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Abstract 
The stable isotope geochemistry of pedogenic and lacustrine carbonate and 
fossil herbivore tooth enamel is a powerful tool to study the evolution of 
terrestrial paleoenvironments. This thesis aims to reconstruct Neogene 
ecosystems in the Karonga Basin in the southern part the East African Rift 
(EAR) and the Central Anatolian Plateau (CAP). 

 

Karonga Basin: Understanding the development of East African savanna 
biomes is crucial for reconstructing the evolution, migration and dietary 
behaviors of early hominins. These rift ecosystems range from closed woodland 
to open grassland savanna and vary widely in fraction of woody cover, 
providing a wide range of food supply for their associated fauna. This thesis 
presents Plio-Pleistocene carbon (δ13C) and oxygen (δ18O) records from 
pedogenic carbonate and fossil herbivore tooth enamel collected from the 
Malawi Rift. These data are the first southern hemisphere long-term record in 
the East African Rift, a region particularly interesting for reconstructing 
vegetation patterns and correlating these across the Intertropical Convergence 
Zone (ITCZ) with data on the evolution and migration of early hominins. 

The studied ca. 4.3 Ma to 0.6 Ma paleosol, fluviatile, swamp, deltaic, and 
lacustrine deposits of the Chiwondo Beds (Karonga Basin, northern Malawi) 
comprise abundant pedogenic carbonates and fossil remains of a diverse 
fauna, which is dominated by large-bodied terrestrial mammals. The sediments 
are also home to two hominin fossil finds, a maxillary fragment of Paranthropus 
boisei and a mandible of Homo rudolfensis, both dated to ca. 2.4 Ma. These 
finds mark the earliest co-existence of the two genera. The study site is situated 
between the well-known hominin-bearing localities of eastern and southern 
Africa and hence fills an important geographical gap for early hominin research. 

The δ13C values of pedogenic carbonate (n = 321) and of enamel from 14 
different large-bodied herbivorous mammal taxa (suid, equid, bovid, elephant 
an hippopotamus; n = 122) permit assessment of the evolutionary history of C3 
and C4 biomass, which is closely linked to climate patterns in the EAR during 
the time of early hominin evolution. The reconstruction of C4-grassland 
development offers insights into the retreat of tree cover, seasonality, and the 
distribution and seasonality of precipitation. δ18O values reflect hydrological 
patterns, and we supplement the data of fossil proxy material with analyses of 
modern meteoric water to evaluate influences of seasonality and (lake) 
evaporation. 

Consistent δ13C values around -9‰ and δ18O values of ca. 24‰ of the 
pedogenic carbonate from 14 sections spanning the last 4.3 Ma indicate a 
relatively mesic (for subtropical Africa), C3-dominated woodland savanna in the 
Karonga Basin. The results of carbon and oxygen isotope analyses reflect a 
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persistent climate in the region without any major long- or short-term 
fluctuations.  

The data from tooth enamel of suid (Notochoerus, Metridiochoerus, 
Phacochoerus), elephant (Elephantidae) and hippo (Hippopotamus amphibius) 
taxa complement these findings with constantly low δ13C and δ18O values, 
demonstrating intake of mainly C3 biomass and water from sources which are 
only very limited affected by evaporation. 

In contrast, Karonga Basin equid (Eurygnathohippus sp.) and bovid 
(Alcelaphini, Hippotragini, Antilopini) taxa reflect much more complex dietary 
patterns, ranging from mixed C3/C4-feeders to strongly (sometimes exclusively) 
C4-influenced diets. Intra-tooth δ18O values also show large variations, 
indicating water intake from resources that differ in their isotopic composition 
and therefore experienced different hydrological settings.  

Overall, the stable isotope data reflect a mostly C3-dominated (ca. 60% to 70% 
woody cover) mesic paleoecosystem, which comprises patches of more open 
C4-grasslands within the range of migrating mammals. These patterns are 
similar to the Zambezian Savanna environment today. Supplementary analyses 
of δ18O values of modern meteoric water (precipitation, lake, river and 
groundwater; n = 111) show a similar magnitude to the fossil herbivore oxygen 
isotopic values. Expected δ18O values of the drinking water calculated from 
herbivore enamel of animals with a mixed- or C3-diet indicate water intake from 
barely evaporated sources. Specialized feeders with a high C4-consumtion, 
however, reflect reconstructed stable oxygen isotope values of 16O-depleted 
reservoirs, similar in δ18O compositions to modern evaporated lakes. 

The absence of long-term trends towards more positive δ13C and δ18O values in 
the Karonga Basin contrasts the increasing role of C4-grasslands since ca. 2.5 
Ma in the Eastern Rift, which is well documented for hominin sites in Tanzania, 
Kenya and Ethiopia. Our data hence point to regional differences in climate and 
vegetation dynamics during the Plio-Pleistocene across the ITCZ. Therefore, 
regions that are home to early hominins such as H. rudolfensis and P. boisei 
may have had a different environmental history when compared to the Eastern 
Rift. This suggests that hominin adaptation is not necessarily directly linked to 
the emergence of open landscapes. 
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Central Anatolian Plateau: The development of relief and climate patterns in 
the Central Anatolian Plateau is another long-standing debate in modern 
paleoecological studies. This thesis presents long-term δ13C and δ18O records 
on five lacustrine successions, which are widely distributed across the CAP. 
Also, new 40Ar/39Ar geochronological data from volcanic ashes are established 
in addition to existing biostratigraphic and paleomagnetic data, to add new age 
constraints to the depositional ages of the individual sedimentary sequences.  

Field relationships combined with stable isotope data of 230 lacustrine 
carbonates indicate a Late Oligocene environment that was characterized by 
large, temporally open freshwater lakes in a relatively humid subtropic climate. 
In the middle Aquitanian (ca. 21 Ma), an increase in lake δ18O values reflects 
more arid settings and an overall increasing dominance of closed saline lakes. 
This time was probably characterized by frequent climatic fluctuations, 
recording the influence of seasonality, topography and the waxing and waning 
of aridity.  
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Chapter 1 
Introduction 

 

1.1 Motivation and aims of research 
The reconstruction of paleoenvironments is the focus of numerous 
interdisciplinary multi-proxy studies. The understanding of ancient landscapes 
and their link to climate, seasonality, vegetation patterns, evolutionary and 
dietary behavior of animals, geology and tectonics are essential for the 
reconstruction of past ecosystems. It has always been of special interest for 
geoscientists, paleoanthropologists and archeologists to reveal insights into 
the environment our early ancestors lived in. The focus of this thesis lies on 
the study of African savanna biomes during the time of early hominin 
evolution to reconstruct the habitat of the “Cradle of Mankind”.  

 
 Figure 1.1: Arial image of Africa with savanna types after White (1983) and major hominin fossil 
localities. 
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One key element in understanding human evolution is deciphering the links 
and feedbacks between East African paleoclimate and vegetation patterns 
(e.g., Dart, 1925; Bartholomew and Birdsell, 1953; Potts, 1998; Ségalen et al., 
2007; Plummer et al., 2009; Cerling et al., 2011). In subtropical Africa 
especially, the timing of the appearance of C4-dominated biomes since the 
Miocene is important to comprehend large-scale vegetational changes and its 
impact on hominin evolution (e.g., Ségalen et al., 2007 and references 
therein). C4 biomes are associated with open grassland savannas with a high 
solar radiation and warm temperatures during the growing season. These 
typical East African savanna floras with their abundant mammal fauna 
radiated during the course of the Plio-Pleistocene, and C4 grasses are the 
dominant component of many subtropical African ecosystems today. The 
actual timing and evolution of these open landscapes is therefore the focus of 
many paleoecological studies. Paleoenvironmental research within the East 
African Rift (EAR) aims at reconstructing ecospace and dietary behaviors of 
early hominins and other large-bodied herbivores, using traditional ecological 
features of fauna and flora and/or geochemical proxies (Wesselmann, 1985; 
Cerling and Hay, 1986; Cerling et al., 1988; Cerling, 1992; Kingston et al., 
1994; Morgan et al., 1994; Plummer and Bishop, 1994; Sikes, 1994; 
deMenocal, 1995; Behrensmeyer et al., 1997; Heinzelin et al., 1999; Plummer 
et al., 1999; Sikes et al., 1999; Wynn, 2000; Harris and Cerling, 2002; Cerling 
et al., 2003; Trauth et al., 2003; Levin et al., 2004; Semaw et al., 2005; Trauth 
et al., 2005; Hopley et al., 2006; White et al., 2006; Quinn et al., 2007; 
Ségalen et al., 2007; Sikes and Ashley, 2007; Aronson et al., 2008; 
WoldeGabriel et al., 2009; Bocherens et al., 2011; Cerling et al., 2011; Levin 
et al., 2011; Cerling et al., 2013a; Cerling et al., 2013b; Feakins et al., 2013; 
Magill et al., 2013a, b; Wilson et al., 2014). Nearly all these studies, which aim 
at reconstructing ecospace and diet of early hominins, concentrate on 
material from hominin sites in the Eastern Branch of the EAR, todays Somali-
Masai Endemic Zone in Ethiopia, Kenya and Tanzania (Fig. 1.1).  

Therefore, current climate-evolution hypotheses, which include temporal and 
causal relationships between changes in climate and faunal diversity and 
adaptation, are based on the ensemble of such paleoclimatic records and 
fossil discoveries. In general, these hypotheses fall into three groups: (1) One 
of the oldest and most widely-studied habitat-specific hypotheses, the 
‘savanna hypothesis’, posits that key human traits were consequences of life 
in the open savanna (e.g., Dart, 1925; Bartholomew and Birdsell, 1953; Klein, 
2009). More recent interpretations of the savanna hypothesis link the 
evolution of hominin fauna to a step-like development of cooler and drier 
climate regimes in an increasingly open landscape with large aridification 
shifts around 3.2 Ma to 2.6 Ma (Bonnefille, 1983; deMenocal, 1995; Dupont 
and Leroy, 1995), or focused bursts of biotic change (‘turnovers’) near 2.8 Ma, 
1.8 Ma and 1.0 Ma (Prentice and Denton, 1988; Vrba et al., 1989; Tiedemann 
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et al., 1994; deMenocal, 1995; Clemens et al., 1996). (2) Contrasting these 
habitat-specific hypotheses the ‘variability selection’ hypothesis emphasizes 
the importance of changes in climate variability on selection, evolution and 
adaptation (Potts, 1998). A key element here is that many of the large African 
faunal evolution events occurred during times of high-amplitude paleoclimate 
variability. (3) The change from a relatively flat, subdued landscape to higher 
topographic complexity including rift lakes, mountains, and vegetation 
patterns ranging from desert to cloud forest has also been postulated to 
influence hominin evolution (Trauth et al., 2005; Maslin et al., 2014; Wilson et 
al., 2014). Most likely, none of the above hypotheses are mutually exclusive 
and spatial differences between regional and global forcing parameters may 
occur, hence the importance to include paleoecological reconstructions of 
hominin localities outside the Eastern Rift in the discussion. 

