. C.4) and bones with hyena marks (Fig. C.5) was largely restricted
to the upper parts of the MSA-bearing layers.

FIGURE 4.4: Selected findings from the MSA deposits. (A) Drawings of obsidian lithic artifacts: uni-

facial points (1 and 3), laterally retouched blade with alternate edge retouch (2), scraper (4), point

with basal thinning (5), and photograph of a tested cortical nodule (6). (B) Photograph of hyena (C.

crocuta) coprolite with included rodent bone fragment. (C) Photograph of ostrich eggshell fragment.

(D) Photograph of digested bovid phalanges. (E) Photograph of left mandible from a giant mole-rat
(T. macrocephalus) that shows extremity burning marks. Scale bars indicate 1 cm.

The MSA lithic assemblage from Fincha Habera clearly exhibits several similarities to broadly
coeval Ethiopian late MSA occurrences from the lowlands (Pleurdeau, 2006; Gossa, Sahle, and
Negash, 2012; Ménard et al., 2014; Pleurdeau et al., 2014; Leplongeon, Pleurdeau, and Hovers,
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2017) dating to the late Marine Isotope Stage (MIS) 3. These included the presence of prepared
core technologies, uni-facial points (Fig. 4.4, A1 and A3), laterally retouched blades (Fig. 4.4,
A2), scrapers (Fig. 4.4, A4), and points (Fig. 4.4, A5), and the assemblage composition (Ta-
ble C.3) and reduction sequences (see Section 4.2) were also similar. Obsidian was the nearly
exclusively used raw material at Fincha Habera. Electron microprobe analysis of 14 obsidian
artefacts (Fig. C.4) corroborated an identical chemical composition with samples from the local
obsidian outcrops at 4200 masl (Data S1). A different composition was only noted for a single
artefact (sample 17/2-14), which also differed from more than 30 known obsidian sources in the
Afar and Main Ethiopian Rift (Negash, Brown, and Nash, 2011). The lithic analysis of the as-
semblage revealed homogeneous techno-economic behaviours beginning from the acquisition
to the discard of the artefacts (see Section 4.2). The assemblage is characterised by the following
features throughout the MSA deposits: high artefact density, presence of all reduction stages of
the manufacturing process, a large amount of cortex, and a high proportion of utilised artefacts
(Data S2). In addition, the high number of unworked or only initially tested nodules (Fig. 4.4,
A6) hints at a “provisioning of places” strategy (Kuhn, 1995) applied by humans, which is
usually associated with resource predictability.

The prehistoric inhabitants of Fincha Habera rock shelter consumed the endemic Afro-
alpine giant mole-rat (Tachyoryctes macrocephalus). The abundant faunal assemblage (Ta-
ble C.4) of the MSA deposits consisted almost exclusively (93.5%) of this rodent (Fig. 4.4E).
Roasting was the predominant method of preparation, as indicated by the high number of
burnt bones and the location of the burn marks at the extremities, especially in the lowermost
MSA deposits (Fig. C.5). No digestion or gnawing marks that would suggest consumption
by hyenas could be identified on the rodent bones. Giant mole-rats have a current density of
at least 29 individuals per hectare in the local environment, with the adults weighing ~1 kg
(Bekele and Yalden, 2013). Hunting and consumption of rodents with similar life-history traits
are well documented in tropical regions worldwide (see Section 4.2). The remaining fauna at
Fincha Habera included bovids, especially the endemic mountain nyala; baboons; and a small
carnivore (probably a fox), which still occur at these altitudes today. A single fragment of os-
trich eggshell (Fig. 4.4C) must have been imported from the lowlands. All of the coprolites
(Fig. 4.4B) were probably produced by spotted hyenas (Crocuta crocuta) on the basis of their
size and morphology. Hyena digestion and gnawing marks were only visible on the large mam-
mal remains, particularly bovids. However, several coprolites were found to contain mole-rat
bones and incisors (Fig. 4.4B), thus indicating that hyenas and humans competed for this food
source.

To reconstruct the climate and environment that the prehistoric inhabitants experienced,
glacial chronological and zoogeographical studies were conducted (see Section 4.2). The ex-
tensive glaciation periods on the Bale Mountains have been corroborated by glacial landforms
and deposits in the western, northern, and eastern valleys, as well as in the central highland
(Fig. 4.1 and Fig. C.6). Even though the valley glaciers advanced multiple times, they never
reached the MSA site and its surroundings during the Quaternary (Fig. 4.1). The local Last
Glacial Maximum (Glacial Stage I, 45.5 £ 3.6 ka ago) occurred during MIS 3 (Figs. C.7 and C.8),
before the global Last Glacial Maximum (Shakun and Carlson, 2010). Glacial Stage I coincided
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with a generally cold and slightly wetter period in eastern Africa that followed the sustained
dry climate during MIS 4 (Tierney, deMenocal, and Zander, 2017; Foerster et al., 2018). This
likely favoured the advance of glaciers in the region, covering ~265 km? of the mountain range
at that time. Ice was flowing from a central ice cap down into the northern valleys and formed
several outlet glaciers. Meltwater from the Harcha and Wasama Glaciers drained through the
Web Valley and supplied fresh water to the MSA foragers given that glacial melt occurs in the
tropics throughout the year. The glacier extent at Glacial Stage II (17.3 & 1.3 ka ago) was slightly
smaller compared with Glacial Stage I (Fig. 4.1). The ages of the innermost moraines (Glacial
Stage III) suggest that deglaciation started after 15.3 & 1.2 ka ago (Figs. C.7 and C.8). Moraines
from the period in between are lacking, but because of the persistent cold conditions during
MIS 3 and 2 (Tierney et al., 2008), it is likely that the terminal position of the northern valley
glaciers oscillated between the positions of Glacial Stage II and III. Thus, prehistoric foragers in
the Bale Mountains must have been very familiar with cold, glaciated environments, especially
while accessing the ice-free ridge to extract obsidian (Fig. 4.1).

Another proxy, micro-areal endemic wingless ground beetle species strictly adapted to the
forest zone and to permanently humid, humus-rich soil conditions (Table C.8), also corroborate
the availability of fresh water as a reliable and persistent resource during the MSA occupation.
In addition, based on their large diversity and geographical distribution (C.9), as well as their
known phylogenetic age, these beetles confirm that permanent surface water drainage systems
across the Bale Mountains are considerably older than the last glacial cycle (see Section 4.2).
Therefore, gallery forests should have occurred in close vicinity to the MSA site during the
last glacial period, thus forming a habitat for the mountain nyala and other prey species of the
MSA foragers. Because this applies to all valley systems of the Bale Mountains, the ground
beetle data are clear evidence of the widespread and simultaneous presence of more moderate
Pleistocene environments downslope of the central highland (Fig. C.9).

The above results reveal substantial strategic decisions made by MSA foragers in high ele-
vations. Over several millennia, Fincha Habera was repeatedly used as a residential site. This
function is indicated by the density of archaeological materials, the existence of hearth remains
and the use of fire, the massive presence of human faeces, the simultaneous manufacture and
intense use of predominantly locally derived lithic artefacts, and the preparation and consump-
tion of food. Moreover, the location of Fincha Habera in more moderate climatic contexts was
optimally placed at elevations 500 to 700 m below the glaciers, but still in proximity to available
resources. The practice of importing predictable resources to a residential site from logistical
forays into the Afro-alpine zone included the gathering of obsidian and giant mole-rats. By
focusing on the latter as a sustainable key food source, two essential requirements for high-
altitude living — higher caloric demands and a reduction of physical strain — were met. This
prey was available year-round, occurred in large numbers within a restricted habitat, and was
easy to catch (Yalden and Largen, 1992; Sillero-Zubiri, Tattersall, and Macdonald, 1995). These
factors enabled long-term stays at Fincha Habera within a potential annual subsistence circuit.
The identification of additional coeval residential sites would be needed to prove permanent
human residence in the Bale Mountains, which can currently be neither proven nor refuted.

Past connections with lowland areas are indicated by the presence at Fincha Habera of an
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ostrich eggshell fragment and artefacts made of obsidian and quartz of unknown provenance.
Although only a few late MIS 3 dates are available from the Main Ethiopian Rift and beyond,
coeval human presence during this period at lower elevations is likely (Ménard et al., 2014;
Pleurdeau et al., 2014; Brandt et al., 2017) and does not favour an interpretation of the Bale

Mountains as a climate-driven human refuge.

4.2 Materials and Methods

4.2.1 Archaeological survey and excavation

Extensive archaeological surveys (2015-2018) were carried out by foot and pack horse to map,
document and investigate the spatio-temporal distribution of past human settlement activities
and strategies. Aimed at covering the six major landscape and distinct mesoclimatic units of the
Bale Mountains, as defined by Miehe and Miehe (Miehe and Miehe, 1994), this was primarily
based on the distribution of rock shelter sites recorded by Reber et al. (2018). The exploration
of rock shelters with signs of prehistoric human use was accompanied by intensive surveys in
the vicinity to identify associated open-air activities, e.g. at former quarrying sites. The only
obsidian outcrops were identified and sampled on Wasama Ridge (Fig. 4.1, Figs. C.1, C.2) and
include sites B04 (4240 masl: 6.931790 °N, 39.765835 °E), B05 (4188 masl: 6.933269 °N, 39.761610
°E), B06 (4187 masl: 6.933269 °N, 39.761613 °E), B07 (4185 masl: 6.932819 °N, 39.761227 °E) and
B08 (3959 masl: 6.944482 °N, 39.749015 °E). Further primary or secondary obsidian occurrences
in the Bale Mountains have never been detected, neither by our research unit nor during many
years of previous field work by some members. Extensive fluvial transport of obsidian can
therefore be ruled out.

Test excavations were carried out at Fincha Habera rock shelter at the eastern flank of the
Web Valley, in immediate proximity to a small stream (Fig. 4.1). The site designation in our cat-
alogue is A45 (3469 masl: 7.014577 °N, 39.720068 °E). Previous palaeoecological studies at this
site focused on the analysis of zoogenic dung deposits (Kuzmicheva et al., 2013; Kuzmicheva
et al.,, 2014). Signs of recent use include hearth remains and boulders piled at the entrance
to enclose livestock. The shelter was formed by erosion of conglomeratic deposits embedded
between two aphanatic basalt flows. With a lateral extent of more than 70 m, it is composed
of several compartments, only one of which (25 m in width) preserved sufficient amounts of
sediments to allow for the excavation of two test squares. A grid in relation to fixed points was
established within the shelter (Fig. C.3). The height of the ceiling is ~150 cm at the entrance
and steadily reduces towards the back of the shelter (~100 cm in grid squares F4 to F20; ~50
cm in grid squares I8 to I17). Two test squares (1 x 1 m) were chosen for excavation (E8 and
H11), which were further subdivided into (0.25 x 0.25 m) quarter squares according to their
compass direction. These were independently excavated following the visible stratigraphic
units. Where natural strata were greater than 5 cm thick, these were subdivided into artificial
spits of a maximum of 5 cm depth (Fig. C.4). In a few instances this was not possible due to the
presence of larger rocks. All sediments were dry sieved through 5-, 2.5- and 1-mm mesh sizes.
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Sorting and labelling of the archaeological material recovered by excavation and sieving — in-
cluding faunal and botanical remains — was carried out according to squares, quarter squares
and excavation levels. After reaching bedrock, profile walls were drawn and photographically
documented (Fig. 4.2). A total of 22 sediment samples (for subsequent anthrosol and sedimen-
tological analyses) was removed at 1-2 cm intervals from a 7 cm wide column on the north wall
of square E8 (Fig. 4.2).

4.2.2 Anthrosol analyses
Background

Human activities such as burning of organic material (i.e. fire pits), food preparation, stor-
age of organic materials and disposal of organic waste (plant and animal tissue), metabolic
by-products (faeces of humans and livestock), processing of non-food organic and inorganic
materials (wood, bone, chipped stone tools etc.) result in the enrichment of a multitude of
residues in soils (Middleton, 2004). These residues are incorporated into the sediment of the
present surface, either due to the exceedingly small particle size of some physical residues or
their decomposition by-products, or through complexation and adsorption of free ions in lig-
uid residues into a variety of compounds within the sediment (Middleton, 2004). If leaching,
disturbance or alteration of any other kind can be excluded the residues incorporated in the
compounds are preserved and can be chemically detected and identified (Middleton and Price,
1996; Middleton, 1998).

Steroids, including 5B-stanols, are not moved through the soil by leaching due to their
low water solubility and good adsorption to particulate organic matter, making them an ideal
biomarker to trace human and animal faeces (Lloyd et al., 2012). While 5B-stigmastanol is
produced from stigmasterol in the gut of herbivores, coprostanol is produced from cholesterol
in the gut of omnivores — e. g. humans and pigs. Both, coprostanol and 5B-stigmastanol
are altered to their epimers by microbial degradation over time. The ratio of (coprostanol +
epi-coprostanol) / (5B-stigmastanol + epi-58-stigmastanol) as proposed by Bull et al. (2002)
can be used as a marker for the distinction of the main input of faeces. Values smaller than
1 indicate faeces of herbivores as major input, while omnivore faeces as main input results
in values greater than 1. Based on the results of the faunal analysis (Table C.4), baboons and
hyenas are possible contributors to the input omnivore faeces, apart from humans. Hyenas
can be excluded to have significantly contributed to the faeces in the deposits, based on the
low 5B-stanols ratio of their coprolites (Table C.1). Currently, we cannot exclude baboons as
contributors, but given the dense accumulation of MSA lithic artefacts, charcoals and faunal
remains, and the presence of exotic items — all undeniably accumulated by humans — we rather
attribute the omnivorous signal to the repeated presence of humans.

Fecal biomarker analysis

Steroid analysis followed the method described by Birk et al. (2012). In brief, air-dried and
finely ground soils and two coprolites (see Fig. C.4 for provenance) were spiked with an inter-
nal standard (5a-pregnan-3p-ol) and total lipids were Soxhlet-extracted with dichloromethane/
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methanol (2:1, v/v). After drying under a gentle stream of nitrogen, total lipids extracts were
saponified with 5% KOH in methanol overnight (10-14 hours). Subsequently, extracts were
separated by sequential liquid-liquid extraction into a neutral fraction (including the sterols,
stanols and stanones) and an acidic fraction (including the bile acids).

The neutral fraction was then further fractionated by solid phase extraction (SPE) using
5% deactivated silica gel preconditioned with hexane. Non-polar substances (aliphatic and
aromatic compounds) were eluted with hexane and discarded. The fraction containing the A>-
sterols, stanols and stanones was eluted with dichloromethane followed by dichloromethane/
acetone (2:1, v/v) and dried.

A’-sterols, stanols, and stanones were silylated with a mixture of 1,1,3,3,3-Hexamethyl-
disilazane (HMDS), Trimethylchlorosilane (TMCS) and pyridine (3:1:9, w/w/v; Sylon HTP).
a-cholestane was added as a second internal standard.