In contrast to the Eastern Rift, the Southern Rift (Malawi Rift) is poorly 
studied. Knowledge of the spatial variability in vegetation patterns along the 
entire EAR may greatly enhance our ability to identify regional from rift-wide 
characteristics and thus evaluate the role of individual forcing factors. This 
thesis focuses on Plio-Pleistocene proxy material from the Chiwondo and 
Chitimwe Beds in the Karonga Basin (Malawi Rift, northern Malawi) in which 
some of the earliest remains of the genera Homo (Schrenk et al., 1993; 
Bromage et al., 1995, Kullmer et al., 2011) and Paranthropus (Kullmer et al. 
1999) were found. The locality is located within the large geographical gap 
between well-studied Eastern Rift hominin fossil sites and southern African 
ones (Fig. 1.1).  

In light of the above, this thesis presents long-term stable isotope 
geochemistry records of pedogenic carbonate, herbivore tooth enamel and 
meteoric water on samples from the Karonga Basin in order to address the 
following main questions:  

• How did the Karonga Basin paleoenvironment - particularly 
paleovegetation and paleoclimate - of savanna ecosystems evolve 
during time of early hominin evolution? 

• How did the landscape in todays Zambezian Savanna (Malawi) differ 
from the Somali-Masai Endemic Zone (Tanzania, Kenya, Ethiopia) in 
the last ca. 4.3 Ma? 

However, the reconstruction of early hominin paleoenvironments is only one 
of many long-term stable isotope-based studies that strive the exploration of 
landscape evolution. The development of relief and climate patterns is 
another long-standing debate in modern paleoecological studies. The 
geological history of the Central Anatolian Plateau (CAP) is a prominent 
example in this context. Climate-tectonics interactions in this region have 
been complex with respect to its geologic, tectonic and climatic history. The 
Oligo-Miocene is a critical time interval with major changes in climate and 
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topography. Numerous studies were carried out to reconstruct these Middle 
Cenozoic paleoenvironments in the region to deepen our understanding of the 
patterns of vegetation and climate (e.g., Yağmurlu et al., 1988; İnci, 1990; 
Akgün, 1993; Whateley and Tuncali, 1995; Akgün and Sözbilir, 1999; 
Karayiğit et al., 1999; Akgün et al., 2002; Ivanov et al., 2002; Böhme, 2003; 
Akkiraz and Akgün, 2005; Fortelius et al., 2006; Kayseri et al., 2006; Kovar-
Eder et al., 2006; Akgün et al., 2007; Bruch et al., 2007; Fauquette et al., 
2007; Ivanov et al., 2007a, 2007b; Strömberg et al., 2007; Ivanov et al., 2008; 
Eronen et al., 2009; Yavuz-Işık and Toprak, 2010; Bruch et al., 2011; Ivanov 
et al., 2011; Utescher et al., 2011). Most of these studies however are based 
on micro- and macrofaunal records either addressing spatially extensive 
coverage, or on sedimentologic analysis, such as tracing the presence of 
lignite as an indicator of a warm and wet climate. The long-term stable isotope 
records produced for this thesis demonstrate again that δ18O and δ13C data of 
terrestrial proxies are a powerful tool to enlighten the temporal climatic 
patterns in a complex landscape.  

Therefore, stable isotope analyses of lacustrine long-term records have been 
carried out on Oligo-Miocene lake basins from the Central Anatolian Plateau 
to address the following question:  

• How did the Late Oligocene to Early Miocene paleoenvironmental 
conditions of the CAP evolve with respect to climate and the absence 
of orographic barriers?  

All crucial information about the CAP research is descripted in Chapter 6. The 
focus of this introduction lies therefore on the main body of this thesis, the 
reconstruction of the Plio-Pleistocene hominin fossil site in the Karonga Basin 
(Chapter 2 to 5). 

1.2 Study area (Chiwondo and Chitimwe Beds, Karonga Basin, 
 Malawi) 
The Plio-Pleistocene sediments of the Karonga Basin in northern Malawi are 
located in the half-graben of the Malawi Rift between the well-studied eastern 
and southern African hominin localities. This reconstruction fills therefore an 
important spatial gap for understanding the development of paleolandscapes 
inhabited by early hominins. The Chiwondo and Chitimwe Beds are exposed 
in the Karonga Basin in the half-graben of the Malawi Rift Zone. This southern 
part of the EAR extends over 900 km from the Rungwe Volcanic Province in 
the north to the Urema Graben in the south. The Karonga Basin is asymmetric 
and bordered by several sub-parallel eastward-dipping normal faults in the 
west, and the steep westward dipping Karonga Border Fault in the east (Fig. 
1.2). ENE-WSW extension during the Late Miocene formed the block faulting 
(Ring et al., 1992; Ebinger et al., 1993; Ring and Betzler, 1995; Hamiel et al., 
2012) and Permo-Triassic, Jurassic, Cretaceous and the Plio-Pleistocene  
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sediments are exposed parallel to the NW shore of Lake Malawi in two, 
narrow NW-SE aligned stripes, which are separated by Proterozoic 
metamorphic basement ridges (Fig. 1.3b).  

 
Figure 1.2: Three-dimensional schematic diagram of the Rungwe volcanic province illustrating 
the morphology of accommodation zones between the Songwe, Usangu, and Karonga Basins 
after Ebinger et al. (1989) with the Chiwondo and Chitimwe Beds (red), lacustrine sedimentary 
sequences and alluvium (stipple pattern), border fault (BF) scarps (hatched), Tertiary volcanics 
(shading), polyphase shield complexes and smaller centers (cones and triangles) and direction 
of basin asymmetry (bold arrows). 

The Chiwondo Beds are divided into Units 1 to 4, followed by the Chitimwe 
Beds, Unit 5 (Fig. 1.3c; Betzler and Ring, 1995) While pedogenic carbonate is 
abundant in all units, fossils are only preserved in Units 2 and 3. The 
anthropologically important Unit 3 (ca. 3.75 to 0.6 Ma) is further subdivided 
into zones 3A-I, 3A-II and 3B (Fig. 1.3c; Bromage et al., 1995; Sandrock et al., 
1999; Kullmer, 2008). The recovered skeletal elements are mostly isolated 
molars, mandible fragments or high-density limb bones of large-bodied 
herbivorous mammals (Sandrock et al., 2007). 

Material for absolute dating are lacking in the Chiwondo Beds, age 
determination is done by biostratigraphic correlation (especially suid molars) 
to well-dated fossil finds in sub-Saharan Africa (Kaufulu and Stern, 1987; 
Betzler and Ring, 1995; Kullmer, 2008). The shape of present lithic artifacts 
marks the Chitimwe Beds as Middle Stone Age (Clark et al., 1970). 
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Figure 1.3: Position (a) and geological map (b) of the study site. Star in generalized stratigraphic 
column (c) after Betzler and Ring (1994) indicates position of hominins (H. rudolfensis and P. 
boisei) at ca. 2.4 Ma. 

1.3 General Introduction to proxy materials and methods  
One of the most powerful tools to reconstruct paleoclimatic and 
paleoenvironmental conditions, in particular when climate seasonality plays a 
key role in the evolution of ecosystems, is carbon (δ13C) and oxygen (δ18O) 
isotope geochemistry of multi-proxy archives. This method is well established 
and widely used in marine and terrestrial environments in virtually all 
timeframes and regions of this world.  

This work emphasis δ13C analyses, which record changes in C3 vs. C4 
vegetation. The change from C3-dominated woodland ecosystems to open C4-
grasslands is considered the largest vegetational change African ecosystems 
underwent in the Cenozoic. Interpretation of stable oxygen patterns, however, 
are more complex. Generally, meteoric water δ18O values offer the evaluation 
of the isotopic composition of today’s available (drinking) water. A correlation 
with fossil proxies allows tracking of possible changes in the climate with 
empathy on effects of evaporation, seasonality and altitude.  

We compare the evolution of Zambezian Savanna biomes in the Karonga 
Basin with reconstructions of well-studied hominin sites in the Somali-Masai 
Endemic Zone in the Eastern Rift to enlighten the potential different 
ecosystems early hominins thrived in.  

For this thesis different terrestrial proxy materials that carry the δ13C and δ18O 
fingerprint of environmental conditions were used: (1) soil carbonate, ca. 
4.3 Ma to today, (2) enamel of fossil (ca. 4.3 Ma to 0.6 Ma) and modern 
herbivorous mammal teeth, and (3) modern meteoric water (only δ18O). 
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1.3.1 δ13C and δ18O of paleosol and herbivore proxy material 
Pedogenic carbonate: All analyzed Chiwondo and Chitimwe paleosol 
materials were sampled during three field seasons in September to November 
in 2011, 2012 and 2013. 14 freshly-cut step-sections were trenched to sample 
- whenever possible - well-consolidated pedogenic carbonate nodules at least 
30 cm below paleosols surfaces to eliminate effects of atmospheric CO2 
(Cerling and Quade, 1993). In total 321 pedogenic carbonates were selected 
for stable isotope analyses from all units (Subunit 3B is missing due to poor 
outcrop conditions). Outcrop conditions and field characteristics are presented 
in Chapter 3 (see e.g., Fig. 3.3). 

Herbivore enamel: Additionally, 122 enamel samples from 14 different 
Karonga Basin large-bodied herbivorous mammalian taxa were analyzed for 
δ13C and δ18O analyses. These taxa include (1) suids of the extinct genera 
Notochoerus (Not.) jaegeri, euilus and scotti, Metridiochoerus (Met.) andrewsi 
(stage I and III) and compactus as well as extant Phacochoerus (Pha.) 
aethiopicus, (2) bovids of the genus Hippotragini sp. (Hip.), Antilopini sp. 
(Ant.) and Alcelaphinae (Alc.) Damaliscus, Megalotragus and Connochaetes 
and one unidentified Alc. individual, (3) equids Eurygnathohippus sp., (4) 
elephant Elephantidae (Loxodonta sp. or Elephas sp.?) and (5) hippo 
Hippopotamus amphibious.  

During fieldwork, a lower left molar of Eurygnathohippus sp. (Hominid Corridor 
Research Project (HRCP) ID: #1175) and one incisor fragment of 
Hippopotamus amphibious (#1174) were found. Other analyzed teeth were 
previously collected by the HCRP; typically discovered by systematic surveys 
along erosional surfaces between 1984 and 2009. Fossils are temporarily 
stored in Senckenberg Research Institute Frankfurt, Germany and are housed 
in the collection of the Cultural and Museum Centre Karonga, Malawi. 
Representative analyzed teeth are displayed in Fig. 1.4.  

Different records in proxy material: While δ13C and δ18O values of tooth 
enamel record the dietary behavior of an individual animal during the time of 
tooth development (several month to years) in an area reflecting its migration 
pattern (see Chapter 5), pedogenic carbonate is stationary and cm-sized 
nodules reflect isotopic changes in soil over long time periods (up to 
thousands of years; see Chapter 3; e.g., Birkeland, 1984; Kohn and Cerling, 
2002; Pustovoytov, 2003).  

The δ13C of opportunists (e.g., suids) should reflect major local environmental 
patterns more accurate than specialized feeders, as they generally ingest 
biomass they have easy access to, without prioritizing certain plants. 
Nevertheless, the latter (e.g., Alcelaphinae Connochates) are also analyzed 
for this thesis to evaluate the ranges of niche-feeders in a heterogeneous 
environment. For sampling localities see Chapters 3 and 5.  
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Figure 1.4 Plio-Pleistocene herbivore teeth sampled for δ13C and δ18O analyses. a) Upper M3 
fragment of Notochoerus euilus (HRCP #654). b) Lower left M3 of Metridiochoerus andrewsi 
stage I (HCRP #407). c) Upper M of Alcelaphinae Megalotragus (HRCP #419). d) Lower right M1 of 
Alcelaphinae Megalotragus (HRCP #361). e) Upper right M1 fragment of equidae 
Eurygnathohippus (HRCP #357). Note holes (c,d) after sampling for stable isotope analyzes (red 
boxes). 

Sample treatment: Pedogenic nodules as well as suid molars were cut 
laterally (Fig. 1.4a, b) and bulk carbonate powder was extracted with a 
diamond tip dental drill. Bovid, equid, hippo and elephant enamel samples 
were generally taken from either drill holes in the outer enamel (Fig. 1.4c, d) 
or from enamel flakes that chipped from the outer coating. Sampling parallel 
and across several growth axes of the teeth was necessary to obtain sufficient 
sample material (2 to 3 mg). Enamel is resistant to isotopic exchange when 
compared to bone, tooth-cement or dentin (Wang and Cerling, 1994), hence 
care was taken to avoid these materials in the sampling process. Although the 
analyzed CO3 component of the bioapatite is less resistant to diagenetic 
alteration than the PO4 component (Kolodny et al., 1983; Shemesh, 1990; 
Kohn et al., 1999), the large oscillations of 16O/18O ratios within individual 
analyzed teeth eliminate an isotopic reset during fossilization. 

To remove organic matter and potential diagenetic carbonate, enamel was 
pretreated with 2% NaOCl solution for 24 hours followed by 1 M Ca-acetate 
acetic acid buffer solution for another 24 hours and thoroughly rinsed with 
deionized water (after Spötl and Vennemann, 2003). Typically, enamel pre-
treatment resulted in 10% to 60% mass loss. The paleosol material was not 
pre-treated. 
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Analysis: Untreated pedogenic carbonate powder (100 to 300 µg) and 
pretreated enamel (700 to 2050 µg) was reacted with 98% H3PO4 for 90 
minutes at 70°C in continuous flow mode using a Thermo MAT 253 mass 
spectrometer interfaced to a Thermo GasBench II. All analyses were 
performed at the Goethe University-BiK-F Joint Stable Isotope Facility 
Frankfurt. Final carbon isotopic ratios are reported against VPDB, oxygen 
isotopic ratios in VSMOW; overall analytical uncertainties are better than 
0.03‰ (δ13C) and 0.04‰ (δ18O). 

1.3.2 δ18O of meteoric water 
In addition, δ18O values of 111 modern meteoric water samples were 
analyzed. Groundwater (n = 52, Fig. 1.5a) and surface water from streams 
(n = 9) and lakes (n = 5) in northern Malawi (N of 12°) were sampled in the 
field seasons during September to November of 2011, 2012 and 2013. In 
addition, two rainfall collectors (Fig. 1.5b, 1.5c) were positioned in Karonga 
and Malema; sampling bottles were installed roughly every two weeks during 
the rainy season (October to May) in 2012/13 and 2013/14 (n = 45; for 
detailed methodology and locality position see Chapter 5. 

Analysis: Stable oxygen isotope ratio measurements were made on 1 ml 
untreated water aliquots using an LGR 24d liquid water isotope analyzer 
(LWIA). δ18O values are calibrated and reported against VSMOW, analytical 
uncertainties are better than 0.2‰ (2σ). Sampling strategy and analyses 
followed Schemmel et al. (2013). 

 
Figure 1.5: a) Typical pump used for groundwater sampling. b) Precipitation was collected in 
polyethylene plastic containers with a long tube connected to the tip of the funnel, which was 
additionally filled with polyester to eliminate evaporation. c) On a roof installed rain collector in 
Malema.  
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1.4 Structure of this PhD thesis 
This thesis includes paleoenvironmental reconstructions of the Plio-
Pleistocene Chiwondo and Chitimwe Beds in the Karonga Basin (Chapters 2 
to 5) and the Oligo-Miocene lake basins of the Central Anatolian Plateau, 
Turkey (Chapter 6).  

Chapter 2 The manuscript “Palaeoenvironmental Characteristics of the 
Plio-Pleistocene Chiwondo and Chitimwe Beds (N-Malawi)” by Tina Lüdecke 
and Heinrich Thiemeyer (Chapter 6 in: Jürgen Runge (Ed.), New studies on 
Former and Recent Landscape Changes in Africa: Palaeoecology of Africa 
Vol. 32 - (2013), pp. 143 - 161) introduces the field relationships and sediment 
characteristics of the Plio-Pleistocene Chiwondo and Chitimwe Beds in 
northern Malawi. Here, first conclusions about the paleoenvironment of early 
hominins were drawn with insight into paleolake phases and lake level 
changes. Characteristic sedimentological and fossil pedogenic features are 
described in five exemplary profiles. These indicate a dominance of large river 
systems and fluctuations of paleolake levels during the last ca. 4.3 Ma.  

Chapter 3  The manuscript “Persistent C3 vegetation accompanied Plio-
Pleistocene hominin evolution in the Malawi Rift” by Tina Lüdecke, 
Friedemann Schrenk, Heinrich Thiemeyer, Ottmar Kullmer, Timothy G. 
Bromage, Oliver Sandrock, Jens Fiebig and Andreas Mulch (Journal of 
Human Evolution (2016) 90: 163-175) includes first stable carbon isotope 
long-term records from the Karonga Basin. Here, persistent low δ13C values 
around -9‰ of pedogenic carbonate and suid tooth enamel indicate a C3-
dominated woodland environment in the vicinity of paleolake Malawi during 
the time of early hominin evolution. This indicates a significantly higher 
canopy density in this southern part of the East African Rift (EAR) compared 
to northern EAR localities and therefore implies distinct habitat flexibility of H. 
rudolfensis and P. boisei. 

Chapter 4  This chapter comprises δ18O values from Chiwondo and 
Chitimwe Bed paleosol carbonate to draw conclusions on the Plio-Pleistocene 
paleohydrology in the Karonga Basin. δ18O data with only small fluctuation 
and values below 26‰ reflect relatively mesic and persistent climate patterns 
in this southern part of the EAR during the Plio-Pleistocene. This 
complements the results of δ13C analyses of the same pedogenic proxy 
material in Chapter 3. The combined data indicate that early hominins at ca. 
2.4 Ma lived in a mesic (and wooded) environment in the Karonga Basin. This 
contrast the ecosystem reconstructed from analysis of Eastern Rift hominin 
fossil sites, where evolution of our early ancestors is proposed to be linked to 
changes towards a more open and drier environment during the Pleistocene. 
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Chapter 5  The manuscript “Stable isotope dietary reconstructions of 
herbivore enamel reveal heterogeneous wooded savanna ecosystems in the 
Plio-Pleistocene Malawi Rift” by Tina Lüdecke, Andreas Mulch, Ottmar 
Kullmer, Heinrich Thiemeyer, Jens Fiebig and Friedemann Schrenk 
(submitted to Palaeogeography, Palaeoclimatology, Palaeoecology) provides 
foraging strategies of Karonga Basin herbivorous large-bodied mammals 
which reflect ancient vegetation patterns. Additionally, δ18O values of modern 
meteoric water (precipitation, river, lake and groundwater) were analyzed to 
compare fossil hydrological parameters with recent ones. The results reflect a 
relatively mesic environment south of the ITCZ without large fluctuations since 
the Pliocene, again displaying an increasing discrepancy between the Eastern 
Rift and the Malawi Rift since ca. 2.5 Ma. 

Chapter 6 The manuscript “Stable isotope-based reconstruction of Oligo-
Miocene paleoenvironment and paleohydrology of Central Anatolian lake 
basins (Turkey)” by Tina Lüdecke, Tamás Mikes, F. Bora Rojay, Michael A. 
Cosca and Andreas Mulch (Turkish Journal of Earth Sciences (2013) 22: 793-
819) combines stable isotope geochemistry of lacustrine carbonate and field 
relationships to reconstruct paleoclimatic and paleoenvironmental conditions 
during the Late Oligocene and Early Miocene in the CAP. The combined data 
indicate a relatively humid subtropic Chattian (28.4 to 23 Ma) climate with a 
change to more arid conditions in the middle Aquitanian (ca. 21 Ma) in the 
central plateau region with frequent climatic fluctuations, probably recording 
the influence of seasonality, topography, and variations in aridity. Compared 
to the modern climate these results indicate an absence of orographic barriers 
at the plateau margins during this time. 

Data acquired within this thesis are already published in three manuscripts. 
Furthermore, Chapter 5 is submitted and Chapter 4 interprets unpublished 
data. 