All samples were analysed with a GC/MS QP 2010 (Shimadzu Corporation, Kyoto, Japan).
Gas chromatographic separation of the A’-sterols, stanols and stanones was carried out with
a HP-5MS column (30 m x 0.25 mm x 0.25 ym; Agilent, Santa Clara, CA, USA) and electron
ionisation mode at electron energy of 70 eV. The ion source temperature was set to 260 °C,
interface to 290 °C and the injection port to 290 °C. Helium was used as carrier gas and linear
velocity was kept constant at 35 cm sec™!. 1 ul of each sample was injected in split-less mode.
For the sterol, stanol and stanone separation the column temperature program was: 80 °C (held
1.5 min) to 265 °C at 12 °C min !, to 288 °C at 0.60 °C min~!, to 320 °C at 20 °C min~! (held 10
min). Measurement in Scan mode and comparison with external standards were used to verify
peak identity, and measurements in selected ion monitoring mode (SIM) were carried out for
quantification. The quantification of steroids was done using an external standard series with
six concentrations for each compound. For sterols, stanols, and stanones the recovery of the
first internal standard 5a-pregnan-3p-ol averaged 71 £ 19 % (mean =+ standard deviation).

4.2.3 Total element analysis

Total element concentration of soil and coprolite samples was analysed by aqua regia extrac-
tion according to 11466 (1995). 3 g of dried, sieved soil was weighed in a glass tube and di-
gested with hydrochloric acid (37 %) and nitric acid (65 %) (3:1, v/v). The extracts were filtered
through ashless cellulose filters into volumetric flasks and quantitatively filled with deionised
water. Further diluted samples were analysed using an inductively-coupled plasma optical
emission spectrometer (ICP-OES, ULTIMA 2, HORIBA Scientific S.A.S, Jubin-Yvon, France).

Total organic carbon (TOC) and Total nitrogen (TN) content were measured using a EURO
EA Elemental Analyzer (EuroVector, Hekatech, Germany) coupled via a Conflo III Interface
to an isotope ratio mass spectrometer (IRMS; Finnigen Delta V Advantage, Thermo Scientific,
Bremen, Germany).

4.2.4 Black carbon analysis

Black carbon content was determined by extracting and measuring the benzene polycarboxylic
acid (BPCA) contents following the revised (Brodowski et al., 2005) method of Glaser et al.
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(1998). Polyvalent cations were removed by hydrolysing 500 mg of soil with 4M trifluoroacetic
acid at 105 °C for 4 hours. The residue after filtration and washing was digested with 65 %
nitric acid at 170 °C for 8 hours in a high pressure digestion apparatus. After filtration, a
diluted aliquot was dropped on to a cation exchange resin (Dowex 50 W X 8, 200—400 mesh,
Fluka, Steinheim, Germany) to remove remaining polyvalent cations. The eluates were freeze-
dried, re-dissolved with Methanol and transferred to micro reaction vessels with Teflon-coated
septum screw caps. After evaporation to dryness under a gentle stream of nitrogen, BPCA were
derivatised with BSTFA and TSIM (98:2, v/v) at 90 °C for 2 hours. Separation of individual
BPCAs was carried out by GC-FID (GC-2010, Shimadzu Corporation, Kyoto, Japan) using an
SPB-5 column (30 m x 0.25 mm x 0.25 ym; Supelco, Sigma-Aldrich, St. Louis, MO, USA). The
quantification of BPCAs was done using an external standard series with five concentrations
for each analyte. Measured BPCA concentrations of samples were corrected by the recovery of
the internal standard (phthalic acid) following the calculation of carbon content of BPCAs. The
sum of BPCA-carbon was converted to charcoal equivalents using a factor of 2.27 as suggested
by Glaser et al. (1998). Results are given as total Black Carbon content in soil (g Cpc kg~ ! soil)
and normalised to TOC (g Cpc kg~! TOC).

4.2.5 Electron microprobe analysis of obsidian

Analyses were performed with a Cameca (Gennevilliers, France) SX-50 instrument at the Uni-
versity of Utah using natural and synthetic standards and utilizing Probe for EMPA software.
For each sample, three points were analyzed on each of two obsidian fragments. Analytical
conditions were 15 kV accelerating voltage, 25 nA beam current and a 10-25 ym beam diam-
eter. Oxygen was determined directly such that the analytical total provides a measure of the
quality of the analysis together with an estimate of the water content (MP H,O in Data S1)
(Nash, 1992). Details of the analytical method, instrument conditions and standards are pro-
vided in Kuehn, Froese, and Shane (2011); the Utah microprobe facility is laboratory #5 therein.
Results of the analysis are summarised in Data S1.

4.2.6 Radiocarbon dating and calibration

Radiocarbon dating was carried out by two independent laboratories (Beta Analytic, Miami,
FL, USA and CologneAMS, Cologne, Germany) and included four different sample materials.
Dating results, 6'*C and details on the provenance of all samples are provided in Table C.2.
Calibrated radiocarbon ages were given as 20 probability calendar year ages calculated with
OxCal v. 4.3.2 at CologneAMS and with BetaCal v. 3.21 at Beta Analytic, based on the proba-
bility method by Ramsey (2009), using the IntCal13 calibration curve (Reimer et al., 2013). For
full preparation method, see Rethemeyer et al. (2013).

Coprolite samples (Beta—506527 and Beta-506526) only underwent acid washing pretreat-
ment. Bone collagen extraction (Beta—-522263 and Beta-522264) took place with alkali. For
Beta-522263, the C:N ratio is 3.55, the %C is 22.67 and the %N is 7.45. For Beta—-522264, the
C:N ratio is 3.3, %C is 38.27 and the %N is 13.49. Black carbon was extracted by hydrolysing
four replicates of 250 mg of soil with 4M trifluoroacetic acid at 105 °C for 4 hours following a
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pressure digestion with nitric acid at 170 °C for 8 hours. After filtration, the replicates were
combined and dried to remove excess nitric acid.

4.2.7 Lithic analysis

Terminology of lithic analysis generally follows Inizan et al. (1999) and lithic studies of Ethiopian
late MSA assemblages in particular (Pleurdeau, 2006; Brandt et al., 2012; Gossa, Sahle, and Ne-
gash, 2012; Ménard et al., 2014; Pleurdeau et al., 2014; Leplongeon, Pleurdeau, and Hovers,
2017). A detailed and standardised attribute analysis of all flaked material (excluding angular
waste and chips) was carried out in 2017 and 2018 at the National Museum of Ethiopia. The
recorded data on the 1019 artefacts recovered at Fincha Habera rock shelter was not only to al-
low for comparison with well-documented assemblages, but also serves to add a quantitative
dimension to the more qualitative recognition of reduction sequences by identifying marker
pieces within the assemblage. Basic attributes recorded on all artefacts include data on raw ma-
terial, coverage, position and nature of patinated/cortical surfaces, completeness and thermal
damage. Cores were studied by metric data, type and surface condition of striking platforms,
number of negative scars and direction and location of debitage surfaces relative to each other.
Debitage products were analysed by recording data on their metrics, angle of impact, nature,
shape and metrics of striking platform remnants, location of fracture impact point, obliquity,
bulb, bulb scars, lips, general shape, number and direction of dorsal negative scars, and edge
contours. Modified pieces (retouched tools as well as utilised pieces) were additionally studied
by location, type and extent of retouch and/or utilization (Data S2).

The assemblage composition is summarised in Table C.3. Raw materials other than obsid-
ian include chert varieties (n = 40, 3.9 % total assemblage), basalt (n = 28, 2.7 %), quartz (n =1,
0.1 %), and indeterminate raw materials (n = 35, 3.4 %). The reduction sequence — from acqui-
sition to discard — present in the analysed assemblage can be summarised as follows: shown
by the electron microprobe analysis, the sampled obsidian artefacts almost exclusively derive
from the local obsidian outcrops. Local acquisition is also evidenced by a large number of
small (<5cm), but unworked or only initially tested cortical obsidian nodules (Fig. 4.4, A6).
After decortification on site, the reduction sequence continued with a unipolar exploitation of
cores with two, either opposing or perpendicular platforms. Faceting of platforms and numer-
ous overshots and core tablets indicate the preparation and maintenance of cores. Subsequent
bipolar reduction is confirmed by two highly reduced cores and the presence of eight char-
acteristic debitage products (Data S2). Flakes are the major blank category of the assemblage
(Table C.3), but the infrequent blades were more commonly chosen for retouch. Common mod-
ifications include alternate edge retouch (Fig. 4.4, A2) and basal thinning (Fig. 4.4, A5). Macro-
scopic traces of utilization regularly occur both on retouched and unretouched artifacts (Data
S2). Finished tools are mainly uni-facial points (Fig. 4.4, A1, A3) and laterally retouched points
and blades (Fig. 4.4, A2, A5), while scrapers (Fig. 4.4, A4) and borers are present but rare (Data
S2).

Additional data on numbers and percentages of marker pieces of the MSA assemblage
mentioned in the main text include: unworked or tested cortical obsidian nodules (n = 31,
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3.1% total assemblage), debitage products with cortex remnants (n = 222, 37.0 % total deb-
itage products), debitage products with rounded cortex remnants suggesting fluvial transport
(n =12, 5.4 % total cortical artefacts), cores with opposing (n = 8, 66.7 % total cores) or per-
pendicular platforms (n = 4, 33.3% total cores), faceted platforms (n = 23, 27.7 % total re-
touched /utilised artefacts), bipolar debitage products (n = 8, 1.3 % total debitage products),
retouched and/or utilised artefacts (n = 83, 8.3 % total assemblage), uni-facial points (n = 10,
12.1 % total retouched / utilised artefacts), laterally retouched points (n =16, 19.3 %), laterally re-
touched blades (n = 17, 20.5 % total retouched /utilised artefacts), artefacts with alternate edge
retouch (n = 4, 4.8 % total retouched /utilised artefacts), artefacts with proximal thinning (n =
6, 7.2 % total retouched /utilised artefacts), scrapers (n = 6, 7.2 % total retouched /utilised arte-
facts), notched pieces (n =5, 6.0 %), and borers (n = 3, 3.6 % total retouched /utilised artefacts).

4.2.8 Faunal analysis

A total of 3655 bones were recovered from the excavation at Fincha Habera rock shelter. Large
fragments were collected directly from the excavation grids and all the sediment was sieved
(5, 2.5 and 1 mm mesh) to recover the smallest fragments. Faunal remains were analysed at
the National Museum of Ethiopia in 2017 and 2018. Most of the remains (n=2305) originated
from square H11 on which this analysis focuses (Table C.4). While preservation is good, the
bones are highly fragmented and only 66 % could be identified. Most of the large mammal
limb bones are broken in a spiral-shape and present splinters indicating that breakage occurred
on fresh bones and was done by human or carnivore activities (Lyman, 1994). Bone surfaces
are well preserved and present mainly two kinds of traces: digestion and gnawing marks by
a large carnivore (< 200) and burn marks suggesting human processing (vertical distribution
shown in Fig. C.5). As the location of the latter (only extremities in direct contact with the
flame) is representative of roasting (Lyman, 1994) and no gnawing and/or digestion marks
were identified on burnt bones, and given the high number of burnt giant mole-rat bones (>
500), we favour human exploitation of giant mole-rats. The almost total absence of cut marks
(only once) might be due to the small size of the prey. The colour of the burning marks and
the absence of calcinated pieces suggest a low degree of burning. The method of cooking and
eating can be well compared to the MSA bird exploitation at Sibudu Cave (Val, de la Pefia, and
Wadley, 2016). Hunting and consumption of rodents with similar lifeways is archaeologically
known in southern African MSA and LSA contexts (Henshilwood, 1997). For an overview
on worldwide documented cases of rodent consumption, see Fiedler (1990). However, we
currently have no means to infer the hunting practices on Tachyoryctes macrocephalus in the
present MSA context.

Identifications were made using the osteological reference collection of the Ethiopian Na-
tional Museum. Moreover, we also used the morphological and osteometric criteria for tax-
onomic distinctions Gentry (1978), Walker (1985), and Peters (1988). The identification of the
coprolites as being produced by spotted hyena (Crocuta crocuta) was based on their size and
morphology, but this remains to be confirmed by genetic analyses. Species identification of
Tachyoryctes macrocephalus is based on the measurements of the lower molar rows. Because of
the great diversity of wild bovids in Ethiopia (Bekele and Yalden, 2013) and the high degree of
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fragmentation of the bones, we could not always take our identifications as far as the species,
genus or even sub-family level. We then divided these unidentified remains into five categories
(Table C.4), mainly determined by the size of the bones (Lesur, Vigne, and Gutherz, 2007). For
quantification, numbers of identified specimens were counted (NISPs) and whenever possi-
ble, mammal bones were measured according to the standard system developed by von den
Driesch (1976).

4.2.9 Glacial chronology of the Harcha and Wasama Valleys
Background

Even though the Bale Mountains in the southern Ethiopian Highlands represent the largest
afro-alpine environment above 4000 masl, ice caps and valley glaciers are absent nowadays.
However, typical glacial geomorphological features like moraines, cirques and roche mouton-
nées are recorded from the northern valleys and indicate different periods of glaciation (Miehe
and Miehe, 1994; Osmaston, Mitchell, and Osmaston, 2005). Studying the extent and timing
of Quaternary glaciations in this region is of particular interest since variations of glacier ex-
tent related to temperature changes, precipitation and insolation are a sophisticated proxy for
the reconstruction of the palaeoclimate and -environment during the early phase of human
occupation (Rademaker et al., 2014). Comprehensive mapping and dating of moraines is a pre-
requisite for the analysis of glacier and climate variations, but such information is still lacking
for the Bale Mountains. Therefore, we chose the Harcha and Wasama Valleys in the vicinity of
the archaeological site Fincha Habera rock shelter (Fig. 4.1) to study the regional glacial history
and palaeoenvironment of Middle Stone Age foragers.

Mapping

We mapped glacial geomorphological features in the western, northern and eastern valleys of
the Bale Mountains as well as on the central Sanetti Plateau during multiple field surveys be-
tween 2016 and 2018. In addition, we evaluated high-resolution DigitalGlobe satellite imagery
and detected terminal and lateral moraines in remote and difficult to access areas of the moun-
tain range. Where possible, these observations were verified in the field later on. Moraine
sequences covering several glacial stages were discovered in the Harcha and Wasama Valleys
and were used to establish a glacial chronology. No glacial deposits were found along the steep
and intensively eroded Harenna Escarpment in the south. On the Sanetti Plateau, clusters of
erratic boulders encircling the highest peak (Tullu Dimtu, 4377 masl) at a distance of ca. 2 and
5.5 km were mapped. These clusters are interpreted as remnants of a former ice cap (Miehe and
Miehe, 1994; Osmaston, Mitchell, and Osmaston, 2005).