The author of this thesis is also co-author of the manuscript “Slight pressure 
imbalances can affect accuracy and precision of dual inlet-based clumped 
isotope analysis” by Jens Fiebig, Sven Hoffman, Niklas Löffler, Tina Lüdecke, 
Katharina Methner and Ulrike Wacker (Isotopes in Environmental and Health 
Studies (2015) 16), which is not part of this thesis. 
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Abstract Field relationships and sediment characteristics of the Plio-
Pleistocene Chiwondo and Chitimwe Beds in Northern Malawi are investigated 
with the attempt to draw conclusions about the palaeoenvironment in which 
hominid evolution took place. The objective is to gain information about 
palaeolake phases of water level transgressions or regressions and to narrow 
down the geochronological timespan. Widely distributed surface survey was 
performed to acquire a better understanding of the tectonic relationships and 
lateral variability of the different lithologies. Here, the descriptions of five 
exemplary profiles display characteristic features in terms of sediments and 
palaeosol remnants which indicate the dominance of large river systems and 
fluctuations of palaeolake levels during the last 4 Ma. The primary fluvial 
deposits reveal a high rate of pedogenic overprint indicated by abundant 
carbonate nodules; these erosion-resistant Bk-horizons are well preserved to 
the contrary to the carbonate depleted upper horizon of the palaeosols in this 
tectonically active region.  
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2.1 Introduction  
Reconstruction of the palaeoenvironment in which faunal evolution occurred is 
a focus of on-going research, with a strong emphasis on the early human 
history. Numerous studies, applying different methods, have documented the 
impact of long-term environmental change on the evolution of hominids with a 
regional focus on East African sites in Ethiopia, Kenya and Tanzania (e.g. 
Wesselman, 1985; Cerling and Hay, 1986; Cerling et al., 1988; Cerling, 1992; 
Plummer and Bishop, 1994; Sikes, 1994; Behrensmeyer et al., 1997; de 
Heinzelin et al., 1999; Sikes et al., 1999; Wynn, 2000; Levin et al., 2004 and 
2011; Ségalen et al., 2007; Cerling et al., 2011; Magill et al., 2012a and 2012b; 
Feakins et al., 2013). Plio-Pleistocene sediments in the Karonga-Chilumba area 
in northern Malawi are located in the south of the East African Rift System 
(EARS; see Fig. 2.1) between the ‘classical’ eastern and southern African 
hominid localities. Therefore, the study area fills an important spatial gap for 
understanding the development of our early ancestors in a time during 
substantial junctures in human evolution. Field relationships, sediment 
characteristics and heavy minerals (HM) were analyzed to gain information 
about palaeoecological and palaeoclimatic conditions during deposition of the 
Chiwondo Beds. 

During prior work, vertebrate and invertebrate fossils were recovered from the 
sediments, including two important hominid fossil finds, a maxillary fragment of 
Paranthropus cf. boisei (Kullmer et al., 1999) and a mandible of Homo 
rudolfensis (Schrenk et al., 1993 and 1995; Bromage et al., 1995b), as well as 
several cercopithecoid primate cranio-dental remains (Bromage and Schrenk, 
1987; Frost and Kullmer, 2008; Kullmer et al., 2011). 

2.1.1 Geologic and tectonic framework 
The study area is located in the half-graben of the Malawi Rift zone, which is 
the southern part of the western branch of the EARS and extends over 900 km 
from the Rungwe Volcanic Province in the north (southern Tanzania) to the 
Urema Graben in the south (Mozambique). The examined sediments are 
exposed in the Karonga Basin in the northernmost part, which was formed by 
block faulting in response to ENE–WSW extension during the Late Miocene 
(Ebinger et al., 1993; Ring et al., 1992). It is, similar to other rift zones in the 
area, asymmetric and bordered by a steep westward dipping fault in the east 
and several sub-parallel eastward-dipping normal faults in the west (Ebinger et 
al., 1993; Ring and Betzler, 1995; Hamiel et al., 2012). Between the cities of 
Karonga and Chilumba Permo-Triassic, Jurassic, Cretaceous and the studied 
Plio-Pleistocene Chiwondo and Chitimwe Beds are exposed in two narrow 
northwest-southeast aligned stripes separated by Proterozoic metamorphic 
basement ridges parallel to the western shore of Lake Malawi (Betzler and 
Ring, 1995), ca. 70 km long (N to S) and 15 km wide (E to W). The focus is on 
two areas (Fig. 2.1), both located in the eastern strip: i) the Malema and 
Mwenirondo region in the north, ca. 10 km south of Karonga, here the maxillary 
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Figure 2.1 Inlet: East Africa with the East African Rift System, EARS (dotted lines) and rift lakes. 
Box indicates position of large map which shows the geology of the study area with circles around 
the three sampling localities (MW = Mwenirondo; MA = Malema; UR = Uraha) and logged profiles 
within (small star). 

fragment “RC 911” of Paranthropus cf. boisei was recovered in 1996; and ii) the 
Uraha region, ca. 50 km southeast of Karonga where the mandible “UR 501” of 
Homo rudolfensis was discovered 1991.  

The basement and Mesozoic shale- and sandstone-dominated Karoo 
Supergroup are covered by reddish and grayish sandstones, marls and clays of 
the Early Cretaceous Dinosaur Beds (Catuneanu et al., 2005; Schlüter, 2008). 
The Plio-Pleistocene sedimentary group overlies these sediments with a major 
angular unconformity which is locally pronounced; especially in the western 
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sediment strip. The formation was first mentioned by Andrew and Bailey (1910) 
and the grayish sandstone and siltstones were named “Chiwondo” and 
“Chitimwe Beds” by Dixey in 1927 who interpreted them as lake beds. The 
lacustrine origin was later confirmed by Stephens, 1966; Charsley, 1972; 
Kaufulu, 1989; Betzler and Ring, 1995 and others. The depositional facies of 
these sediments range from alluvial (braided and meandering system deposits, 
deltaic and fan sediments) to aeolian and lake (high and low energy) deposits 
(Betzler and Ring, 1995). The sediments are folded, tilted and colluvially 
translocated due to extreme tectonic uplift and extension in the Malawi Rift area 
(Ring and Betzler, 1995) which is still ongoing (Hamiel et al., 2012). 

Betzler and Ring (1995) and Ring and Betzler (1995) described the tectonics, 
sedimentology and geology of the Plio-Pleistocene deposits. They divided the 
Chiwondo Beds into Units 1 to 4, followed by Unit 5, the Chitimwe Beds. The 
anthropologically important Unit 3 was subdivided into three zones based on 
faunal remains, mostly suid material (Bromage et al., 1995a; Kullmer, 2008). 

After Betzler and Ring (1995) the braided stream deposits of the oldest Unit 1 
are reddish coloured due to the partly reworking of the Dinosaur Beds which 
they overlie with an angular unconformity. After a major calcimorphic palaeosol, 
lacustrine sediments of Unit 2 with high and low energy fan deposits and 
abundant calcimorphic palaeosol layers are present. The limestones 
comprehend pelecypods and gastropods, primary Bellamya freshwater snails. 
Separated by an angular unconformity, the sediments of Unit 3 are deposited in 
a mainly fluviatile environment, again interrupted by phases of pedogenesis. 
Due to biostratigraphic data of suid third molar fossils this unit can be 
differentiated into three zones (Kullmer, 2008). Zone 3A-1 and 3A-2 are made 
of meandering river deposits which accumulate lakeward in stream-mouth bars 
of deltas, whereas Subunit 3B is richer in stacked calcimorphic palaeosols than 
the older zones, some of them are ferruginous. Unit 4 follows after a major 
angular unconformity. Here aeolian sands and diatom-rich marls and 
limestones are exposed. Subunit 3B and Unit 4 are restricted to the southern 
part of the deposal area (Uraha region). Exposures of the up to 15 m thick 
reddish sands and conglomerates of the Chitimwe Beds (Unit 5) are variable 
through an overburden of colluvium and overly the Chiwondo Beds with an 
angular discordance (Betzler and Ring, 1995; Thompson et al., 2012). The 
grain size of the sub-angular to well-rounded particles ranges from fine sands to 
large cobbles, which are generally made out of basement or Karoo Supergroup 
materials. Lithic artifacts with limited indications of post-depositional transport 
are preserved in this unit (Thompson et al., 2012). The complete Plio-
Pleistocene succession has a preserved maximal thickness of 100 m and 
represents a large-scale transgressive-regressive tectono-sedimentary cycle 
(Ring and Betzler, 1994). It is to note that due to erosion each of the units can 
reveal a direct contact to the basement, Karoo Supergroup or Dinosaur Beds.  
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2.1.2 Stratigraphy 
Age determination of the exposed sediments is difficult to evaluate as volcanic 
layers for absolute dating are lacking in the area (Kaufulu and Stern, 1987; 
Betzler and Ring, 1994; Kullmer, 2008). Biostratigraphic correlation to well-
dated fossil finds elsewhere in sub-Saharan Africa is possible. Here, the 
documentation of the structural density of enamel bands of suid molars are of 
importance (Kullmer, 2008). However, vertebrate fossils are only found in Units 
2 and 3. Suid material attributed to Notochoerus jaegeri was recovered in the 
south of the study area and suggests an age older than 4.0 Ma for Unit 2 
(Kullmer, 2008). With the use of dental fossils of Not. euilus, Not. scotti, 
Metridiochoerus andrewsi and Met. compactus Bromage et al. (1995a) and 
Kullmer (2008) subdivided Unit 3 into three biozones with ages of 3.75 to 2.7 
Ma, 2.7 to 1.8 Ma and 1.74 to 0.6 Ma respectively. The lack of fossils does not 
allow any biostratigraphical age for Units 1, 4 and 5 (Betzler and Ring, 1995). 
The maximum age of Unit 1 is restricted by the development of the Malawi Rift 
about 8.6 Ma ago (Ebinger et al., 1989; Ring et al., 1992). The age of the 
Chitimwe Beds could be assigned to the Middle and Late Pleistocene due to the 
presence of lithic artifacts (Clark et al., 1970). The sort and shape of the stone 
tools recovered classify the unit as Middle Stone Age (MSA; from ca. 0.285 to 
0.030 Ma), based on east and central African data (Barham and Smart, 1996; 
Tryon et al., 2005; Thompson et al., 2012). An unpublished OSL-age of 
Chitimwe Bed sands near Karonga is reported, having a minimum age of 20 
kyrs (S. Stokes, pers. comm. in Betzler and Ring, 1995). However, the 
Chitimwe Beds exhibit a broad horizontal and vertical variability in clast size. 
The strong red colour derives from intensive soil development resulting in 
Chromic Cambisols and Chromic Luvisols on the actual land surface. Soil depth 
ranges from 0.5 m up to 10 m in some places. The soils are decalcified, the 
calcic subsoil horizons developed mainly in the underlying Chiwondo 
sediments.  

2.1.3 Palaeosols 
Recently, palaeosols have been used to reconstruct palaeoenvironmental 
conditions of the classical hominid sites in East Africa (e.g. Wynn, 2000; Wynn 
and Retallack, 2001; Retallack et al., 2002; Wynn, 2004; Aronson et al., 2008; 
Levin et al., 2011). These studies enhanced the interpretation of environmental 
conditions of hominid habitation areas where well preserved palaeosols occur 
within the investigated sections. However, the excellent preservation conditions 
of the recognized palaeosols play a key role as they are an important 
prerequisite for proper interpretation. 

The siliciclastic parent sediments of palaeosols within the Chiwondo Beds 
derived mostly from erosion of the hinterland consisting of Proterozoic 
metamorphic basement rocks and Permo-Triassic Karoo sediments that 
subsequently accumulated in the Malawi Rift. Due to alternating lake levels with 
transgression and regression of the shore line, fluvial sediments were partly 
reworked and sorted under deltaic and lacustrine conditions. Within this setting 
decalcified B horizons of terrestrial soils are rarely preserved. Moreover, 



Chapter 2    Environmental Characteristics of the Plio-Pleistocene Chiwondo and Chitimwe Beds (N-Malawi) 

 26 

although the Rungwe Volcanic Province, which had several magmatic pulses 
during the Plio-Pleistocene represented by tuffaceous sediments and lava flows 
(Delvaux et al., 1992, Ebinger et al., 1993, Fontijn et al., 2012), is located less 
than 150 km to the northwest of the study area, no volcanic ash covering older 
land surfaces (with palaeosols) has been detected in the entire area so far. 
Crossley (1982) describes a series of pyroclastic deposits overlying the basal 
lacustrine sediments of the Chiwondo Beds.  

The calcimorphic palaeosols mentioned by Betzler and Ring (1995) show 
horizons with abundant carbonate nodules. They interpret these horizons as 
remnants of palaeosols which developed during phases of emersion and plant 
growth. Nonetheless, palaeosols of the Chiwondo and Chitimwe Beds have not 
been investigated in detail yet. 

2.2 Goals and methods 
Field relationships, sediment characteristics and heavy minerals (HM) were 
analyzed to gain information about palaeoecological and palaeoclimatic 
conditions during deposition of the Chiwondo Beds. With the attempt to narrow 
down the geochronological timespan of the Plio-Pleistocene units, datable 
material, namely volcanic tuffs, was searched for within the sediment sequence. 
Palaeosols were surveyed for the purpose of identifying marker horizons. 
Widely distributed surface survey was performed to gain a better understanding 
of the tectonic relationships and lateral variability of the different lithologies.  

Reconnaissance field work comprised sediment and soil description of selected 
sections which were cut into prominently exposed slopes. Five exemplary 
profiles covering Unit 1, 2, 3A and 4 from three localities (Mwenirondo, Malema 
and Uraha; see Fig. 2.1) are presented, which display characteristic features in 
terms of sediments and palaeosol remnants. 

Description of sediment characteristics were done according to the standard of 
the German guidelines for soil and substrate description (Ad-hoc-AG Boden, 
2005). For each section, stratification, texture, and soil horizon characteristics 
were recorded during field survey. Laboratory analyses comprised texture 
analysis following the German standard DIN ISO 11277 (2002). Determination 
of soil colour was performed using Munsell Soil Color Chart (2000). 

For heavy mineral analyses fine sand (63-200 µm) was fractionized and treated 
with 5 N Na-dithionite to remove coatings of iron and manganese. Heavy 
minerals were separated using Na-polytungstenate (d = 2.85 g/cm3) and 
mounted with resin (refraction index n = 1.66) on microscope slides. 
Examination was done using a petrographic microscope; all samples were 
screened and the heavy mineral suites were recorded qualitatively. Here, a 
well-weathered saprolite 100 m west of profile 12-MW-58, 8 samples of a 
section in the Malema region examined by Sandrock (1999) in addition to 38 
sediment-samples within profile 11-MW-04 were analysed.  



Chapter 2    Environmental Characteristics of the Plio-Pleistocene Chiwondo and Chitimwe Beds (N-Malawi) 

 27 

2.3 Palaeopedological field observations 
The Chiwondo Beds contain palaeosol horizons which can be described either 
as Bw-horizons, as oximorphic Cl-horizons or, more often, as Bk-horizons which 
are rich in carbonate nodules. In the whole sequence no complete palaeosol 
profile containing A, B and C horizons has been recognized. 

The definition of the palaeosol horizons follows FAO (2006), despite the fact 
that pedofeatures may have changed in comparison with surface soils 
(Retallack, 1998). The defining properties of the palaeosol horizons in the area 
are colour, gleyzation, and carbonatization. 

The Bw-horizons represent terrestrial palaeosols of Cambisol type. Their 
matrices generally have brown colour (10 YR to 7.5 YR) and do not contain 
carbonate unless infiltration from above has formed carbonate nodules 
subsequently. The parent material is composed of sand, most probably of 
alluvial or aeolian origin. Locally mottling of a fossil capillary fringe can be 
recognized. 

Other remnants of palaeosols are represented by oximorphic horizons of 
Gleysols. These horizons developed close to a former surface from where 
atmospheric air could regularly enter the pore space. It seems that almost no 
post-burial alteration affected the horizons except later carbonate infiltration 
from above.  

Large parts of the Chiwondo sediments show a light greenish to light greyish 
colour. This might be an effect of reduction and removal of oxides during times 
of groundwater influence, most probably directly after deposition of the 
respective strata. However, horizons with oxidation patterns, i.e. the upper part 
of Gleysols pointing to former surfaces, have been rarely observed. 

Further palaeopedofeatures are Bk-horizons with abundant carbonate nodules. 
Superficial decalcified horizons as generally expected are absent. Thus, the 
main question is whether the concretionary carbonates represent genuine 
palaeosols. The parent material eroded from lime free sources (basement, 
Karoo Supergroup sediments) and consists of primarily non-calcareous sands 
and silts. A sedimentary reworking of concretions from elsewhere can be 
excluded in the dominantly fluvial setting, since their distribution in the 
respective strata is homogeneous and no placer-like deposits could be 
observed in the field. 

All surface soils, even in the basement areas outside the rift, comprise Bk-
horizons in the subsoil. Hence, calcium released by silicate weathering 
accumulates as carbonate crust in shallow depth and nodules form during 
pedogenesis. The shape of carbonate glaebules in the palaeosols ranges from 
diffuse patches of carbonate powder which may be early stages of nodules, to 
nodules up to 5 cm in diameter. The latter are generally massive with distinct 
outer boundaries indicating that finely distributed carbonate changed to the 
present form by subsequent leaching of calcareous phases from overlying soil 
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horizons. Rarely concentric layers can be observed, which points towards a 
continuous growth (Retallack, 2011).  

Tectonic activity resulted in a complex block pattern dissecting the sediments 
and correlation of the palaeosols with a small lateral extension is very 
challenging. The observed palaeosols mentioned by Betzler and Ring (1995) 
are the most visible ones in the stratigraphy. 

2.3.1 Mwenirondo 

2.3.1.1 Field aspects 
The Mwenirondo region is a flat, plateau area 
between the rivers of Masapa in the north and 
Ruasho in the south (Fig. 2.1). Chitimwe 
deposits overlie the Chiwondo Beds with an 
unconformity. Due to a normal fault which is 
exposed on the eastern slope of the plateau, 
sediments of Unit 2 crop out on the northern 
slopes and Unit 3A on the southern ones. 

2.3.1.2 Unit 2 
The 13.2 m long profile 11-MA-58 
(10°0.764'S, 33°53.916'E, 563 m asl), 
represents a typical sequence of Unit 2, on a 
steep cut bank of the Masapa river, which is 
water bearing only in the rainy season. 

At the base of the section, saprolitic 
Precambrian basement gneiss is exposed. Its 
matrix is non-calcareous but contains 
detached carbonate-rich patches up to ~3 cm 
in diameter due to leaching from above. 

A thick continuous sequence of Chiwondo 
Unit 2 sediments follows. The deposits are 
mainly coarse sand matrix supported fluvial 
conglomerates with fine to coarse pebbles 
and well-rounded cobbles (< 15cm). The 
conglomerates show a general fining up 
section and are successively enriched in 
pedogenic carbonate nodules towards the 
higher part of each layer, until a forming of 
massive caliche, followed by another 
conglomerate deposit. Four of those 
pedogenic cycles are present in the logged 
profile (Fig. 2.2).  

Figure 2.2 Stratigraphic column of 
profile 12-MA-58 (10°0.764′S, 
33°53.916′E), representing Unit 2 of the 
Chiwondo Beds in the Mwenirondo 
region with profile-meter, lithology and 
grain size. No inner structures are 
observed. For location see Fig. 2.1, for 
legend Fig. 2.7 
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The heavy mineral analysis of the saprolite 
from approximately 100 m up the valley 
bottom revealed prevailing green amphibole 
with little garnet and zircon as accessorial 
minerals. 

2.3.1.3 Unit 3A 
The section representing a typical Unit 3A 
sequence in the Mwenirondo region 
consists of two separate profiles; 11-MW-04 
(10° 1.060'S, 33° 55.242'E, 535 m asl) is 
located 155 m to the north of 12-MW-19 
(10° 0.980'S, 33° 55.214'E, 560 m asl) 
along the southern slope of the plateau. 
Two step-like profiles with a combined 
thickness of 19 m were trenched in well 
exposed slopes and correlated them with a 
distinct lacustrine bed. The section 
represents a part of Unit 3A. 

The succession consists mainly of fluvial 
silts and sands with pedogenic overprints 
(Fig. 2.3). The variation of grain size and 
bedding structures indicates differences in 
sedimentation rates, whereas alternations of 
lacustrine lime represent transgression 
phases of the nearby palaeolake water 
level. Nearly the complete alternation 
comprehends abundant pedogenic 
carbonate nodules with sizes of 0.5 to 3 cm 
in diameter. Biogenic activity is reported by 
animal burrows which are refilled with 
calcareous silty clay; most seem to have a 
much younger age than the onset of the 
original pedogenesis in the sediments. The 
upper part of the section is calcareous 
whereas, for the most part, in the lower 
section the host-deposits around the 
nodules are non-calcareous. 

In order to detect possible reworked 
volcanic material within the fluvial 
sediments of the Chiwondo beds heavy 
mineral analyses have been carried out. All 
38 samples taken within Profile 11-MW-04 
show a rather uniform composition. Despite 
some variations, garnet is always 

Figure 2.3: Stratigraphic column of 
profiles 11-MW-04 (10°1.060′S; 
33°55.242′E) and 12-MW-19 (10°0.980′S, 
33°55.214′E), representing Unit 3A of the 
Chiwondo Beds in the Mwenirondo region 
with profile-meter, lithology and grain-
size, position of heavy mineral sample, 
structures and fossils. For location see 
Fig. 2.1, for legend Fig. 2.7. 
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dominating, accompanied by epidote/zoisite, zircon, sphene, rutile, anatase, 
green amphibole, as well as tourmaline, kyanite and sillimanite as accessorial 
minerals. Definite volcanic components, which would represent the basaltic or 
trachytic character of the Rungwe tuffs, such as olivine, pyroxene, or brown 
amphibole, however, could not be recognized. Subrounded to rounded 
components dominate, and grains of euhedral shape are rare.  

The weathering status of the heavy minerals differs within each sample. A 
considerable part of the stable group (zircon, rutile, and tourmaline) shows an 
advanced degree of corrosion. Also amphiboles are in an advanced stage of 
corrosion resulting in hacksaw terminations along their preferential 
crystallographic directions; however, intensive chemical weathering has not 
taken place. 