Glacial extent

To estimate the extent of the former ice cover in the valleys during the local LGM, glacier out-
lines was reconstructed from the location of the terminal and lateral moraines. In those valleys

where no terminal moraines were preserved, the lower ice limit in the neighbouring valleys
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served as a reference for the compilation of the glaciation map. Outcrops and cliffs, which did
not show any signs of glacial erosion, were used to determine the glacier boundaries in the
former accumulation areas. In valleys where glacial morphological evidence was completely
missing, palaeo glacier boundaries were interpolated by referring to the typical geometry of
valley glaciers. In total, glaciers in the western, northern and eastern valleys covered about
110 km? of the Bale Mountains during the maximum extent of the last glacial cycle. Estimating
the extent of even older glaciations was not possible due to very few preserved moraines.

On the Sanetti Plateau, the Tullu Dimtu boulders are most likely remnants of a former ice
cap and might indicate the limits of two different glacial stages, which are marked by the in-
ner and outer Big Boulder Moraine (BBM) (Fig. 4.1). Large periglacial features like linear and
polygonal areas of sorted stone cover the western and southern plateau and probably evolved
under permafrost conditions. These well-preserved structures indicate that these areas have
not been covered and intensively eroded by thick ice. Indirectly, these patterns indicate the
southern and western limits of the central ice cap (Osmaston, Mitchell, and Osmaston, 2005).
Direct and indirect geomorphological evidence for the northern and eastern boundaries of the
ice cap is lacking. However, numerous small depressions across the northern plateau linked
to irregular subglacial erosion suggest a much larger ice cap than indicated by the BBM. The
extent of the central ice cap on the Sanetti Plateau with respect to the location of the outer BBM
was about 75 km? . However, based on the tentative outline of the maximum extent, it is likely
that an additional 80 km? of the plateau were covered by ice extending down into the northern
valleys. Altogether, about 265 km? of the Bale Mountains were glaciated at the maximum stage
of the last glacial cycle.

Sampling strategy

To establish a glacial chronology through cosmogenic 3°Cl surface exposure dating, we selected
fifteen trachytic boulders on stable geomorphic surfaces from five moraines in the Harcha Val-
ley and six trachytic boulders from two moraines in the Wasama Valley (Fig. C.6 and Table C.5)
following established sampling strategies. The height of the boulders varied from 0.7 to 5.1 m
(average of 2.4 m). The topographic shielding was determined using an inclinometer. Between
0.5 and 1 kg of rock material from the upper 5 cm of each boulder was removed using hammer,
chisel and angle grinder for laboratory analysis.

Laboratory procedure

All 21 samples from the Bale Mountains were prepared in the Surface Exposure Dating Labora-
tory at the University of Bern. Before chemical treatment, every rock sample was crushed and
sieved. In order to remove any chlorine not produced in situ, 120 g of the 200 — 400 ym grain-
size fraction was leached in 2 M HNO 3 and rinsed afterwards with ultrapure water (18.2 MQ)-
cm). For the extraction of Cl isotopes, we followed the laboratory procedure described by
Akgar et al. (2012, and references therein), which is based on the method introduced by Stone
et al. (1996b), using isotope dilution. Major and trace element data of all samples (Table C.6)
are required for the calculation of local 3°Cl production rates. An aliquot of ca. 10 g from each



4.2. Materials and Methods 95

leached sample was sent to SGS Laboratories in Toronto, Canada, where the elemental analysis
was performed. Total Cl- and **Cl-concentrations were measured from one target at the 6 MV
AMS-facility of the ETH Zurich using the isotope dilution technique. The measured ratios of
36C1/3°Cl were normalised to the ETH in-house standard K382/4N (Christl et al., 2013) with a
36C1/Cl-value of 17.36 x 10 -12 (normalised to the Nishiizumi standard of 2009), whereas the
stable ratio of 3Cl/3°Cl was normalised to the natural 3 Cl/3*Cl-ratio, which equals to 31.98 %
of the K382 /4Nstandard and machine blank.

Surface exposure age calculation

Based on the measured total Cl and **CI concentrations, surface exposure ages were calculated
for the boulders from the Harcha and Wasama Valley following the description in Akgar et al.
(2012, and references therein). The applied spallogenic production rate of cosmogenic *°Cl at
sea-level from Ca corresponds to 48.8 + 1.7 atoms g~ ! Caa~! and from K to 162 + 24 atoms g~ !
Ka~!. Altitude and latitude of the sampling sites influence the scaling of the 3°Cl production
rate following the scheme of Stone (2000). Muon capture contributes 5.3 + 0.5 atoms g~ Ca
a~! to the production of **Cl from Ca. The capture of thermal and epithermal neutrons near the
surface in the order of 760 + 150 neutrons g~ ! air a~! is another source for the production of
36C. Major and trace element (B, Gd, and Sm) concentrations are considered in order to deter-
mine the fraction of low-energy neutrons available for producing 3*Cl from 3°Cl, while U and
Th concentrations served for the quantification of non-cosmogenic 3¢Cl in the rocks. We cor-
rected 3°Cl production rates for sample thickness (Table C.5) assuming a rock density of 2.65 g
and an attenuation length of 160 gcm 2 . To account for the topographic shielding at the sam-
pling sites (Table C.5), correction factors were computed using the program of Tikhomirov et al.
(2014). The impact of snow cover on the production of 3Cl is negligible in the Bale Mountains
since the rarity of snowfall events and the rapid melting of snow within hours or days (Miehe
and Miehe, 1994) prevents snow from accumulating on the boulders. Independent informa-
tion on post-depositional erosion rates are not available neither for the Ethiopian Highlands
nor the other East African mountains, but are estimated to be in the range of 0 — 2 mm ka= 1.
For a detailed discussion on the effect of erosion on %*Cl ages see (Shanahan and Zreda, 2000).
To account for the impact of variable erosion rates, we calculated three different 36C] surface
exposure ages for every boulder (Table C.7) considering a minimum, medium and maximum
erosion scenario (g, = 0 mmka~!, ¢,,,; = 1 mmka~!, &,,x = 2 mmka™), as suggested by
Shanahan and Zreda (2000). Exposure ages in Figs. 4.1, C.7, and C.8 are stated without erosion
correction (¢ = 0 mm ka~!). The 1o-error given for each individual exposure age includes solely

the analytical uncertainty.

Glacial chronology

To establish a glacial chronology for the Bale Mountains, we discriminated between three
Glacial Stages (I, I, I1I) in the Harcha and Wasama Valleys based on the geomorphology, loca-
tion and age of the terminal moraines (Figs. C.6, C.7). All exposure ages of moraines from both
valleys associated with the same glacial stage were grouped, except of boulders HA02 (383.3
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15.7 ka BP) and HAO06 (48.8 £ 2.6 ka BP). They were excluded from further calculations because
they do not overlap in age with the other two boulders of the respective moraine (Fig. C.7, Ta-
ble C.7) within a 3¢ limit. The differing ages probably result from a complex exposure history
of the two boulders including an inherited cosmogenic **CI signal from pre-depositional expo-
sure(s). We considered all remaining exposure ages (n; = 2, nj; = 8, njj; = 9) for the calculation
of the weighted average of Glacial Stage I, II and III. Since the mean internal (analytical) error
of the exposure ages is smaller than the external (geomorphological) uncertainty defined by the
standard deviation (1) of each glacial stage, we report the weighted average with the external
error (Fig. 4.1).

4.210 Derivation of palaeoenvironmental conditions from ground beetle data
Background

Ground beetles have exceptional proxy properties both for extant and palaeoecological envi-
ronments (Elias, 2007; Kotze et al., 2011). Extensive comparative analyses of Late Quaternary
fossil beetle associations with extant associations have proven that the ecological requirements
of beetle species have not changed but have been constant on palaeoecological time scales
(Coope, 1986; Coope, 2004; Elias, 2007; Elias, 2010). Furthermore, ground beetles show ex-
ceptionally high micro-areal endemic species richness in mountains of the mid and lower lat-
itudes. E.g., the Ethiopian Highlands are characterised by a very high number of wingless
species each with a very small distributional area which usually not exceeds a single mountain
or even valley system (Briihl, 1997; Schmidt and Faille, 2018). The only plausible explanation
for such distribution patterns is in situ speciation: Low dispersal capacity and strict adapta-
tion to certain environmental conditions, of which first of all are soil humidity and tempera-
ture (Lindroth, 1949; Thiele, 1974; Coope, 1986; Atkinson, Briffa, and Coope, 1987), result in
geographic separation of the populations in the course of the geomorphological and climatic
development of the mountainous environment and consequently, in the geographic radiation
of the lineages (evolution of swarms of allopatric species which are highly endemic to certain
parts of the mountains). Finally, ground beetle’s high phylogenetic age (species age) easily
extends hundreds of thousands years (Sota and Nagata, 2008; Andtjar, Serrano, and Gémez-
Zurita, 2012; Faille et al., 2014). As a consequence, distributional patterns of extant wingless
beetle species strictly adapted to specific habitat conditions therefore allow reconstructing lo-
cation and palaeoenvironmental conditions of the respective species-specific glacial refuges,
particularly due to the markedly reduced dispersal ability even on evolutionary time scales
(Holdhaus, 1954; Schmidt et al., 2011).

Here, we concentrate on the reconstruction of humidity and temperature patterns since
these climatic factors markedly determine the suitability of a given area for residence of Middle
Stone Age foragers. We use distributional data of extant wingless humidity adapted beetle
species according to a method introduced by Schmidt et al., 2011 and successfully used to
reconstruct the LGM temperature depression of South Tibet.
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Data collection

Distributional and ecological data of the ground beetles of the Bale Mountains were collected
during six years of field work (2013-2019). To answer the question of whether environmental
conditions suitable for human occupations persisted in the area during the last glaciation pe-
riod we selected data from tiny wingless ground beetles of the genus Trechus Clairville. These
beetles are strictly adapted to high soil humidity and to the temperate or colder climate, exclu-
sively alpine species were excluded from the analysis. Consequently, selected Trechus species
only occur in the forest zone along slopes of the Bale Mountains, in humus-rich soils near
brooks shadowed by trees and bushes, at altitudes above 2000 m. Most of these species are
found to be micro-areal endemics, meaning that they are endemic to a single valley system on
one of the slopes of the Bale Mountains (Schmidt et al., 2011). Thus far, 39 micro-areal endemic
species could be discovered in the area, with seven species endemic to the Web Valley sys-
tem, of which four species were found to be endemic to the lower (Fincha Habera) and upper
Wasama Valley near the residential site of the Middle Stone Age foragers (Fig. C.9, Table C.8).

Reconstruction of palaeoenvironmental conditions

Each of the investigated valley systems along the slopes of the Bale Mountains was found to
be characterised by the presence of 2-11 micro-areal endemic non-alpine Trechus beetle species
strictly adapted to permanently humid and humus-rich soil conditions and to the temperate
or colder climate (Fig. C.9, Table C.8). Vertical distributions of all of these species are confined
to the Montane Forest and Ericaceous belts (Miehe and Miehe, 1994). These findings mandate
the long-term uninterrupted presence and contemporary presence of permanent surface water
drainage and temperate and colder but non-alpine climate, and thus support forest habitats, at
least gallery forests, in these valleys. Due to the long-term presence of these species in the area,
the humid and forested habitat conditions must have existed locally since well before the last
glacial period. Consequently, within this period and thereafter, the respective valley systems
have never undergone a complete desiccation, not even for a few years. Freshwater brooks and
forests have thus been a characteristic landscape feature at least during the MSA occupations
in the Bale Mountains.
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The magnitude of cooling in the equatorial East African mountains and Ethiopian High-
lands during the last glacial period and its impact on the afro-alpine environment and human
expansion into higher elevations is still poorly understood. Quasi-continuous archives like ice
or sediment cores that provide insights into palaeoclimatic and -environmental changes at high
elevations in Eastern Africa are extremely rare and cover mainly the Holocene (e.g. Thompson
et al., 2002; Tiercelin et al., 2008). Glacial deposits and periglacial landforms are often the only
remaining evidence of Pleistocene climatic and environmental changes in the tropical moun-
tains of Eastern Africa (e.g. Grab, 2002; Osmaston and Harrison, 2005; Mark and Osmaston,
2008; Hastenrath, 2009). One of the least studied alpine regions in Eastern Africa with respect
to the glacial and periglacial history are the Bale Mountains in the southern Ethiopian High-
lands, although they comprise the continent’s largest area above 4000 m (Miehe and Miehe,
1994) and testify to an extensive former plateau glaciation (Messerli et al., 1977; Osmaston,
Mitchell, and Osmaston, 2005). Glacial and periglacial landforms have been reported from the
Bale Mountains (Messerli et al., 1977, Miehe and Miehe, 1994; Umer, Kebede, and Ostmas-
ton, 2004; Osmaston, Mitchell, and Osmaston, 2005), but they have never been systematically
mapped, dated, and investigated. To close this gap and explore the potential of this afro-alpine
archive for the reconstruction of past glacier fluctuations and regional high-altitude climate
and -environmental changes, is therefore the goal of this thesis. The following synthesis chap-
ter aims to (1) combine and discuss the main findings from the three presented research articles,
to (2) elaborate their broader implication for the natural and anthropogenic history of tropical
mountains in Eastern Africa, and (3) to outline new research questions arising from the thesis
and collaborations within the interdisciplinary research unit. The five specific research ques-

tions defined at the beginning (Chapter 1.3) serve as guidance for the synthesis:

1. What was the extent of the ice cover in the Bale Mountains during the last glacial period?

2. When were the Bale Mountains glaciated? When did the glaciers reach their maximum

expansion? When did deglaciation set in?

3. When, how, and under which climatic and environmental conditions did the relict large

sorted stone stripes and polygons on the Sanetti Plateau form?

4. Which cooling can be inferred from the presence of glacial and periglacial landforms and

what does it imply for the palaeoclimate and -ecology of tropical mountains?

5. How did the palaeoclimate and -environment look like at the time when humans started

to colonise the Bale Mountains?
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What was the extent of the ice cover in the Bale Mountains during the last glacial period?
Accurate mapping of preserved glacial and periglacial landforms is the prerequisite for recon-
structing the extent of past glaciations, estimating ELAs, and selecting appropriate sites for
dating (e.g. Chandler et al., 2018). The fact that the Bale Mountains consist of a large plateau
above 4000 masl, individual higher peaks, and numerous alpine valleys, is both an advan-
tage and disadvantage in this respect. On the one hand, the Bale Mountains provide a large
repertoire of glacial and periglacial landforms, but on the other hand this archive is difficult to
explore due to its size and remoteness. This is also the reason why field mapping has so far
been concentrated to areas along the dirt-road, crossing the central Sanetti Platau (Osmaston,
Mitchell, and Osmaston, 2005). Most of the sites in the valleys and on the plateau can only be
reached on foot or horseback and require multiple days of trekking. During four months of
tield work, split into several expeditions between 2016 and 2020, extensive geomorphological
mapping of glacial and periglacial features has been performed in the Bale Mountains as part
of the dissertation. In addition, WorldView-1 satellite images with a pixel resolution of 0.5 x
0.5 m (provided through DigitalGlobe Foundation) were visually evaluated to identify distinct
geomorphological features in remote and difficult-to-access areas. Two complementary field
trips were organised in 2017 and 2020 to the Arsi Mountains, which are located about 100 km
northwest of the Bale Mountains and also provide evidence of past glaciations (Potter, 1976;
Osmaston and Harrison, 2005).