2.3.2 Malema 

2.3.2.1 Field aspects 
The sedimentation circumstances of the 
Malema area south of the Ruasho River are 
similar to the Mwenirondo area; Chitimwe 
deposits form the cap sediments of a plateau 
area, whereas fluvial deposits of Unit 3A with 
pedogenic signatures are exposed along the 
slopes. A basement ridge crops out in the 
east, here Chiwondo or Chitimwe sediments 
overly the partly saprolitic gneiss with a 
major unconformity. The region experienced 
a large degree of tectonic activity which 
resulted in a complex block pattern; the 
correlation of palaeosols with a small lateral 
extension is therefore especially challenging. 
A bone-bed was excavated in the area; large 
terrestrial mammals, especially ungulates, 
dominate the fauna in this delta sequence 
along palaeolake Malawi (Sandrock, 1999; 
Sandrock et al., 1999). The occurrence of 
Paranthropus cf. boisei makes Malema the 
southernmost locality in East Africa yielding 
this early hominid taxon.  

A screening of the heavy mineral 
assemblages of a 5 m long section close to a 
basement ridge (10°1.374'S, 33°55.815'E, 
533 m asl; see profile S17 in Sandrock, 
1999) revealed no volcanic material in the 
fine sand fraction. The spectra of 8 samples 
consist of garnet and green amphibole as the 
main constituents, accompanied by zircon, 

Figure 2.4: Stratigraphic column of 
Profile     12-MA-08 (10°1.323′S, 
33°55.833′E), repre-senting Unit 3A of 
the Chiwondo Beds in the Malema 
region with profile-meter lithology and 
grain-size. No inner structures were 
observed. For location see Fig. 2.1, for 
legend Fig. 2.7. 
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epidote, kyanite, sphene and rutile. The amount of green amphibole is higher 
than in other examined sediments.  

2.3.2.2 Unit 3A 
The 3.5 m long profile 12-MA-08 (10°1.323'S; 33°55.833'E, 538 m asl) is 
positioned on the northern wall of the archaeological excavation pit. The 
medium to coarse sands with fine (sub-)angular pebbles are part of Unit 3A 
(Fig. 2.4). The upper 80 cm are made of Chitimwe fluvial sediments which are 
non-calcareous and have been subject to pedogenesis until today. The sharp 
transition to the Bk-horizon of a cut palaeosol within the Chiwondo Beds is 
marked by a colour-change from dark 
reddish-brown to beige, an abrupt 
calcification of the matrix and an appearance 
of pedogenic carbonate nodules. In the 
topmost 5 cm of the Chiwondo palaeosol the 
nodules have a rough surface which 
indicates modern etching of the fossil 
carbonate. The sediment is extremely rich in 
nodules, which are up to 3 cm in diameter 
and make up 50 to 70 % of the palaeosol 
material; pebbles are often also coated with 
carbonate. It is not possible to distinguish 
different soil horizons. 

2.3.3 Uraha 

2.3.3.1 Field aspects 
Due to the absence of Units 3B and 4 in the 
northern parts of the study area additional 
profiles were logged further south in the 
Uraha region, northwest of Chilumba (Fig. 
2.1). On the eastern slope of “Uraha Hill” 
Unit 1 and 2 are exposed, whereas Unit 4 is 
best exposed in an abandoned quarry 
almost 10 km further south.  

In the region a mandible of Homo 
rudolfensis was recovered from a 
ferruginous palaeosol layer of Unit 3A 
(Bromage et al., 1995b). 

  

Figure 2.5: Stratigraphic column of profile     
11-UR-99 (10°21.323′S, 34°8.483′E), repre-
senting Unit 1 and 2 of the Chiwondo 
Beds in the Uraha region with profile-
meter, lithology and grain-size, structures 
and fossils. For location see Fig. 2.1, for 
legend Fig. 2.7. 
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2.3.3.2 Unit 1 and 2 
Poor outcrop conditions on the steep slopes 
of Uraha Hill do not allow to produce 
continuous step-sections comparable to the 
northern parts. The profile 11-UR-99 
(10°21.323'S, 34°8.483'E, 556 m asl) has a 
thickness of 24 m (Fig. 2.5) and was 
surveyed by excavating holes every meter to 
log the lithology. 

Unit 1 is exposed at the base, whereas the 
oncoids close to the top characterize Unit 2. 
The point of transition is most likely the 
onset of finer sediments at 10 m in the 
succession. 

The fluvial Unit 1 deposits in the lower 10 m 
of the section range from fine to medium 
sands and inhabit pedogenic carbonate 
which is mainly represented in diffuse 
patches at the base of the section and 
becomes more and more consolidated to 
nodules towards the top. The matrix of these 
stream deposits is for the most parts non-
calcareous and varies in colour from gray to 
reddish brown; latter is probably the result of 
reworking of the underlying red sands of the 
Dinosaur Beds (cf. Betzler and Ring, 1995).  

The silt and clay deposits in the middle of 
the section display a general flooding of the 
area which describes the lower limit of Unit 
2. For the most parts these calcareous sediments are also marked by 
pedogenesis which formed well consolidated nodules. Towards the top the lime 
content increases until a lacustrine limestone with abundant Bellamya 
gastropods is exposed. As a distinct feature of Unit 2 a layer of oncoids with 

Bellamya shells as nuclei formed 
is exposed laterally over a few 
kilometres in the Uraha region. 
The limestone in this upper part 
of the profile is interrupted by 
intercalations of sand deposits 
with carbonate nodules which 
indicate fluctuations of the water 
level of palaeolake Malawi during 
Unit 2.  

Figure 2.6: Stratigraphic column of 
profile     12-UR-47 (10°25.215′S, 
34°10.996′E), repre-senting Unit 4 of the 
Chiwondo Beds in the Uraha region with 
profile-meter, lithology and grain-size 
and fossils. For location see Fig. 2.1, for 
legend Fig. 2.7. 

Figure 2.7: Key for lithology, structures, fossils and 
other sedimentary characteristics of the logged 
profiles displayed in Fig. 2.2 to 2.6. 
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2.3.3.3 Unit 4 
In a valley ca. 8.5 km southeast of Uraha Hill Unit 4 overlies the Dinosaur Beds 
with a major unconformity. It is not possible to determine if Units 1 to 3 were 
eroded prior to the sedimentation of Unit 4 or never deposited at all in this area. 

The 3.6 m long profile 12-UR-47 (10°25.215'S, 34°10.996'E, 572 m asl) is 
located along the slope of an isolated hill in the centre of the valley. White 
diatom-rich marls are interrupted by sand and conglomerates (Fig. 2.6). 
Pedogenesis is strong in the sediments and the calcareous marls inhabit 
abundant nodules to the point of the forming of caliche. The fluvial deposits 
have also pedogenic carbonate nodules.  

2.4 Synthesis 
The five profiles representing characteristic sections of the Chiwondo Bed 
consist primarily of fluvial sands with intercalations of silts and lacustrine 
limestones. Hence, during the last 4 Ma large river systems dominated the 
northern Malawi region. These probably braided and meandering streams 
eroded basement and Karoo Supergroup sediments and deposited silts, sands 
and conglomerates in a medium to high energy environment. Subrounded to 
rounded components dominate the heavy mineral fraction, which indicates 
reworking processes over long distances. 

The limnic limestones with abundant pelecypods and gastropods (primary 
Bellamya), which built large portions of Unit 2, as well as the diatomite-rich silts 
in Unit 4 represent temporary transgressions of palaeolake Malawi. These rises 
in lake water can either be climatically induced, or present the influence of 
tectonic activity in the Malawi Rift, or, which is most likely, the result of both. 

Nearly all deposits comprehend abundant carbonate nodules, partly to the 
degree of forming caliche, which indicates a high rate of pedogenic overprint of 
the sediments. These erosion-resistant Bk-horizons are well preserved to the 
contrary to the carbonate depleted upper horizon of the palaeosols, which are 
seldom found in the region. This can be explained by morphodynamic 
processes such as erosion or fluvial reworking of the loose sediment prior to the 
next sedimentation cycle. Carbonate nodules form in soils with a net water 
deficit, generally when precipitation is less than about 1000 mm/a (Jenny, 1980; 
Birkeland, 1984; Cerling and Quade, 1993), which seems to be the case during 
the whole timespan of deposition of the Plio-Pleistocene sediments. These 
circumstances are also given for the modern annual precipitation, which is 
actually less than 900 mm/a with a rainy season between November and April; 
subrecent nodules were found in cut banks of rivers. As described in Chapter 
3.2.2, pedogenic nodules close to the modern surface can have rough surfaces, 
which indicate recent etching of the fossil carbonate due to ongoing carbonate 
solution in the course of actual pedogenic processes. Further down in the soil 
profile this carbonate can form new coatings around fossil nodules or 
conglomeratic pebbles. 

The stream deposits are composed of unconsolidated sediments, which are 
only occasionally cemented with carbonate. Post-sedimentary tectonic activity 
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is difficult to evaluate, and a lateral continuation is often impossible to follow 
over a long distance. The latter is also hindered by the highly energetic fluvial 
environment, where sedimentation rates, but also erosion rates, are probably 
high in a cut-and-fill environment. 

After extensive fieldwork and explicit searching for datable minerals, no volcanic 
layers were found. All heavy minerals samples analyzed for this study display 
an overall absence of volcanic minerals. As the Rungwe Volcanic Province, 
which had several magmatic eruptions during the Chiwondo Bed’s deposition 
(Delvaux et al., 1992), is located nearby one would expect tephra minerals as 
an evidence for the Rungwe volcanic ashes is mostly trachytic (Fontijn et al., 
2010). The lack of these could be explained due to the fact that the ashes were 
relocated from the palaeosurface in the highly erosive fluvial environment, or 
that they had never been deposited because of an opposite wind direction. The 
heavy mineral assemblages are dominated by the hinterland source areas and 
show only little variations; the content of green amphibole is higher in sections 
close to the basement source area. Grains of euhedral shape are rare. Besides 
the fact that they appear in all samples, even the sphene grains are generally 
well rounded, hence, it is unlikely that they sourced from tephra fallout. 

There is no evidence on the timespan when palaeosols formed in the sediment 
sequence before they were covered by younger deposits. Hence, initial soil 
development in a fluvial environment under Plio-Pleistocene semi-arid 
conditions in an area of tectonic subsidence may have produced Calcisols with 
carbonate nodules in the first instance without adequate time to evolve 
decalcified B horizons. 

Intensive in situ weathering of the Chiwondo Beds is unlikely since pH values 
are generally above pH 7. Thus, the heavy mineral associations throughout the 
investigated section represent only the input from the source areas into the 
Chiwondo Beds. The geochronology of the Pleistocene Chitimwe Beds is also 
still a matter of debate. The broad horizontal and vertical variability in clast size 
indicate a fluctuation in sedimentation and erosion rates, and topographic 
energy regime. Complex surficial processes triggered by droughts with dramatic 
lowering of lake level (c.f. Lyons et al., 2011; Scholz et al., 2011), faulting, 
tilting, and valley incision during the entire Pleistocene resulted in a highly 
variable spatial sediment pattern of this Unit 5. The brown to reddish colour of 
these sediments signifies the long time span of terrestrial soil development. The 
cover sediments of the plateau-like hills are generally made out of Chitimwe 
deposits which, in some places, eroded the underlying Chiwondo Beds, also 
supporting the high relief energy regime. Later, these old surfaces were cut by 
rivers which formed today’s topography. 
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Abstract The development of East African savannas is crucial for the origin 
and evolution of early hominins. These ecosystems, however, vary widely in 
their fraction of woody cover and today range from closed woodland to open 
grassland savanna. Here, we present the first Plio-Pleistocene long-term 
carbon isotope (δ13C) record from pedogenic carbonate and Suidae teeth in the 
southern East African Rift (EAR). These δ13C data from the Chiwondo and 
Chitimwe Beds (Karonga Basin, Northern Malawi) represent a southern 
hemisphere record in the EAR, a key region for reconstructing vegetation 
patterns in today's Zambezian Savanna, and permit correlation with data on the 
evolution and migration of early hominins in today's Somali-Masai Endemic 
Zone. The sediments along the northwestern shore of Lake Malawi contain 
fossils attributed to Homo rudolfensis and Paranthropus boisei. The associated 
hominin localities (Uraha, Malema) are situated between the well-known 
hominin bearing sites of the Somali-Masai Endemic Zone in the Eastern Rift 
and the Highveld Grassland in southern Africa, and fill an important 
geographical gap for hominin research. Persistent δ13C values around -9‰ from 
pedogenic carbonate and suid enamel covering the last ~4.3 Ma indicate a C3-
dominated closed environment with regional patches of C4-grasslands in the 
Karonga Basin. The overall fraction of woody cover of 60-70% reflects 
significantly higher canopy density in the Malawi Rift than the Eastern Rift 
through time. The discrepancy between the two savanna types originated in the 
Late Pliocene, when the Somali-Masai ecosystem started to show increasing 
evidence for open, C4-dominated landscapes. Based on the Malawi δ13C data, 
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the evolution of savanna ecosystems in Eastern Africa followed different 
patterns along the north-south extent of the EAR. The appearance of C4-
grasses is considered a driver of evolutionary faunal shifts, but despite the 
difference of ecosystem evolution in the north, similar hominins and suids 
occurred in both landscapes, pointing to distinct habitat flexibility and also 
nutritional versatility. 

Keywords Carbon isotopes, paleosol carbonate, tooth enamel, hominin 
evolution, East African Rift, C4 expansion. 

3.1 Introduction  
Deciphering the links and feedback between East African paleoclimate, 
vegetation, and faunal patterns is a key element in understanding human 
evolution (e.g., Dart, 1925; Bartholomew and Bridsell, 1953; Vrba, 1988; Potts, 
1998; Ségalen et al., 2007; Plummer et al., 2009; Cerling et al., 2011b). In 
particular, the influence of subtropical African climate variability on faunal 
evolution during the last 5 to 6 millions of years ago (Ma) has been at the center 
of a long-standing debate (see e.g., deMenocal, 2004 and references therein). 
As a result, numerous paleoenvironmental studies on the East African Rift 
(EAR) aim to reconstruct the ecospaces and diets of early hominins, using 
traditional ecological features of fauna and flora and/or geochemical proxies 
(e.g., Wesselman, 1985; Cerling and Hay, 1986; Cerling et al., 1988, 2003,

 
Figure 3.1: Present-day African vegetation zones and hominin sites. a) Main African vegetation 
zones (White, 1983) and the East African Rift (EAR; orange). Highlighted are today's Somali-Masai 
Endemic Zone (yellow) and the Zambezian Savanna (green). b) Major early hominin fossil sites in 
the EAR. Note that the Chiwondo Beds (Karonga Basin, Malawi) is the only site located in the 
Zambezian Savanna. All other sites in the EAR occur in the Somali-Masai Endemic Zone. 
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Figure 3.2: a) Overview of eastern Africa and the EAR (orange). b) Geological map of the Karonga 
Basin showing Plio-Pleistocene Chiwondo and Chitimwe Beds with suid fossil localities. Nine 
survey areas are named after the initials of bounding major streams: Rukuru, Mwangwabila, Phapa, 
Masapa, Ruasho, Chomolo, Kanyolola, Wayi, Kasimba, and Remero (first letter = stream to the 
north, second letter = stream to the south). U = Uraha. Circled and underlined survey areas indicate 
fossil suid molars (pedogenic carbonate) used as proxy materials and analyzed for this study. 
Malema and Uraha hominin sites are marked with stars. 

2011a, b, 2013; Cerling, 1992; Kingston, 1992; Kingston et al., 1994; Morgan et 
al., 1994; Plummer and Bishop, 1994; Sikes, 1994; deMenocal, 1995; 
Behrensmeyer et al., 1997; de Heinzelin et al., 1999; Plummer et al., 2009; 
Sikes et al., 1999; Wynn, 2000; Harris and Cerling, 2002; Trauth et al., 2003; 
Levin et al., 2004; Semaw et al., 2005; Trauth et al., 2005; Hopley et al., 2006; 
White et al., 2006; Quinn et al., 2007; Ségalen et al., 2007; Sikes and Ashley, 
2007; Aronson et al., 2008; WoldeGabriel et al, 2009; Bocherens et al., 2011; 
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Levin et al., 2011; Magill et al., 2012a, b; Feakins et al., 2013; Wilson et al., 
2014). Current climate evolution hypotheses include temporal and causal 
relationships between changes in climate, faunal diversity, and adaptation 
based on the ensemble of paleoclimatic records and fossil discoveries, most of 
them established within the Eastern Rift in Ethiopia, Kenya, and Tanzania (Fig. 
3.1). In general, these hypotheses link the evolution of early hominin fauna 
either to a constant or step-wise change in climate (e.g., Dart, 1925; Vrba et al., 
1989; deMenocal, 1995), to high-amplitude paleoclimate variability (e.g., Potts, 
1998), and/or to changes in topography (e.g., Trauth et al., 2005; Maslin et al., 
2014). Most likely, none of the many hypotheses are mutually exclusive, and 
spatial differences between regional and global forcing parameters may occur. 
However, knowledge of the spatial variability in vegetation patterns along the 
entire EAR is a prerequisite of enhancing our ability to identify regional from rift-
wide characteristics, and thus evaluating the role of individual forcing factors. 

Whereas most published vegetation reconstructions rely on data derived from 
the Eastern Rift in the northern part of the EAR, this study presents the first 
long-term stable carbon isotope (δ13C) record from pedogenic carbonate and 
fossil suid enamel from the southern EAR, the Malawi Rift (Fig. 3.1). We 
compare δ13C values of pedogenic and tooth enamel carbonate from the Malawi 
Rift with the evolution of δ13C values in the Eastern Rift. Further, the Karonga 
Basin (Malawi, Fig. 3.2) is the only studied locality in the EAR that is located in 
today's Zambezian Savanna, whereas all other East African hominin localities 
are located in the Somali-Masai Endemic Zone (Fig. 3.1). We present a 
compiled δ13C record of 321 pedogenic carbonate and 18 suid enamel samples 
that collectively show persistently low δ13C values ranging from -11.2 to -5.8‰, 
with an average of -9.1‰ (pedogenic carbonate), and -13.1 to -4.5‰, with an 
average of -9.3‰ (suid enamel). Collectively, these data point towards the 
protracted presence of a patchy, yet largely C3-dominated vegetation pattern in 
the Malawi Rift with increasingly marked differences in landscape openness 
over the past <2.6 Ma when compared to other key sites of early hominin 
evolution in eastern Africa. 

3.2 Background  

3.2.1 Stable carbon isotope ratios in geologic proxy materials  
On a continental scale, different biomes are distinguishable through the δ13C 
values of associated biomass. Tropical dicots (trees, bushes, herbs) are 
primarily C3 plants, whereas tropical grasses and sedges use the C4 
photosynthetic pathway and differ in their discrimination against 13CO2 (e.g., 
Pearcy and Ehleringer, 1984; Cerling et al., 2011a). C4 photosynthesis is 
typically prevalent in warm and seasonally dry, open conditions with highlight 
intensity, whereas the C3 pathway is advantageous under lower water stress 
and at high-pCO2 conditions. As a result, C3 grasses typically have δ13C values 
ca. 14‰ more negative than C4 plants. δ13C values of C3 plants typically range 
from ca. -20 to -33‰, whereas C4 grasses range from ca. -10 to -16‰ (Cerling 
et al., 1997). 
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Pedogenic carbonate formed in equilibrium with soil-respired CO2 is typically 
enriched in 13C by 13.5 to 17.0‰ compared to CO2 respired from plants, as well 
as the CO2 released during decomposition of soil organic carbon and related 
soil organic matter (Cerling, 1984; Cerling et al., 1989; Cerling and Quade, 
1993). A carbon isotope fractionation of similar size (ca. 14‰; Cerling et al., 
1997) occurs between consumed plant material and tooth enamel in a wide 
range of herbivores, resulting in δ13C values of tooth enamel <-8‰ for pure 
browsers and >-1‰ for pure grazers (e.g., Lee-Thorp and van der Merwe, 
1987; Lee-Thorp et al., 1989; Cerling and Harris, 1999; Passey et al., 2005). As 
a result, δ13C values of geologic proxy materials that reliably record δ13C values 
of vegetation may be used as tracers of the vegetation patterns and fraction of 
woody cover in (sub-)tropical environments (e.g., Lloyd et al., 2008; Wynn and 
Bird, 2008; Cerling et al., 2010, 2011b; Uno et al., 2011; Bibi et al., 2013). 

3.2.2 Geological context 
Among the multiple sites that have provided stable isotope information about 
past hominin environments in the EAR (Fig. 3.1), the Karonga Basin is the first 
rift valley site located in today's Zambezian Savanna (Miombo Woodlands), 
whereas all other sites are situated in the Somali-Masai semi-desert grassland 
and scrubland (White, 1983). The Plio-Pleistocene Chiwondo and Chitimwe 
Beds are located in the Malawi Rift half-graben, which forms the southern part 
of the western branch of the EAR. The examined sediments are exposed in the 
Karonga Basin that formed by block faulting in response to Late Miocene east-
northeast to west-northwest extension (Ring et al., 1992; Ebinger et al., 1993). 
Permo-Triassic, Jurassic, Cretaceous, and Plio-Pleistocene sedimentary 
sequences are exposed along the western shore of Lake Malawi (Fig. 3.2a). 
We studied the Chiwondo and Chitimwe Beds between Karonga and Chilumba 
in two ca. 70 km long (north to south) and 15 km wide (east to west) northwest-
southeast segments that are separated by Proterozoic metamorphic basement 
ridges. 