The main outcome of the geomorphological field mapping and evaluation of satellite im-
ages and older reports are two glaciation maps (presented in Chapters 2 and 4), showing the
local LGM (LPG Stage I, 50-30 ka) ice extent in the Bale and adjacent Arsi Mountains. For
the Arsi Mountains, the reconstructed ice extent of 83 km? is very similar to the estimate of
85 km? by Osmaston and Harrison (2005). This agreement reflects the good preservation and
accurate mapping of lateral and terminal moraines in most of the valleys descending from
the central ridge. In contrast to the Arsi Mountains, where the catchment of the palaeo val-
ley glaciers is well defined by the local topography, the reconstruction of the former plateau
glaciation in the Bale Mountains is fraught with larger uncertainty. Based on the mapping of
lateral and terminal moraines, the local LGM ice extent in the Bale Mountains, including the
ice cap and valley glaciers, was constrained to 265 km?. This estimate is significantly lower
than the one of ~600 km? by Messerli et al. (1977), but larger than the one of 180 km? by Os-
maston, Mitchell, and Osmaston (2005). The difference between the new estimate and the one
by Osmaston, Mitchell, and Osmaston (2005) can be explained by the verification of additional
glaciers in the western and eastern valleys that were unexplored before. In view of the ab-
sence of erratic boulders and other distinct glacial remains along the western, southern, and
eastern plateau margins, a complete plateau glaciation as postulated by Messerli et al. (1977)
and rebutted by Osmaston, Mitchell, and Osmaston (2005) seems unlikely. The presence of ap-
parently unglaciated features on the southern and western plateau like hardly eroded volcanic
plugs and relict large sorted stone stripes (addressed in Chapter 3) support the postulation of
a restricted ice cap that just extended into the northern valleys.

Despite the detailed mapping of erratic boulders, our understanding of the evolution of the
ice cap on the Sanetti Plateau remains unsatisfying. This is mainly due to the hardly preserved
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glacial geomorphological evidence for the maximum ice extent and the poor dating control on
the plateau (discussed in Chapter 2). Based on all what we can infer from the geomorphology,
a transfluence of ice from the plateau into the northern valleys during the local LGM seems
the most likely scenario. The fact that areas like the elevated western part (>4100 masl) on the
plateau were probably ice free during the local LGM, although located far above the palaeo
ELA, indicates that insolation as well as variable snow accumulation and snow redistribution
by wind played a major role for the glacier mass balance on the plateau. A dry and cold climate
beyond the limits of the palaeo ice cap would have provided ideal conditions for the forma-
tion of the large sorted patterned grounds as found on the southern and western plateau (see
Chapter 3). Even though the present topographic and climatic conditions on the plateau de-
fer fundamentally from those during the local LGM, a yet missing analysis of the present-day
precipitation and wind flow patterns could help to develop a better understanding of the past
snow accumulation on the plateau. In contrast to the valley glaciers, for which a maximum
length of 4-8 km and ice thickness of 200-300 m can be inferred from the location of terminal
and lateral moraines, the ice thickness and geometry of the plateau glaciation is difficult to
assess. The partial overdeepening (indicated by seasonal lakes) across the northern plateau
and the probable ice flow into the northern valleys argues for an ice cap on the central peak
Tullu Dimtu that was thick enough (several tens to a few hundred meters) to cause glacier flow
through ice deformation and sliding (see also Osmaston, Mitchell, and Osmaston, 2005). Fur-
thermore, it can be speculated that tabular ice fields like those found today on Kilimanjaro’s
summit plateau (e.g. Kaser et al., 2010) formed in the flat part of the southern and western
Sanetti Plateau.

Another important aspect of the glacial history of the Bale Mountains is the evolution of
the ice cover after the local LGM (see Chapter 2). The surface exposure dating of moraines
in the northern valleys shows that the ice expansion before 19-17 ka (LPG Stage II) was only
slightly smaller than that during the local LGM. The same applies to the plateau, where the
dating of the outer Big Boulder Moraines suggests a minor shrinkage of the ice cap between
the local LGM and LPG Stage II. However, it remains unclear when the plateau glacier started
to disintegrate and separate from the valley glaciers. As already pointed out by Osmaston,
Mitchell, and Osmaston (2005), the ice cap and valley glaciers might have coexisted separately
for a while; similar to the present condition on Kilimanjaro (Cullen et al., 2013). Such a scenario
is likely for the time between 19-14 ka, when deglaciation in the valleys and probably also on
the plateau set in. The inner Big Boulder Moraine on the plateau indicates an isolated and
relatively small ice cap on Tullu Dimtu after 19-17 ka, but due to ambiguous exposure ages, it
was not possible do determine when the Sanetti Plateau became finally ice-free.

Independent of the uncertainties regarding the delineation of the former ice expansion, it
is evident that the Bale Mountains as well as the adjacent Arsi Mountains were extensively
glaciated during the Late Pleistocene (Chapter 2). The maximum ice cover of 265 km? delin-
eated for the Bale Mountains is in the same order like that estimated for Mount Kenya (200-
240 km?), Kilimanjaro (150-200km?), and the Rwenzori Mountians (200-260 km?) (see Kaser
and Osmaston, 2002; Hastenrath, 2009). Within the Ethiopian Highlands, the difference be-
tween the larger ice covers in the southern Ethiopian Highlands and the much smaller glaciated
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area of 13km? in the Simien Mountains (Hurni, 1982; Hurni, 1989) is remarkable. The Simien
Mountains are slightly higher than the Bale and Arsi Mountains and comprise a large, but very
rugged, afro-alpine area (Hurni, 1982; Hurni, 1989). However, the comparison and climatic in-
terpretation of regional differences in the ice covered area of mountains is meaningless as long
as other factors like the mountain height, size, and topography are neglected. Therefore, the
hypsography of all mountains in Eastern Africa that were extensively glaciated was analysed
in this thesis.

The results of the hypsometric analysis (Chapter 2) shows that the plateau-like Bale Moun-
tains comprise a much larger afro-alpine area above 4000 masl than the higher equatorial
mountains. Furthermore, the analysis revealed that the ratio of glaciated to total available
surface area above the lower ice limits (~3500 masl) in Eastern Africa during the last glacial
cycle was much higher in the equatorial mountains (Rwenzori = 62-80 %, Mount Kenya = 54-
65 %, Kilimanjaro = 39-52 %) compared to the more northern Ethiopian Highlands (Arsi =29 %,
Bale = 23 %, Simien = 2 %). Although this simplified approach ignores variations in the height,
topography, and ELAs between the different mountains, the distinct difference in the ratio of
glaciated area could be interpreted in terms of a negative precipitation gradient from the equa-
tor towards the outer tropics. This observations is of particular interest as the Simien Moun-
tains are located at the present northern margin of the tropical rain belt (Costa et al., 2014). A
slight south-ward shift of the tropical rain belt during the last glacial period due to reduced
summer insolation on the northern hemisphere might have contributed to a dry climate in this
region, limiting the glacier expansion. However, such palaeoclimatic interpretations as well as
the consideration of changes in large-scale circulation patterns are challenged by the limited
understanding of present-day climatic differences between the various tropical mountains in
Eastern Africa. Hydroclimatic maps exists for individual mountains like Kilimanjaro (Appel-
hans et al., 2016) and also for the entire region (e.g. Gebrechorkos, Hiilsmann, and Bernhofer,
2019), but elevational and regional precipitation variations have so far not been investigated
across tropical Eastern Africa.

The previous discussion regarding the extent of past glaciations in the Ethiopian Highlands
and equatorial mountains in Eastern Africa leads to the following new research questions:

e Specific: What was the mass turnover from the ice cap into the northern valleys?
e Specific: How variable was the snow accumulation on the plateau?

e Specific: How did the ice cap on the Sanetti Plateau in the Bale Mountains evolve after the
local LGM? Did the ice cap and valley glaciers coexisted separately during the late-glacial
period (19-14 ka)?

e General: Does a modern precipitation gradient exist between the southern and northern
Ethiopian Highlands as well as between the mountains in the inner and outer tropics in
Eastern Africa? If yes, how pronounced is it? Could such a gradient theoretically explain
the observed differences in the reconstructed ice extents? Or do the observations indeed
argue for changes in the large scale atmospheric circulation (e.g. shift of tropical rain belt)
in Eastern Africa during the last glacial period?
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When were the Bale Mountains glaciated? When did the glaciers reach their maximum ex-
pansion? When did deglaciation set in?

Although a reliable glacial chronology is the basis for studying past glacier fluctuations, moraines
and other glacial landforms have so far not been dated in the entire Ethiopian Highlands. The
timing of the local LGM is therefore unknown and the onset of deglaciation poorly constrained.
14C dating of organic material from the base of afro-alpine sediment cores suggests a minimum
deglaciation age of 4.1 ka BP for the Simien Mountains (Hurni, 1982), of 11.5 ka BP for the Arsi
Mountains (Hamilton, 1982), and of 16.7 ka cal BP for the Togona Valley in the Bale Mountains
(Tiercelin et al., 2008). Due to the lack of previous studies, potential challenges related to the
cosmogenic nuclide dating of glacial landforms in the Ethiopian Highlands have so far not been
addressed. As part of the dissertation, a first glacial chronology has been established for the
Bale Mountains based on *Cl surface exposure dating of 68 erratic boulders from different val-
leys and the Sanetti Plateau. Six moraine boulders from one valley in the Arsi Mountains have
been additionally exposure dated for comparison and as preparation for future explorations.
The obtained exposure ages from the Bale and Arsi Mountains provide first insights into past
glacier fluctuations in the southern Ethiopian Highlands (presented in Chapters 2 and 4).

The lowest and geomorphologically oldest moraines and erratic boulders in the Bale Moun-
tains were found in the northwestern valleys below 3600 masl. Most dated boulders from these
locations yielded an 3®Cl exposure age of >120 ka and suggest that the most extensive glaciation
in the Bale Mountains occurred during the Mid Pleistocene (presumably during MIS 6). How-
ever, the interpretation of the oldest landforms is uncertain for various reasons: First, addi-
tional remains from the oldest glaciation have yet not been verified for other valleys in the Bale
Mountains. Second, as the initial glaciation erodes the old geological surfaces, pre-exposure to
cosmic radiation of the dated rocks prior to their deposition is more likely than during later
glaciations and could lead to an overestimation of the exposure age (e.g. Heyman et al., 2011).
Third, the age scatter of the lowermost moraines is relatively large (125-25 ka). Three younger
exposure ages (52-25 ka) could also be interpreted in favour of a maximum expansion during
MIS 4 or 3. Fourth, the choice of scaling and 36C1 production rate has the largest effect on the
age calculation of the oldest samples (older than ~100 ka).

Well preserved moraines further up in the valleys consisting mainly of large erratic boulders
determine the limits of the local maximum glacier expansion during the last glacial period. The
obtained **Cl exposure ages from four dated moraines in the valleys constrain the timing of the
local LGM (LPG Stage I) in the Bale Mountains to the period 50-30 ka. The age range suggests
that the glaciers persisted in a relatively stable position during MIS 3, allowing the deposition of
boulders and formation of moraines over a longer time span. The next inner moraine sequence
in several valleys was dated to 19-17 ka (LPG Stage II) and indicates a smaller, but similar ice
extent as during LPG Stage I. This implies that the glaciers in the Bale Mountains reached their
last local maximum prior to the global LGM (22 + 4 ka after Shakun and Carlson, 2010). A
maximum advance during MIS 3 and smaller expansion during MIS 2 has also been reported
from other mountains (e.g. Mackintosh et al., 2006; Hughes et al., 2018) and can be explained by
the climate during the global LGM, which was probably too dry for major glacier advances in
some regions. The innermost moraines in the valleys were dated to 16-14 ka and represent the
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last ice extent before deglaciation. The basal radiocarbon age of a new core from Lake Garba
Guracha, situated at 3950 masl in the head of the formerly glaciated Togona Valleys, suggests
that sedimentation started earliest at ~16 ka and therefore confirms that the valleys in the Bale
Mountains were probably ice free by 16-14 ka .

In contrast to the valleys, the glacial chronology on the Sanetti Plateau is less understood.
Exposure ages of >130 ka were obtained for a cluster of erratic boulders at the southern margin
of the plateau. These boulder ages might support the hypothesis that the plateau glaciation
reached its maximum extent during the Mid Pleistocene (e.g. MIS 6), but the dating uncer-
tainties as discussed for the oldest glacial features in the lowest valleys apply here as well.
Determining the local LGM on the plateau was not possible since the area of the assumed for-
mer ice cap margin was not reached during field work. The outer Big Boulder Moraine (BBM)
encircling the highest peak Tullu Dimtu was dated to 21-16 ka and therefore relates to LPG
Stage II in the valleys. However, it remains unclear whether the ice cap and valley glaciers
were still connected at that time. Within the research unit, several of the seasonal lakes on the
northern plateau were drilled for palaeoclimatic and -environmental investigation. The records
have not yet been fully analysed and dated, but the basal age of these cores indicating the onset
of sedimentation could help to elaborate when the northern part of the plateau became ice-free
and disintegration of the ice cap set in. From a geomorphological and glaciological point of
view, the inner BBM should be younger than the outer BBM. However, the obtained exposure
ages for the inner BBM vary between 100-25 ka. A reasonable explanation for the inconsistent
ages would be an inherited *Cl signal in the boulders resulting from exposure prior to the last
glaciation. The very short (<500 m) transport of the boulders downslope of Tullu Dimtu prob-
ably prevented sufficient erosion of their surface and the complete removal of inherited 3¢Cl.
Hence, it remains unclear how long an isolated ice cap persisted on Tullu Dimtu.

The preliminary and incomplete glacial chronology established for the adjacent Arsi Moun-
tains is in line with the findings from the Bale Mountains. The lowest moraine in the studied
southwestern valley of the Arsi Mountains yielded an age of 160-110 ka and indicates a poten-
tial maximum glacier advance during MIS 6. Another moraine, located further up the valley,
was dated to ~18 ka and therefore likely correlates with LPG II in the Bale Mountains. How-
ever, the number of dated moraines and boulders is too small to verify conclusively whether
glaciers at different locations in the southern Ethiopian Highlands responded synchronously
to past climatic changes. Since the Arsi Mountains lack a complex plateau and comprise well
preserved moraine sequences in almost every valley descending from the central ridge, it is
an ideal future study site for investigating the regional climate and glacier variability in cross-
comparison with the Bale Mountains.

The interpretation of the inferred glacier fluctuations in the southern Ethiopian Highlands
is complicated by the lack of nearby climate records, especially from higher elevations, that
date back to MIS 3 or 4. Reconstructed sea surface temperatures of Lake Tanganyika in the East
African Rift testify to a cooling trend in the region after the MIS 4/3 transition until ~20ka
(Tierney et al., 2008). If the cooling trend is representative for the high mountains, the tem-
perature depression both during MIS 3 and 2 would have been in favour of glacier expansion.
However, such a cooling trend alone could not explain an early local LGM (50-30 ka) in the
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Bale Mountains during MIS 3. Hydroclimatic proxy data from Lake Tanganyika and Chew
Bahir (southwest Ethiopia, Foerster et al., 2018) suggest that the period 45-35 ka during MIS 3
was generally wetter than MIS 2. This means that a larger moisture input during MIS 3 might
have been one of the main drivers causing an early LGM in the Bale Mountains. The glacier
expansion or stagnation before 19-17 ka, defined by LPG Stage II, coincided probably with the
coldest and driest phase of the last ~60 ka (e.g. Gasse, 2000; Tierney et al., 2008). However, the
climate record from Chew Bahir indicates a wetter phase starting from ~20 ka (Foerster et al.,
2018), which might explain a final advance before 19-17 ka. The step-wise retreat of the valley
glaciers in the Bale Mountains between 19-14 ka is in line with a general warming trend (in
Eastern Africa) during the Late Glacial (e.g. Tierney et al., 2008; Loomis et al., 2017).

In combination with previously published data (Shanahan and Zreda, 2000; Kelly et al.,
2014) and new °Be surface exposure ages of moraine boulders from the Rwenzori Moutnains
(Jackson et al., 2019), the presented findings from the southern Ethiopian Highlands allow a
first regional comparison of glacier fluctuations in tropical Eastern Africa (see Chapter 2). The
local LGM was dated to ~20 ka on Kilimanjaro, to ~28 ka on Mount Kenya, and to ~29 ka in
the Rwenzori Mountains (Shanahan and Zreda, 2000; Jackson et al., 2019). Based on 10Be ages
from the Rwenzori Mountains and recalculated '°Be ages from South America, Jackson et al.
(2019) conclude that glaciers in the tropics reached their local LGM between 29-20 ka. Further-
more, they hypothesise that high-latitude warming led to a uniform glacial recession across the
tropics, which was underway by ~20 ka. However, the results from the Bale Mountains (local
LGM during MIS 3 and onset of deglaciation after 19-17 ka) highlight two things: first, in some
tropical mountains the local LGM occurred prior to MIS 2 and second, glacial recession was
not underway everywhere by ~20 ka. These findings from the thesis contradict a postulated
uniform pantropical glacial response to global climate changes and show that changes in tem-
perature cannot explain past glacial fluctuations in tropical Eastern Africa alone. Spatial and
temporal hydroclimatic variations as well as topographic differences should therefore be given
greater consideration to better understand palaeo glacier dynamics across Eastern Africa.

The following new research questions arose out of the discussion on glacier fluctuations in

the southern Ethiopian Highlands and equatorial East African mountains:

e Specific: When did the oldest and maximum glaciation occur in the Bale and Arsi Moun-

tains?

e Specific: Which climatic conditions caused the “early” maximum glacier expansion in the
Bale Mountains during MIS 3?

e Specific: How long did the ice cap persist on Tullu Dimtu?

e General: Did the palaeo glaciers in the Ethiopian Highlands respond synchronously to
past climate changes?

e General: How sensitive did tropical glacier in Eastern Africa respond to changes of dif-
ferent climate variables? Which role did spatial and temporal hydroclimatic variations
play regarding past glacier fluctuations across tropical Eastern Africa?
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When, how, and under which climatic and environmental conditions did the relict large
sorted stone stripes and polygons on the Sanetti Plateau form?

Large sorted stone polygons and stripes (several meters wide and hundred meters long) be-
tween 3850 and 4150 masl on the southern and western Sanetti Plateau in the Bale Mountains
were first mentioned by Miehe and Miehe (1994), but never systemically mapped and inves-
tigated. In a review paper about glacial and periglacial phenomena in Ethiopia, Grab (2002)
interpreted the large dimension of these patterns as potential evidence for local permafrost in
the Bale Mountains during the LGM, but did not provide any discussion on their genesis. So
far, patterns of similar dimension have not been verified for any other tropical mountain. The
only known analogue of similar dimension are the blockstreams and stone stripes in the Falk-
land Islands (see André et al., 2008). The occurrence of the large sorted polygons and stripes on
the Sanetti Plateau is enigmatic for a tropical afro-alpine environment as such geomorphologi-
cal forms have so far only been associated with permafrost environments and seasonal climate
variations in the mid and high latitude (e.g. Goldthwait, 1976; Hallet, 2013). To better under-
stand the present-day periglacial processes and the genesis of the relict sorted stone stripes in
the Bale Mountains, ground temperatures have been measured and periglacial landforms been
mapped and investigated as part of this thesis (see Chapter 3).

The three-year measurements in the Bale Mountains revealed a typical diurnal ground tem-
perature cycle near the surface ranging from minimum -10 °C at night up to maximum 40 °C
during daytime. Moreover, the data show that superficial nocturnal frost occurs frequently on
the Sanetti Plateau (at 35-90 days per year), but penetrates only the upper few centimetres. Be-
low this depth, ground temperatures are continuously above the freezing point. The diurnal
temperature amplitude decreases rapidly with increasing depth and below 50 cm depth tem-
peratures are rather constant. However, the long-term measurements show that even in trop-
ical mountains with a pronounced diurnal climate seasonal ground temperature variations of
2.5°C at 50 cm depth and up to 10 °C near the surface can occur. Even though superficial frost
was verified for the Sanetti Plateau, the mean annual ground temperature across depths in the
order of 11 °C at ~3900 masl is way off from seasonal or permanent frost conditions.

Characteristic modern frost-related phenomena in the Bale Mountains related to diurnal or
seasonal temperature variations are inter alia small-scale patterned grounds, seasonally frozen
waterfalls, and nocturnal needle ice. In contrast to the modern small-scale periglacial land-
forms, the relict features, including extensive blockfields along the southern escarpment and
the prominent sorted stone stripes on the plateau, consist of larger clasts (up to 2m in diam-
eter). The detailed mapping of periglacial landforms led to the discovery of undocumented
stone stripes on the western plateau above 4000 masl, which are up do 15m wide and 1000 m
long. Beside the blockstreams and stone stripes in the Falkland Islands (see André et al., 2008),
these are the largest described structures of their kind worldwide. The structures on the west-
ern and southern plateau have in common that they are located at slightly inclined areas and
consist of alternating stripes of coarse angular blocks and regolith. The width of the coarse
(trough-shaped) and fine-grained (rampart-like) stripes varies between 5 and 15m and their
axis is oriented parallel to the greatest slope. Another important detail is that some of the
stone stripes split up into two narrower branches in the upper part and merge to a single wider
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branch in the lower part. All these observations are very similar to the characteristics of pat-
terned grounds at gentle slopes predicted by numerical models after several hundred freeze-
thaw cycles (Mulheran, 1994; Werner and Hallet, 1993; Kessler et al., 2001; Kessler and Werner,
2003). The similarities between observed and modelled stone stripes, their geomorphological
characteristics as well as the concurrence of sorted polygons and stripes on the plateau sug-
gest that these patterns are most likely the result of frost heave and sorting related to several
decimetre deep seasonal frost (or sporadic permafrost) and cycling freezing and thawing.

The formation of sporadic permafrost or deep seasonal frost on the Sanetti Plateau would
require a past ground temperature depression of at least 11 °C (relative to the present-day con-
ditions). Such an extreme cooling is unprecedented in the tropics and would imply consider-
able environmental change. Very cold and dry conditions beyond the limits of the former ice
cap on Tullu Dimtu (see Chapter 2) during the Pleistocene might have provided suitable condi-
tions for the formation of large patterned grounds due to frost heave and sorting over hundreds
of freeze-thaw cycles. Interestingly, the large blockstreams and stone stripes in the Falkland Is-
lands are also located outside the local Pleistocene glacier limits (Clapperton, 1971; Clapperton
and Sudgen, 1976) and are interpreted as composite landforms that formed over several cold
stages (Wilson et al., 2008) (see Chapter 3 for a more detailed comparison). However, to cor-
roborate the hypothesis that the stone stripes on the Sanetti Plateau formed under periglacial
conditions in proximity of the former ice cap, it would be necessary to constrain the time when
these forms became geomorphologically inactive. The attempt to date the stabilisation period
of the stripes with 3Cl was not successful due to the probable exposure of the blocks to cosmic
radiation prior to and during the formation period. The well preserved morphology and hardly
weathered surface of the blocks generally support a formation of the stripes during MIS2, the
coldest and driest period of the last glacial period (e.g. Tierney, deMenocal, and Zander, 2017),
but a sorting over several cold stages during the Pleistocene cannot be completely ruled out.

The thesis provides a first detailed analysis and interpretation of the relict large sorted stone
stripes and polygons on the Sanetti Plateau, but several questions regarding their genesis re-

main inadequately answered and thus lay the foundation for future research:

e Specific: What are the climatic, geological, geomorphological, and sedimentological pre-
conditions for the sorting of large clasts (e.g. >2 m in diameter) and the formation of
patterned grounds of this dimension? What is the minimum freeze and thaw depth re-
quired to heave large angular blocks?

e Specific: When did the stone stripes form: during the coldest period of the last glacial cy-
cle due to seasonal freezing and thawing or over several glacial interglacial cycles during
the Pleistocene?

e General: Is there further geomorphological evidence from the Ethiopian Highlands or
equatorial East African mountains for relict large periglacial landforms and a severe high-
altitude cooling in the region during the Quaternary?

o General: What predestines the Sanetti Plateau and Falkland Islands for the formation of
large sorted stone stripes?
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Which cooling can be inferred from the presence of glacial and periglacial landforms and
what does it imply for the palaeoclimate and -ecology of tropical mountains?

Glacial and periglacial landforms like the investigated moraines, erratic boulders, and pat-
terned grounds in the Bale Mountains provide by their presence alone clear evidence for past
climatic and environmental changes at high elevations. However, to determine the magnitude
of cooling during the last glacial period and to elaborate regional and elevational variations, a
quantitative assessment is necessary. As long as no older (>16 ka) high-altitude lake sediment
cores have been recovered from the Ethiopian Highlands, glacial and periglacial landforms are
one of the few proxies that can be used for last glacial temperature reconstructions. An estab-
lished method, especially in formerly unglaciated mountain areas, uses the altitude difference
between past and present lower limits of the periglacial belt along with an assumed lapse rate
to infer past changes in temperature. Based on this approach, Hurni (1982) and Hurni (1989)
estimated a LGM air temperature depression of 7.0 £ 1.5°C for the Simien Mountains and
Hendrickx et al. (2015) of ~ 6 °C for three isolated mountains in the northern Ethiopian High-
lands. The challenge with this method is that the lower periglacial limits are often difficult to
determine if the respective landforms are eroded or covered by vegetation or sediments. More-
over, the period to which the estimated cooling refers is often not well constrained. In the Bale
Mountains, the comparison of relict and modern periglacial landforms is further complicated
by their fundamentally different morphology (large vs. small-scale phenomena) originating
probably from different periglacial processes (e.g. several decimetre deep vs. superficial frost).
To reconstruct the last glacial temperature depression in the Bale Mountains, two approaches —
one classical and one experimental — based on the former ice extent and occurrence of the relict
stone stripes were explored in the thesis (see Chapters 2 and 3).

Similar to the depression of the lower limits of the periglacial belt, vertical changes of a
glacier’s ELA over time can be translated into relative temperature changes using a specific
lapse rate (e.g. Benn et al., 2005; Mark et al., 2005). Due to the preservation of lateral and termi-
nal moraines in the valleys and the relatively small vertical extent (300-800 m) of the palaeo val-
ley glaciers, the ELA in the Bale Mountains during the local LGM (LPG Stage I, 50-30 ka) could
be constrained to 3940 £ 40 m. In the absence of modern glaciers, the present-day 0 °C isotherm
(located at ~4650 masl) inferred from meteorological measurements on the plateau served as
approximation for the modern ELA. Applying the modern lapse on the Sanetti Plateau of 7.2 £
0.5°Ckm™! to the ELA lowering of 710 & 40 m yielded a local LGM temperature depression of
5.1 £ 0.7 °C. Considering that the lapse rate during the last glacial period was probably steeper
due to a drier atmosphere (e.g. Loomis et al., 2017), the reconstructed temperature decrease
indicates rather a minimum than maximum threshold for the local LGM cooling in the Bale
Mountains.

If we assume (based on the evidence and arguments provided in Chapter 3) that the large
sorted stripes on the southern and western Sanetti Plateau are the product of frost heave and
sorting due to cyclic freezing and thawing of the upper decimetres of the ground, we can use
them as reference for palaeoclimatic reconstructions. Patterned grounds consisting of large
clasts (>2m in diameter) occur commonly in permafrost areas with mean annual ground and
air temperatures below 0°C (e.g. Goldthwait, 1976). This would imply a minimum depression
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of the ground temperature on the Sanetti Plateau in the order of >11 °C as precondition for the
formation of the stone stripes and polygons. A multiple linear regression model built upon the
relationship between measured ground temperatures and a set of meteorological variables was
applied to simulate under which climatic conditions (e.g. decrease in temperature) the mean
annual ground temperature would approximate frost conditions. The results of this statistical
model experiment suggest that a minimum decrease in air temperature of 7.6 & 1.3 °C would be
required for seasonal or permanent ground frost on the plateau. Such a strong cooling would
be another argument for the formation of the stone stripes and polygons during MIS 2.

Both temperature reconstructions are in the order of the estimates from the northern Ethio-
pian Highlands (Hurni, 1982; Hurni, 1989; Hendrickx et al., 2015) and indicate a strong regional
high-altitude cooling during the last glacial cycle. The advantage of the ELA-approach in the
Bale Mountains is that the inferred cooling of 5.1 & 0.7 °C can be directly linked to a glacial and
climatic period (local LGM, 50-30 ka). Assuming that the stone stripes and polygons formed
during MIS 2, the cooling of 7.6 £ 1.3 °C would reflect a further temperature decrease after the
local LGM, which is in line with regional climate proxy data from Eastern Africa (e.g. Tierney
et al., 2008). The comparison between the reconstructed temperature decrease in the Ethiopian
Highlands and the lower-situated Congo Basin and Lake Tanganyika in the order of 4 to 4.5°C
(Weijers et al., 2007; Tierney et al., 2008) support previous findings from the tropics indicating
an amplified cooling with increasing elevation during the last glacial period. A drier atmo-
sphere and steeper lapse rate are discussed as potential causes for the anomalous high-altitude
cooling (e.g. Kageyama, Harrison, and Abe-Ouchi, 2005; Loomis et al., 2017).

A questions, which is beyond the scope of this thesis, but relevant for the understanding of
the Quaternary evolution of afro-alpine ecosystems is how the distinct climatic and environ-
mental changes during the last glacial cycle affected the habitat, distribution, and migration of
(endemic) afro-alpine species in the Ethiopian Highlands (Miehe and Miehe, 1994). The glacial
and periglacial investigations show that the upper valleys, the highest peaks, and large areas
on the Sanetti Plateau in the Bale Mountains were covered by ice or affected by ground frost
during the last glacial period. Furthermore, the ELA-lowering and temperature reconstructions
suggest a depression of altitudinal vegetation belts in the order of a few hundred metres. How
the endemic afro-alpine plant and mammal species like the giant lobelia (Chala et al., 2016),
Ethiopian wolf (e.g. Gottelli et al., 1994), giant mole-rat (e.g Vlasatd et al., 2017), and mountain
nyala, that currently populate the plateau and upper valleys, adapted to the environmental
changes, is therefore one of the questions arising out of this research:

e Specific: Which areas of the Bale Mountains served as glacial refuge for the afro-alpine

plant and mammal species that currently populate the plateau and upper valleys?

e Specific: Did the ice expansion, ground frost, and cooling in the Bale Mountains led to

the local extinction of afro-alpine species during the last glacial period?

e General: What are additional causes beside the postulated steepened lapse rate for the
amplified high-altitude cooling in tropical Eastern Africa during the last glacial period?
Was the glaciated area on the highest mountains large enough to reinforce the local cool-
ing due to a positive ice-albedo feedback?
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How did the palaeoclimate and -environment look like at the time when humans started to
colonise the Bale Mountains?

Relatively little has been known until recently about the human colonisation of the worlds
highest mountains and the adaption of humans to high-altitude climates and environments as-
sociated with low-oxygen conditions, low and fluctuating temperatures as well as higher lev-
els of ultraviolet radiation (e.g. Beall, 2001; Aldenderfer, 2006; Alkorta-Aranburu et al., 2012).
It has long been assumed that the advance of hunter-gatherers into the high mountains oc-
curred rather late in human history. However, archaeological excavations from the Peruvian
Andes revealed that hunter-gatherers already started to colonise high-altitude environments
(~4500 masl) at the Pleistocene-Holocene transition (Rademaker et al., 2014). Located in prox-
imity to the oldest known hominid sites in the Main Ethiopian Rift (e.g. Asfaw et al., 2002), the
Ethiopian Highlands and equatorial East African mountains seem predestined for an even ear-
lier human occupation. Within the framework of the interdisciplinary research unit, in which
this thesis is embedded, it has therefore been hypothesised that the Bale Mountains in the
Ethiopian Highlands were colonised already during the Late Pleistocene. Furthermore, it was
postulated that the mountains served as glacial refuge for humans during periods (e.g. MIS 2)
when the surrounding lowlands were very dry and presumably uninhabitable (Basell, 2008;
Brandt et al., 2012; Stewart and Stringer, 2012). To unravel the human and environmental his-
tory of the Bale Moutains, findings from different subprojects of the research unit comprising
the fields of archaeology, soil biogeochemistry, zoogeography, and Quaternary geology, were
combined (see Chapter 4). The contribution of the glacial geomorphological and chronologi-
cal investigations from this thesis was to embed the archaeological research in a climatic and
environmental context.

Archaeological excavations at the Fincha Habera rock shelter (~3500 masl) in the Web Val-
ley in the northwestern part of the Bale Mountains led to the discovery of the world’s oldest
yet known prehistoric high-altitude residential site. Typical Middle Stone Age (MAS) lithic
artefacts, faunal remains like bones from the endemic giant mole-rat as well as non-local frag-
ments of quartz and ostrich eggshell were found in the deposits of the rock shelter. Based on
the radiocarbon dating of charcoal, giant mole-rat bones, coprolites, and black carbon in the
MSA layer, the settlement period was constrained to 47-31ka cal BP. The nature of the lithic
artefacts shows similarities with MSA findings from the surrounding lowlands that originate
from the late MIS 3 (Pleurdeau, 2006; Gossa, Sahle, and Negash, 2012; Ménard et al., 2014;
Pleurdeau et al., 2014; Leplongeon, Pleurdeau, and Hovers, 2017) and therefore corroborate the
radiocarbon dates. One of the key findings from the analysis of the faunal remains was that
the abundant giant mole-rat, which weighs ~1kg and is endemic to the Bale Mountains, was
a key food source of the prehistoric inhabitants. Moreover, the analysis of the lithic obsidian
artefacts from the rock shelter revealed an identical chemical composition with the comparison
samples from the local obsidian outcrops at ~4200 masl. This suggests that the MSA foragers
accessed repeatedly the obsidan outcrops, which are located ~700 m higher and ~10km away
from the residential site, for the procurement of this almost exclusively used raw material.

The glacial geomorphological and chronological findings of the thesis show that the MSA
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settlement phase (47-31 ka cal BP) in the Bale Mountains coincided with the local LGM (50-
30ka), a period of extensive glaciation and colder conditions. At that time, an ice cap covered
large parts of the Sanetti Plateau and 4-5 km long glaciers filled the northwestern valleys, just
7-9 km upstream of the MSA site, which was apparently never glaciated. The ridge with the
obsidian outcrops between two glaciated valleys was probably ice-free. As inferred from the
reconstructed ELA-lowering, the mean annual air temperature was reduced by 4-6 °C (com-
pared to today). All these findings together indicate that the prehistoric foragers were familiar
with the cold and glaciated environment of the Bale Mountains. Beside the obsidian as raw
material and the giant mole-rat as food source, the perennial meltwater from the glaciers was
probably one of the important afro-alpine resources for the MSA foragers. The initial hypoth-
esis of the research unit, claiming a controversial early human occupation of the Ethiopian
Highlands during the last glacial period, could be successfully corroborated in the framework
of the interdisciplinary approach. Along with new evidence for short-term stays of humans at
elevations up to ~4600 masl on the Tibetan Plateau (Zhang et al., 2018) and the findings from
the Peruvian Andes (Rademaker et al., 2014), the discovery of the oldest residential site in the
Bale Mountains demonstrates that the resources in the world’s highest mountains have already
been accessed by humans during the Late Pleistocene.

What drove the people into the mountains, is one of the challenging questions arising from
the interdisciplinary research. The ostrich eggshell fragment as well as the artefacts made of
obsidian and quartz of unknown provenance suggest a past connection between the Fincha
Habera MSA site and the surrounding lowlands. A coeval presence of humans in the high- and
lowlands is also supported by the few archaeological assemblages from the Main Ethiopian Rift
dated to MIS 3 (Ménard et al., 2014; Pleurdeau et al., 2014; Brandt et al., 2017). This does not
favour the interpretation of the Bale Mountains as climate-driven human refuge during the last
glacial period and thus addresses both old and new research questions:

e Specific: Why was the Fincha Habera MSA site in the Bale Mountains abandoned after
~31 ka? Did the climate in the mountains get too cold and dry during MIS 2 (as possibly
indicated by the large-scale patterned grounds on the Sanetti Plateau)?

o General: Where did humans reside during the dry phases of the last glacial cycle in East-
ern Africa?

e General: What were potential push and pull factors — beside the presence of obsidian,
abundant prey, and meltwater — leading to the early occupation of the highlands?

o General: To what extent did the Stone Age hunters shape the afro-alpine environment?
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Glacial and periglacial landforms in the valleys and on the central Sanetti Plateau of the Bale
Mountains in the southern Ethiopian Highlands constitute a valuable archive for reconstruct-
ing past glacier fluctuations as well as climate and environmental changes at high elevations
in the tropics. Based on a first systematic investigation of these landforms, this thesis provides
pioneering insights into the glacial and periglacial history of the Bale Mountains. The gained
insights into past glacial and periglacial processes in turn contribute to a better understand-
ing of the magnitude and manifestation of cooling in the Ethiopian Highlands during the last
glacial period and its impact on the afro-alpine ecosystem and human advance into higher el-
evations. From the main findings discussed in the synthesis, the following conclusions can be
drawn:

1. The geomorphological mapping and interpretation of well preserved glacial and peri-
glacial landforms enables the reconstruction of past ice extents and periglacial areas in
the Bale Mountains. Furthermore, by developing a first glacial chronology for the re-
gion, it has been shown that the stabilisation age of moraines in the volcanic Ethiopian
Highlands can be successfully determined using 3*Cl surface exposure dating. The com-
bined glacial geomorphological and chronological analysis demonstrates that an exten-
sive plateau glaciation extending down into the northern valleys formed in the Bale
Mountains during the Pleistocene. The dating of moraines in the valleys and of erratic
boulders on the plateau testifies to an initial glaciation during the Mid Pleistocene (pre-
sumably MIS 6), an early local LGM lasting from 50 to 30ka, a glacier extent at 19-17 ka
similar to the local LGM, and the disintegration of the valley glaciers after 16-14 ka. One
of the central questions arising from the glacial chronology is why the local LGM in the
Bale Mountains occurred already during MIS 3 and therefore much earlier than the global
LGM. Wetter climatic conditions during MIS 3 compared to a very dry MIS 2 may explain
the “early” local glacier advance. However, whether the glacial chronology of the Bale
Mountains in general and a local LGM during MIS 3 in particular are representative for
the entire Ethiopian Highlands, needs to be verified by future studies from other locations
bearing evidence of past glaciations (see Chapter 7).

2. Glacial landforms like moraines and periglacial features like relict large sorted patterned
grounds provide clear evidence for a strong cooling and pronounced climate and environ-
mental changes in the Bale Mountains during the last glacial period. The comparison of
the postulated local temperature depression (4-6 °C during the local LGM and 6-8 °C dur-
ing MIS 2) with temperature reconstructions from lower sites supports previous findings
arguing for an amplified cooling with increasing elevation in tropical Eastern Africa dur-
ing the Late Pleistocene. A steeper lapse rate due to a drier atmosphere during MIS3/2
is discussed as a potential cause for the amplified high-altitude cooling. The glaciated
mountains in turn might have reinforced the local cooling due to a positive ice-albedo
feedback — an effect that has not yet been considered in the region. Independent of the
causes, the strong cooling that led to the formation of the plateau glaciation and probably
also to the genesis of the large sorted patterned grounds in the Bale Mountains must have
had a considerable impact on the afro-alpine ecosystem and endemic species. To identify
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potential glacial refuges of the afro-alpine plant and mammal species that currently pop-
ulate the Sanetti Plateau and upper valleys, is a challenge for future palaeoecological
research in the Bale Mountains.

3. The glacial history provides essential information on the climate and environmental con-
ditions during the early human occupation of the Bale Mountains. By combining archae-
ological, soil biogeochemical, zoogeographical, and glacial chronological findings, the
central hypothesis of the research unit — an advance of humans into the high mountains
already during the last glacial period — could be corroborated. It was shown that the early
colonisation of the Bale Mountains (47-31 ka cal BP) coincided with the local LGM (50-30
ka) and therefore with a relatively cold period. Beside obsidian as raw material and an
abundant rodent as key food source, perennial melt water from the glaciers was probably
one of the afro-alpine key resources, which might have attracted the prehistoric foragers.
The interdisciplinary findings therefore not only proof that the resources of the world’s
high mountains have already been accessed by humans during the Late Pleistocene, but
also that MSA foragers in the Bale Mountains were familiar with cold and glaciated en-

vironments.

4. In cross-comparison with available glacial chronologies and reconstructions from other
tropical mountains in the region, the new data from the Bale Mountains contribute to
a better understanding of past glacier fluctuations and climate variations across East-
ern Africa. The comparison of glacial chronologies from the Bale Mountains, Rwenzori
Mountains, Mount Kenya, and Kilimanjaro indicates differences in the timing of the local
LGM and subsequent re-advances that have not been pointed out before. This asyn-
chronicity suggests that regional hydroclimatic variations as well as topographic differ-
ences were important drivers of the palaeo glacier dynamics across Eastern Africa and
should therefore be given greater attention. Another pattern emerging from the compar-
ison is a decrease in the past ice covered area (relative to the mountain size) from the
equator over the southern towards the northern Ethiopian Highlands, suggesting a neg-
ative high-altitude humidity gradient from the inner to the outer tropics. Whether such a
gradients reflects present-day hydroclimatic conditions or required changes in the large-
scale atmospheric circulation (e.g. southward shift of the tropical rain belt), is a potential
subject of future research (see Chapter 7).
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This thesis has elaborated the potential of glacial and periglacial landforms in the Ethiopian
Highlands for the reconstruction of Pleistocene glacier fluctuations as well as climate and en-
vironmental changes. One important methodological finding emerging from the thesis is that
the stabilisation age of moraines in the volcanic highlands can be successfully determined by
applying 3°CI surface exposure dating. Therefore, the thesis lays the foundation for future
glacial chronological research in other parts of the Ethiopian Highlands. Although our general
understanding of the extent and timing of past glaciations in the Bale Mountains has improved
considerably over the last years, many aspects of the local glacial history like the evolution
of the plateau glaciation or the climatic drivers of the “early” local LGM are still poorly un-
derstood (see Chapter 5). Moreover, little is known about regional palaeoclimatic variations
and past glacier fluctuations in other parts of the highlands. With the aim to refine the under-
standing of past glaciations and palaeoclimatic variations across the Ethiopian Highlands, this
project has received additional funding from the DFG and SNSF in the course of the extension
of the Ethio-European research unit “The Mountain Exile Hypothesis”. Three specific research
ideas, which are partly linked to the objectives and working packages of the project’s second

phase, are briefly outlined below.

Evolution of the plateau glaciation in the Bale Mountains

As discussed in detail in the synthesis chapter, the reconstruction of the former plateau glacia-
tion in the Bale Mountains is hampered by the lack of unambiguous glacial geomorphological
evidence for the exact expansion of the former ice cap and a missing robust glacial chronology.
However, a sound understanding of the evolution of the extensive ice cap on the Sanetti Plateau
is worthwhile since it provides fundamental insights into the formation of a glacier type that
was rare in Eastern Africa. Apart from the Bale Mountains and Kilimanjaro (e.g. Kaser et al.,
2010), an extensive ice cap probably did not form on any of the other tropical mountains in
the region. Valley glaciers were predominating (e.g. Mark and Osmaston, 2008). Furthermore,
profound knowledge on the former extent of the ice cap on the Sanetti Plateau is a prerequisite
for drawing conclusions about the afro-alpine palaeoclimate and -environment (see Chapters 2,
3, and 5). To elaborate more on the glacial chronology of the Sanetti Plateau, eleven additional
boulders from the inner and outer big boulder moraine (BBM) have been sampled in January
2020 for %*Cl surface exposure dating. In addition, unpublished exposure ages of twelve erratic
boulders spanning from the inner BBM to the eastern margin of the plateau were recently made
available by Prof. Dr. Tim Barrows (University of Wollongong). The samples were originally
taken by Osmaston, Mitchell, and Osmaston (2005) during their field trip to the Bale Mountains
in 2003 and later processed and analysed by Tim Barrows. Furthermore, the basal age of sedi-
ment cores from seaonal lakes across the northern part of the plateau that were drilled by other
members of the research unit will be evaluated regarding the deglaciation history of the ice
cap. The basal age of these cores indicates the onset of sedimentation and could therefore help
to elucidate when the northern part of the plateau became ice-free and disintegration of the
ice cap began. In the long-term, applying a combined ice flow-mass balance model to the Bale
Mountains would be desirable to gain additional insights into the formation and dynamics of
the former plateau glaciation (e.g. Zekollari et al., 2017; Seguinot et al., 2018).
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Glacial and climate history of the Arsi Mountains
The more than 4000 masl high Arsi Mountains (see Fig. 2.1) in the southern Ethiopian High-
lands represent an ideal research area to study the regional palaeoclimate and past glacier fluc-
tuations in cross-comparison with the Bale Mountains. Characteristic for the Arsi Mountains
is their simple elongated geometry and the absence of a vast plateau. About twenty U-shaped
valleys descend to the west, north, and east from the central ridge. Moraine sequences are
well preserved in most of the valleys (see Fig. 2.5) and provide a solid basis for geomor-
phological mapping and cosmogenic nuclide dating. Interestingly, the palaeo glaciers in the
eastern valleys reached on average about 150 m further down than those in the western val-
leys (see Fig. A.6). This indicates pronounced differences in the mass balance of the western
and eastern palaeo glaciers, which might have been caused by orographic effects and increased
precipitation/cloudiness along the eastern declivity. In view of the hypothesised small-scale
hydroclimatic gradients in tandem with the preservation of moraines in many valleys, the Arsi
Mountains are a promising location for studying local Late Pleistocene precipitation and wind
flow patterns on the basis of past glacier variations. However, a robust, but yet lacking, glacial
chronology is a precondition for verifying that the moraines from the eastern and western
valleys originate from the same stage and therefore support palaeoclimatic interpretation. Fur-
thermore, an independent glacial chronology from the Arsi Mountains is essential to assess
whether the findings from the Bale Mountains including a local LGM during MIS 3 is repre-
sentative for the southern Ethiopian Highlands.

To develop a glacial chronology for the Arsi Mountains, 43 moraine boulders (in addition to
the previous six) have been sampled in four different valley in February 2020 with the support
of Serdar Yesilyurt and Beriso Kemal for surface exposure dating. As soon as a chronology is
established, the different dated glacier extents will be used in combination with an advanced
version of the open-source glacier surface mass balance model glacierSMBM (Groos et al., 2017;
Groos and Mayer, 2017) to reconstruct spatio-temporal precipitation and temperature changes
in the region. The approach is based on the assumption that glaciers were close to equilibrium
(accumulation ~ ablation) at the determined glacial stages. In a first step, the model calcu-
lates the mass balance of the reconstructed palaeo glaciers using current meteorological data
from the region. Based on this, a model ensemble with various combinations of adjusted (in-
creased /decreased) temperature and precipitation data will be performed to identify the me-
teorological pattern which results in a steady state between accumulation and ablation (mass
balance ~ 0). The mean annual temperature and precipitation at steady state are finally com-
pared with the present-day climatic conditions to quantifiy past temperature and precipitation
changes in the southern Ethiopian Highlands. In addition to this, the amount of melt water

released by the palaeo glaciers can be inferred from the modelled ablation at steady state.

Hydroclimatic analysis of the tropical mountains in Eastern

The interpretation of past glacier fluctuations in the Bale Mountains and in comparison with
other locations across tropical Eastern Africa has not only been hampered by the common chal-
lenges related the reconstruction and dating of past glaciations, but also by the limited un-
derstanding of present-day hydroclimatic variations at high elevation (see Chapters 2, and 5).
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Without knowing for example the current differences in the amount and distribution of pre-
cipitation between the northern and southern Ethiopian Highlands, the interpretation of the
discrepancy between a past glaciation of 13km? in the Simien compared to an ice cover of
85km? in the Arsi Mountains, which only comprise 13 % of the area above 4000 masl of the
former, remains highly speculative. For a better understanding of current hydroclimatic vari-
ations at high elevation across the region, a spatial assessment would be necessary. One of
the most reliable datasets for studying regional rainfall distributions in the region is CHIRPS, a
product combining rainfall estimates from rain gauge and satellite observations (Gebrechorkos,
Hiilsmann, and Bernhofer, 2019). This dataset has already been evaluated by Gebrechorkos,
Hiilsmann, and Bernhofer (2019) for Eastern Africa, but not with respect to elevation. To have a
modern reference for palaeoclimatic interpretations and to better understand the current role of
tropical mountains in Eastern Africa as “water towers” for the region, it would be worthwhile
to combine the CHIRPS rainfall dataset with the hypsographic analysis presented in Chapter 2
(see Fig. 2.2). The weather stations in the Bale Mountains installed within the framework of
the research unit as well as observational data from Kilimanjaro (Appelhans et al., 2016) could
serve for the validation of the product’s quality at high elevations.

References

Gebrechorkos, S. H., S. Hiilsmann, and C. Bernhofer (2019). “Long-Term Trends in Rainfall
and Temperature Using High-Resolution Climate Datasets in East Africa”. In: Sci. Rep. 9.1,
pp- 1-9. DOI: 10.1038/541598-019-47933-8.

Groos, A. R. and C. Mayer (2017). “glacierSMBM: Glacier Surface Mass Balance Model. R pack-
age version 0.1.” In: URL: https://CRAN.R-project.org/package=glacierSMBM.

Groos, A. R. et al. (2017). “A First Attempt to Model Region-Wide Glacier Surface Mass Bal-
ances in the Karakoram: Findings and Future Challenges”. In: Geogr. Fis. Dinam. Quat. 40.2,
pp- 137-159. DOL: 10.4461/GFDQ.2017.40. 10.

Kaser, G. et al. (2010). “Is the Decline of Ice on Kilimanjaro Unprecedented in the Holocene?”
In: The Holocene 20.7, pp. 1079-1091. DOI: 10.1177/0959683610369498.

Mark, B. G. and H. A. Osmaston (2008). “Quaternary Glaciation in Africa: Key Chronologies
and Climatic Implications”. In: J. Quat. Sci. 23.6-7, pp. 589—-608. DOI: 10.1002/ jgs . 1222.
Osmaston, H. A., W. A. Mitchell, and J. A. N. Osmaston (2005). “Quaternary Glaciation of the

Bale Mountains, Ethiopia”. In: J. Quat. Sci. 20.6, pp. 593-606. DOI: 10.1002/jgs . 931.

Seguinot, J. et al. (2018). “Modelling Last Glacial Cycle Ice Dynamics in the Alps”. In: Cryosphere
12.10, pp. 3265-3285. DOI: 10.5194/tc-12-3265-2018.

Zekollari, H. et al. (2017). “Sensitivity, Stability and Future Evolution of the World’s North-
ernmost Ice Cap, Hans Tausen Iskappe (Greenland)”. In: Cryosphere 11.2, pp. 805-825. DOTI:
10.5194/tc-11-805-2017.


https://www.chc.ucsb.edu/data/chirps
https://www.chc.ucsb.edu/data/chirps
https://doi.org/10.1038/s41598-019-47933-8
https://CRAN.R-project.org/package=glacierSMBM
https://doi.org/10.4461/GFDQ.2017.40.10
https://doi.org/10.1177/0959683610369498
https://doi.org/10.1002/jqs.1222
https://doi.org/10.1002/jqs.931
https://doi.org/10.5194/tc-12-3265-2018
https://doi.org/10.5194/tc-11-805-2017

131

Appendix A

Supplements to Chapter 2



132 Appendix A. Supplements to Chapter 2

Badagusar: LPG equivocal Badagusar: LPG equivocal

Y |7

BAO1 (32.8 + 1.7 ka) BAO2 (21.4 + 1.3 ka)

W —

BAO3 (57.1 £ 3.1 ka) BAO4 (17.5 £ 1.3 ka)
—/
Batu Gudda: LPG equivocal BGO1 (73.2 £ 3.3 ka) g3
Batu Gudda: LPG Stage | (293 26k
BGO1 (73.2 £ 3.3 ka) v
MBGOZ (72.3 £3.8ka) i
Vires

FIGURE A.1: Photographs of all 81 sampled and dated glacial and periglacial features from the Bale

and Arsi Montains. Color coding of the different stages is the same as in Fig. 2.4 and Fig. 2.5. Green

= MPG Stage (equivocal), violet = LPG Stage (equivocal), red = LPG Stage I, yellow = LPG Stage 1I,
blue = LPG Stage III. White arrows indicate the approximate flow direction of the paleo-glaciers.
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FIGURE A.2: Glacial and periglacial geomorphology of the Sanetti Plateau. (A) View from the south-

ern plateau towards Tullu Dimtu (4377 m), the highest peak of the Bale Mountains. (B) Big boulder

(5 m high) at the eastern slope of Tullu Dimtu. (C) Sorted stone stripes (up to 2 m deep, 15 m wide

and 200 m long) located at the western slope of a volcanic plug 5 km south of Tullu Dimtu. (D) Sorted

stone stripes at the western margin of the plateau (12 km west of Tullu Dimtu). (E) Shallow depres-

sion and seasonal lake at the northern margin of the plateau. (F) Hardly-weathered relict block fields
along the southern Harenna Escarpment.
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FIGURE A.3: 3°Cl surface exposure age and location of the large sorted stone stripes. (A, B) Southern
Sanetti Plateau. (C) Western Sanetti Plateau. (D) Stone stripes were also discovered on satellite images
on a lower plateau (~3700 m) in the west of the Bale Mountains. However, a field visit of these
structures is still pending. High-resolution satellite images for mapping were kindly provided by
the Digital Globe Foundation through an imagery grant. For field images see Fig. A.1 and A.2. The
obtained old 3°Cl surface exposure ages probably do not represent the formation age of the sorted
stone stripes and are rather the result of pre-exposure to cosmic radiation. Since 3°Cl has reached
saturation (the concentration where production and decay are balanced) in samples BSO5 and BS06,
the resulting age (>1 Ma) lies at the limit of the method and is therefore not stated explicitly.
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FIGURE A.4: TAS (total alkali versus silica) classification of all sampled boulders from the Bale and
Arsi Mountains. The diagram shows that most of the sampled rocks are trachytes and basalts. Inter-
estingly, the chemical signature of boulders from LPG Stage III and from LPG Stage 1/1I in the Togona
Valley differ and indicate that they originate from two different catchments. The only outlier (TOO03,
74.2 ka) of LPG Stage III in the Togona Valley (see Fig. 2.4) has the same chemical signature like the
boulders from the upper lateral LPG Stage I/II moraines, suggesting that this boulder stems from an
older glaciation and was reworked during LPG Stage III. In combination with a geologic map, which
yet does not exist for the Bale Mountains, the chemical signature of the boulders would help to trace
the ice flow and prove the transfluence of ice from the plateau into the valleys.
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FIGURE A.5: Mean annual air temperature for three different locations and elevations in the Bale

Mountains. The mean annual temperature was calculated from hourly values measured between

15t March 2017 and 28" February 2018 (the only period without longer data gaps) at three different

automatic weather stations on the Sanetti Plateau: Tuluka (3848 m), EWCP — Ethiopian Wildlife Con-

servation Project (4124 m), Tullu Dimtu (4377 m). A linear regression was applied to calculate an

annual lapse rate and determine the mean 0 °C isotherm. Due to the short measurement period, it
was not possible to assess the inter-annual variability of the lapse rate and 0 °C isotherm.
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FIGURE A.6: Equilibrium line altitudes calculated for the palaeoglaciers in the western (aspect = 225-
315°), northern (aspect = 315-360° and 0-45°), eastern (aspect = 45-135°), and all valleys in the Arsi
Mountains based on the terminus-to-headwall-altitude-ratio (THAR).
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TABLE A.1: Quaternary glaciations in Africa and estimated LGM extent.

Mountain Country LGM Extent (km?) Reference
Aberdare Range Kenya 10 Kaser and Osmaston (2002)
23 Hastenrath (2009)
Arsi Mountains Ethiopia 85 Osmaston and Harrison (2005)
Bale Mountains Ethiopia 180 Osmaston, Mitchell, and Osmaston (2005)
265 Ossendorf et al. (2019)
Kilimanjaro Tanzania 150 Kaser and Osmaston (2002)
200 Hastenrath (2009)
Mount Elgon ~ Uganda / Kenya 75 Kaser and Osmaston (2002)
95 Hastenrath (2009)
Mount Kenya Kenya 200 Kaser and Osmaston (2002)
240 Hastenrath (2009)
Rwenzori Uganda / Congo 200 Hastenrath (2009)
260 Kaser and Osmaston (2002)

Simien Mountains Ethiopia 13 Hurni (1989)
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TABLE A.5: Input data table for easy reproducibility of the **Cl surface exposure ages using the latest
version of the CRONUS web calculator (Marrero et al., 2016). The combined table is too large for
displayment. All data are available in Tables A.2, A.3, and A 4.
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TABLE A.6: 3°Cl surface exposure ages (in ka) of the rock samples from the Bale and Arsi Mountains

using different 3¢Cl production rate scalings (for more information see Marrero et al., 2016).

Sample Presentstudy ST LM  SA S DE DU LI
BAO1 32.8 333 293 286 283 248 263 255
BAO02 214 220 207 204 203 180 184 184
BAO3 57.1 60.1 478 455 451 402 431 409
BA0O4 17.5 180 180 177 176 150 155 157
BGO1 73.2 79.7 633 633 634 630 680 626
BG02 72.3 778 621 620 620 600 650 60.6
BGO03 29.3 296 264 263 263 245 257 250
HAO01 43.3 46.8 383 384 385 380 404 381
HAO02 383.3 439.0 300.0 298.0 299.0 298.0 340.0 300.0
HAO03 48.4 525 417 417 417 416 444 415
HA04 17.6 181 176 179 179 171 180 175
HAO05 16.5 172 167 170 171 163 167 16.7
HAO06 48.8 51.9 414 412 413 405 43.0 406
HAO07 16.1 165 161 164 165 156 160 16.0
HAO08 14.8 150 151 154 154 148 150 151
HAO09 18.9 200 189 192 192 184 190 187
HA10 15.1 16.1 158 162 162 160 160 16.0
HA11 15.7 16.7 163 167 168 162 166 16.6
HA12 15.2 162 159 163 163 160 16.1 16.1
HA13 15.7 16.8 164 169 169 164 168 168
HA14 15.3 163 160 164 164 160 162 162
HA15 17.9 19.1 185 189 189 184 189 187
HA16 117.2 128.0 1009 101.2 101.4 100.0 110.0 100.0
HA17 28.8 31.0 274 277 278 273 288 275
HA18 18.5 198 190 194 194 189 195 19.2
MAO1 52.2 56.8 447 450 453 500 50.0 459
MAOQ2 129.4 142.0 110.0 1109 111.3 111.0 121.0 111.0
MAO03 25.1 254 232 235 235 224 230 228
MAO04 33.9 36.0 312 316 317 313 332 315
MAO05 410.2 467.0 320.0 319.0 321.0 320.0 370.0 321.0
MAO06 125.1 136.0 106.6 107.2 107.5 107.0 116.0 107.0
MAOQ7 90.6 1000 787 794 798 79.0 87.0 79.0
RAO1 29.1 31.2 275 277 280 268 283 271
RA02 38.8 414 348 349 349 339 360 341
RA03 36.5 39.0 332 334 334 323 344 326
SA01 473.6 520.0 350.0 336.0 333.0 294.0 340.0 300.0
SA02 131.8 141.0 109.0 108.0 108.0 101.0 110.0 102.0
SA03 261.2 285.0 207.0 200.0 201.0 192.0 212.0 193.0
SA04 43.3 46.7 382 381 381 369 394 371
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SA05 25.3 271 244 246 246 236 247 239
SA07 20.3 213 201 200 200 184 190 189
SA08 17.5 184 179 179 178 162 16.6 16.7
SA09 20.1 211 200 199 199 183 189 1838
TDO01 99.5 108.0 90.0 849 849 81.0 900 81.0
TOO01 16.5 178 173 179 180 177 182 180
TO02 13.7 138 138 141 141 132 134 136
TOO03 74.2 780 632 616 621 568 620 578
TO04 14.3 155 152 157 158 156 159 159
TO05 13.3 102 101 102 101 87 9.0 9.2

TO06 14.6 158 155 160 161 159 162 16.0
TOO07 29.4 311 276 271 273 250 264 256
TOO08 43.0 453 376 368 370 341 364 348
TO09 58.3 615 488 469 473 434 473 440
TO10 34.2 353 307 302 302 280 293 281

TO11 17.8 186 182 181 182 163 168 169
TO12 19.1 197 190 190 189 170 176 176
TO13 16.9 175 171 171 170 153 157 15.8
TO14 18.9 198 191 191 191 173 179 179
TO15 17.3 181 177 177 177 159 164 165
WAO01 18.5 198 190 193 194 189 194 192
WAO02 16.7 178 173 177 178 172 177 17.6
WAO3 17.2 186 180 185 185 181 18.6 184
WAO04 14.0 147 146 149 149 144 147 147
WAOQ5 14.6 155 152 156 156 151 154 154
WAO06 141 150 145 148 149 143 145 146
WEO02 211.2 243.0 185.0 181.0 180.0 154.0 170.0 158.0
WEO03 186.8 203.0 156.0 157.0 157.0 153.0 171.0 153.0
WE04 118.4 129.0 102.3 103.6 103.8 100.0 113.0 104.0
BS01 84.2 86.7 692 664 662 580 640 59.6
BS02 280.8 292.0 213.0 201.0 200.0 179.0 195.0 183.0
BS03 280.8 292.0 212.0 201.0 200.0 179.0 194.0 182.0
BS04 620.1 660.0 430.0 399.0 398.0 321.0 400.0 330.0
BS05 - - 730.0 670.0 700.0 510.0 600.0 520.0
BS06 - - 780.0 700.0 690.0 530.0 630.0 540.0
GAO01 158.7 169.0 128.0 125.0 126.0 120.0 129.0 118.0
GA02 31.0 326 286 284 285 264 279 270

GAO03 107.1 1150 922 906 912 840 920 851

GA04 38.6 411 347 343 346 325 346 330

GAO05 18.5 195 188 190 190 174 179 179

GA06 17.9 188 183 183 184 168 173 173
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TABLE A.8: Input data for the TAS diagram (Fig. A.4).

Sample Name NayO [%] KO [%] SiO; [%]

BAO1 1.54 0.31 45.88
BAO02 1.62 0.29 45.06
BAO3 1.44 0.26 45.44
BA0O4 1.68 0.33 45.19
BGO1 6.09 5.14 67.61
BGO02 6.03 4.85 68.65
BG03 6.12 491 68.82
BS01 2.34 0.75 47.01
BS02 2.29 0.74 45.20
BS03 2.27 0.72 44.71
BS04 3.37 0.97 48.90
BS05 6.76 4.33 60.81
BS06 6.95 4.38 57.74
GAO01 4.75 2.03 55.05
GA02 4.80 2.19 52.74
GAO03 4.78 222 53.35
GA04 4.42 221 51.67
GAO05 4.93 2.27 53.50
GAO06 4.86 2.20 53.18
HAO1 6.06 5.24 67.27
HAO02 6.20 5.39 66.81
HAO03 6.30 543 66.60
HA04 5.58 4.85 68.87
HAO05 5.73 4.83 68.71
HAO06 5.37 4.72 68.46
HAO07 5.62 4.81 67.75
HAO08 5.61 4.86 67.56
HAO09 5.61 4.83 68.35
HA10 6.15 5.32 68.30
HA11 6.26 5.34 67.22
HA12 6.15 5.30 68.50
HA13 6.18 5.30 66.28
HA14 6.17 5.29 67.35
HA15 6.20 5.34 67.43
HA16 6.31 5.33 67.28
HA17 6.30 5.38 67.67
HA18 6.23 5.34 67.70
MAO1 5.41 4.72 66.92
MAO02 5.60 4.73 67.76

MAO3 2.61 4.65 61.92
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MAO04
MAO5
MAO06
MAOQ7
RAO1
RA02
RAO03
SA01
SA02
SA03
SA04
SA05
SA06
SA07
SA08
SA09
TDO01
TOO01
TO02
TO03
TO04
TO05
TO06
TO07
TO08
TO09
TO10
TO11
TO12
TO13
TO14
TO15
WAO01
WAQ2
WAO03
WAO04
WAO05
WAO06
WEQ02
WE03
WE04

5.62
5.39
5.56
5.59
571
5.77
5.83
6.17
5.92
6.14
6.51
6.51
6.45
5.50
5.40
5.31
5.98
6.46
6.12
4.32
6.14
6.12
6.03
4.29
4.43
4.39
3.92
4.39
3.90
3.86
4.35
4.22
6.06
6.09
6.23
5.69
5.74
5.81
1.94
5.82
5.73

4.79
4.70
4.76
4.78
4.75
5.14
522
5.35
523
5.33
4.60
4.86
4.83
1.99
2.00
1.92
4.34
5.55
5.09
1.46
5.10
5.27
5.14
1.43
1.40
1.56
1.31
1.53
1.40
1.41
1.80
1.75
5.30
5.32
5.51
5.02
5.09
5.04
0.85
4.76
4.68

67.07
66.35
67.96
67.89
65.70
65.26
65.77
65.64
64.36
65.53
62.55
63.33
62.85
55.36
56.00
55.60
66.37
62.97
62.13
48.96
63.14
60.67
62.48
47.64
48.58
49.54
50.22
49.12
50.25
50.66
51.92
51.50
66.37
66.67
66.50
68.33
67.76
67.51
46.84
61.33
61.48
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TABLE B.1: Overview of periglacial landforms and other characteristic geomorphological features in
the Bale Mountains mapped in the field and on satellite images. A compilation of glacial landforms
in the Bale Mountains is provided by Groos et al. (in revision).

ID Landform / Feature Status Latitude (°N) Longitude (°E) Elevation (m) Slope (°) Aspect (°)

1 Frozen waterfalls  active 6.91508 39.76298 3980-4000 32-37 350-10
2 Needle ice active 6.91784 39.76978 3925 - 3935 0 -

3 Sorted stone nets  active 6.84253 39.77714 4110 - 4140 0 -

4 Scree slope active 6.92509 39.78395 3930-4090 18-37 110-120
5 Solifluction lobes  active 6.92699 39.77194 4130-4190 20-22 150-170
6  Sorted stone stripes  relict 6.78692 39.79278 3865 — 3880 3-9 290-70
7  Sorted stone stripes  relict 6.79496 39.81503 3880 — 3940 3-7 70-180
8 Sorted stone stripes  relict 6.85486 39.72071 4020 - 4100 2-9  330-350
9  Sorted stone stripes  relict 6.85336 39.71750 4020 - 4140 2-9 330-350
10  Sorted stone stripes  relict 6.85432 39.71263 4000 - 4070 2-9  330-350
11  Sorted stone stripes  relict 6.85264 39.70884 3940 - 4100 2-9 330-350
12 Sorted stone stripes  relict 6.91414 39.60676 3715 -3730 2-9  270-290
13 Sorted stone polygons relict 6.83843 39.70631 4000 - 4100 0-4 180-200
14 Sorted stone polygons relict 6.84533 39.71969 4120 -4170 0-4 330-350
15 Blockfield relict 6.76713 39.78794 3690-3800 19-25 240-250
16 Blockfield relict 6.82818 39.78168 3970-4030 12-15 260-270
17 Blockfield relict 6.83016 39.71949 3700-3940 17-19 200-220
18 Blockfield relict 6.84541 39.69772 3800-3880 9-11 300-310
19 Blockfield relict 6.85245 39.69704 3700-3830 12-14 260-270
20 Blockfield relict 6.86119 39.69388 3550-3820 20-24 250-270
21 Blockfield relict 6.86848 39.69701 3600-3880 20-24 320-330
22 Scree slope relict 6.89194 39.89919 3890-3940 20-23 300-320
23 Scree slope relict 6.88617 39.89236 3930-3980 20-26 350-360
24 Scree slope relict 6.91829 39.77699 4070-4110 24-25 350-360
25 Scree slope relict 6.95343 39.76925 4045-4065 24-25 290-310
26 Scree slope relict 6.93937 39.78443 4080-4110 21-25 290-310
27 Scree slope relict 6.94363 39.78672 4055-4100 23-25 350-360
28 Scree slope relict 6.94764 39.79058 4080-4150 24-27 10-20
29 Landslide relict 6.92268 39.89833 3490-3720 2-30 60-70

Landslide relict 6.92644 39.90251 3490-3650 2-40 160-170

O8]
[e]
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FIGURE C.1: Photographs of obsidian outcrops at Wasama Ridge. (A) Site B04 looking north and (B)
site B06 looking west.
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FIGURE C.2: Photograph of lithic surface scatters at Wasama Ridge. Flaked obsidian artifacts (circled
in yellow) show different degrees of patination. The photograph was taken 150 m from the obsidian
outcrop B04 (identical position as in Fig. C.1). Scale bar is 20 cm.
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FIGURE C.3: Schematic plan view of Fincha Habera rock shelter. Grid square system with the loca-
tions of test units E8 (yellow square meter) and H11 (blue square meter).



Appendix C. Supplements to Chapter 4

179

FIGURE C.4: Schematic
representation of exca-
vation spits at Fincha
Habera rock shelter.
The location, lithofacies
association and excava-
tion spits of coprolites,
dating samples, electron
microprobe  samples,
and 5B-Stanols samples
is shown in excavation
units E8 (A) and H11 (B).
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FIGURE C.5: Relative frequency of faunal remains at Fincha Habera. Digested/masticated faunal
remains (yellow) compared to heated /burnt faunal remains (blue) according to the vertical excavation
spits (square H11, see Fig. C.4).
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FIGURE C.6: Images of sampled boulders from the Harcha and Wasama valleys are integrated in
Fig. A.1
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FIGURE C.7: Overview map of the 3°Cl surface exposure ages obtained from 21 boulders sampled in

the Harcha and Wasama Valleys of the Bale Mountains. Boulders HA(02 and HA06 (represented by

the ages in brackets) were not considered for the calculation of the three different Glacial Stages be-

cause of their complex exposure history (e.g. inherited cosmogenic **Cl signal from pre-depositional
exposure).
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FIGURE C.8: Frequency distribution (normal kernel density estimate) of 19 3°Cl surface exposure
ages used for the determination of the glacial stages in the Harcha and Wasama Valleys of the Bale
Mountains. Grey, thin lines are the Gaussian distributions of all 3®Cl surface exposure ages (excluding
samples HA(02 and HA06) with an analytical error of 1¢. The flatter the respective curve the larger the
analytical error related to the uncertainties of the accelerator mass spectrometry measurements. The
red bimodal curve is the sum of the two considered boulder ages from moraine a (Glacial Stage I), the
yellow unimodal curve the sum of the boulder ages from moraine b, ¢, f (Glacial Stage II) and the blue
unimodal curve the sum of the boulder ages from moraine d, e, g (Glacial Stage III). Each weighted
mean represented by a solid vertical line is reported with a 1c error (dashed vertical lines indicate the
1o limits). Grey and white bars in the background state the Marine Isotope Stages 1, 2 and 3 and serve
as a time reference.
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FIGURE C.9: Occurrences of micro-areal endemic species of the genus Trechus Clairville in the Bale

Mountains. Each red dot refers to the distributional range of one species endemic to a certain valley

along mountain slopes. Species occurring in more than one of the valley systems are not considered.

Species” numbering refers to table S8. The white star refers to the location of Fincha Habera rock
shelter.
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TABLE C.4: Fauna from unit H11 at Fincha Habera according to the NISP (Number of Identified

Speciments).
Taxa FHL-07 FHL-08 FHL-09 Total
Baboon (Papio anubis) - 3 - 3
African buffalo (Syncerus caffer) - - 1 1
Bovidae size 4 15 8 - 23
Mountain nyala (Tragelaphus buxtoni) 1 1 2
Bovidae size 3 23 22 - 45
Reedbuck (Redunca sp.) 1 - 4
Bovidae size 2 2 1 - 3
Bovidae 3 - - 3
Fox (Vulpes sp.) 4 6 1 11
Muridae 2 3 - 5
Giant mole-rat (Tachyoryctes cf. macrocephalus) 266 758 418 1442
Ostrich (Struthio camelus): eggshell - - 1 1
Total Identified 316 805 422 1543
Unidentified 404 335 23 762
Total 720 1140 445 2305
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TABLE C.5: Geographic location and description of the sampled boulders from the Harcha and
Wasama Valleys in the Bale Mountains. This Table is integrated in Table A.2.

TABLE C.6: Major and trace element data of the rock samples from the Harcha and Wasama Valleys
in the Bale Mountains. This Table is integrated in Table A.3.

TABLE C.7: Cosmogenic °Cl data and surface exposure ages of the samples from the Harcha and
Wasama Valleys in the Bale Mountains for three different erosion scenarios (€;,;; = 0 mm ka™', €04
=1mmka~!, €4y =2 mm ka—1). This Table is integrated in Table A 4.
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Appendix C. Supplements to Chapter 4
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