At these sites, metamorphic basement and Mesozoic shale- and sandstone-
dominated Karoo Supergroup sediments are covered by reddish and grayish 
sandstones, marls, and clays of the Early Cretaceous Dinosaur Beds 
(Catuneanu et al., 2005; Schlüter, 2008). Plio-Pleistocene sediments overlie 
these deposits with a major angular unconformity (Andrew and Bailey, 1910; 
Dixey, 1927; Betzler and Ring, 1995). The depositional facies of these 
sediments range from alluvial (braided and meandering system deposits, deltaic 
and fan sediments) to aeolian and lake deposits (Betzler and Ring, 1995). The 
sediments are locally folded, tilted, and colluvially translocated due to tectonic 
uplift and extension in the Malawi Rift (Ring and Betzler, 1995), which is still 
ongoing (Hamiel et al., 2012). Due to a lack of directly datable volcanic markers 
(Kaufulu and Stern, 1987; Betzler and Ring, 1995), we rely on internal and 
external biostratigraphic correlations of mammal remains. Suid molars (Kullmer, 
2008) have led to a subdivision into Units 1 to 4 (Chiwondo Beds) that are 
overlain by Unit 5 (Chitimwe Beds; Betzler and Ring, 1995; Ring and Betzler, 
1995). The anthropologically important Unit 3 (ca. 3.75 to 0.6 Ma) was further 
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subdivided into three biozones (3A-I, 3A-II, and 3B; Bromage et al., 1995a; 
Sandrock et al., 1999; Kullmer, 2008). Pedogenic carbonate is abundant and 
found in all units (Lüdecke and Thiemeyer, 2013). 

Pedogenic carbonate and suid molar enamel analyzed here were sampled in 
five areas throughout the Chiwondo Beds covering the regions of Masapa (PM), 
Mwenirondo (MR), Malema (RC), and Mwimbi (WK) in the north and Uraha (U) 
in the south (Fig. 3.2b). The Chiwondo Beds are home to a large suite of 
mammal fossils, including Cercopithecidae (Bromage and Schrenk, 1986; 
Schrenk et al., 1995; Bromage et al., 1995a; Sandrock et al., 1999, 2007; Frost 
and Kullmer, 2008; Kullmer, 2008; Kullmer et al., 2011), and are key archives 
for important hominin fossil remains (Schrenk et al., 1993; Bromage et al., 
1995b; Kullmer et al., 1999), including a mandible of Homo rudolfensis (Uraha) 
and a maxillary fragment of Paranthropus boisei (Malema), both 
biostratigraphically dated to ca. 2.4 Ma (Bromage et al., 1995b; Kullmer et al., 
1999). They hence document the earliest co-existence of these two hominin 
genera so far discovered. In addition, a hominin molar fragment of similar age 

and tentatively assigned to H. 
rudolfensis was recently 
reported from Mwenirondo 
(Kullmer et al., 2011). Oxygen 
and carbon isotope analysis of 
dental enamel of different 
mammals (e.g., equids, bovids, 
elephants) is the subject of a 
concurrent study with the goal of 
a more comprehensive paleo-
environmental reconstruction of 
the Karonga Basin. 

3.2.3 Chiwondo paleosols 
The siliciclastic parent material 
of the Chiwondo paleosols is 
derived mostly from Proterozoic 
metamorphic basement and 
Permo-Triassic Karoo 
sediments in the hinterland of 
the Karonga Basin. In contrast 
to the carbonate depleted upper 
horizons or decalcified B-
horizons, erosion resistant Bk-
horizons are well-preserved in 
the tectonically active fluvial, 
swamp, and deltaic settings. 
Paleosols are typically brown, 
locally mottled cambisols or 
oximorphic horizons of Gleysols 

Figure 3.3: Outcrop conditions and field characteristics 
of the Plio-Pleistocene Chiwondo and Chitimwe Beds.    
A) Section 12-MR-19, step section sampling profile. Only 
pedogenic carbonate was sampled. B) Chitimwe and 
Chiwondo Beds, upper part of Profile 12-RC-08, 
sampled at the wall of the excavation pit of 
Paranthropus boisei. The deltaic sediments are rich in 
well-consolidated carbonate due to pedogenic 
overprint. C) Pedogenic carbonate can occur in patches 
and nodules or in D) carbonate filled root casts. E) 
Close up of pedogenic carbonate in a carbonate-free 
matrix. 
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containing mm- to cm-sized carbonate nodules in a usually carbonate-free 
matrix (Fig. 3.3). The parent material is composed of sand, most probably of 
alluvial or aeolian origin. 

3.2.4 Age control and correlation of individual sections 
A precise age assignment of the exposed Chiwondo and Chitimwe sediments is 
hampered by the absence of datable volcanic material (Kaufulu and Stern, 
1987; Betzler and Ring, 1995; Kullmer, 2008). Biostratigraphic age constraints 
based mostly on surface finds of fossil suid molars were established for 
sediments with an age range of ca. 4.3 Ma (Notochoerus jaegeri) to 0.7 Ma 
(Metridiochoerus compactus; White, 1995; Kullmer, 2008; Bishop, 2010). The 
age of the overlying Chitimwe Beds is assigned to the Middle and Late 
Pleistocene due to the presence of lithic artifacts (Clark et al., 1970). 

Correlation of the fluvial, lacustrine, and swamp successions is based on field 
relationships established during three field campaigns in 2011, 2012, and 2013, 
structural mapping, and mammal fossil occurrences that are supported by δ13C 
and δ18O patterns within individual sections. It is not possible to assign an 
absolute age to each profile and nodule, but we were able to divide them into 
five intervals (±0.2 Ma): ca. 4.3 to 3.75 Ma (Units 1 and 2), 3.75 to 2.8 Ma (Unit 
3A-1), 2.8 to 1.8 Ma (Unit 3A-2), 1.8 to 0.6 Ma (Unit 3B), and <0.6 Ma (Units 4 
and 5), after Betzler and Ring (1995), Bromage et al. (1995a), Sandrock et al. 
(1999), and Kullmer (2008). Suid fossils occur in Unit 2, 3A, and 3B. Unit 2 
contains Not. jaegeri. Unit 3A was subdivided in two biozones by Notochoerus 
euilus (3A-1), Notochoerus scotti, and Metridiochoerus andrewsi stage I (3A-2). 
Unit 3B contains Met. andrewsi stage III and Met. compactus (Kullmer, 2008). 

Based on the observed field relationships, the stratigraphic order of each profile 
within these intervals is accurate; however, it is difficult to ascertain sediment 
accumulation rates in these erosional, mostly high-energy deposits that usually 
only stretch over small lateral distances. When compared to the total 
stratigraphic thickness of each unit, the data presented here typically cover 
most of the unit and we tentatively assign the oldest (and youngest) age of the 
unit to the stratigraphical lowest (and highest) sample. Within each unit we 
assume constant accumulation rates (that range from 25 to 60 m/Ma); however, 
we would like to highlight that the general conclusions being drawn here are 
largely independent of this assumption. For further information see Appendix 
3.8, especially Figure 3.7. 

3.2.5 Vegetation classification system 
We adopt the vegetation classification system (White, 1983), which is primarily 
based on woody cover after The United Nations Educational, Scientific, and 
Cultural Organization (UNESCO) classification of African vegetation, where 
forest has interlocking crowns, woodland/bushland/thicket/shrubland has a 
woody cover >40%, wooded grassland between 10 and 40%, and grassland 
<10%. We further assign 80% woody cover as the forest-woodland boundary 
(Cerling et al., 2011b). 
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Today, the Eastern Rift (Somali-Masai Endemic Zone) and the Malawi Rift 
(Zambezian Savanna) belong to two savanna ecosystems that differ strongly in 
woody cover and type of biomass. The Miombo woodlands are a 
moist/dystrophic savanna and tree cover is typically limited by disturbances 
such as fire and herbivory, rather than climate (van Wilgen, 1997; Sankaran et 
al., 2005). It hosts a diverse tree community dominated by the Leguminosae 
subfamily Caesalpinioideae (Coates Palgrave et al., 2002), with a high fraction 
of woody cover that provides shade, shelter, and food resources. In contrast, 
today's Somali-Masai Endemic Zone is dominated by open grassland savanna 
with only sparse tree cover. 

3.2.6 Eastern Rift δ13C data 

3.2.6.1 Pedogenic carbonate 
δ13C values of pedogenic carbonate from fossil hominin localities in the Eastern 
Rift Valley since 7.5 Ma exist from Hadar and Busidima in the Lower Awash and 
Sagantole and Adu-Asa in the Middle Awash Valley (WoldeGabriel et al., 1994, 
2009; Levin et al., 2004; Quade et al., 2004; Semaw et al., 2005; White et al., 
2006; Aronson et al., 2008; Passey et al., 2010; Cerling et al., 2011a), Omo-
Turkana (Cerling et al., 1988, 2003; Wynn, 2004; Quinn et al., 2007; Levin et 
al., 2011), Tugen Hills (Cerling, 1992; Kingston, 1992; Kingston et al., 2002), 
Kanjera (Plummer et al., 2009), Olorgesailie (Sikes et al., 1999), Olduvai 
(Cerling and Hay, 1986; Sikes, 1994; Sikes and Ashley, 2007), and Laetoli 
(Cerling, 1992). A compilation of the data is available at EarthChem Library 
(Levin, 2013). 

3.2.6.2 Suid enamel  
δ13C values samples of suid enamel from fossil hominid localities in the Eastern 
Rift since 7.5 Ma come from the Awash Valley (Gona; Semaw et al., 2005), 
Omo-Turkana (Lothagam, Mursi, Koobi Fora, Kanapoi; Harris and Cerling, 
2002; Cerling et al., 2003; Uno et al., 2011; Bibi et al., 2013; Drapeau et al., 
2014), Tugen Hills (Morgan et al., 1994), and Laetoli (Kingston, 2011). 

3.3 Material and methods 
The stable carbon isotope geochemistry of pedogenic carbonate and fossil suid 
enamel is a robust tool to reconstruct continental paleoenvironmental 
conditions, in particular when climate change plays a key role in the evolution of 
ecosystems. While δ13C values of cm-sized pedogenic carbonates record the 
time-averaged effects of changes in C3 versus C4 vegetation on carbon isotope 
ratios in soils, δ13C values in enamel reflect the diet of the individual during the 
time of tooth development (several month to years) in an area reflecting the 
migration pattern of the animal (e.g., Birkeland, 1984; Kohn and Cerling, 2002; 
Pustovoytov, 2003). In total, 321 pedogenic carbonates were selected from 14 
freshly-cut step-sections (Fig. 3.3a) in the Chiwondo Beds, one sample from the 
Chitimwe Beds, and four (sub)recent pedogenic carbonate nodules. Whenever 
possible, well-consolidated nodules were sampled at least 30 cm below 
paleosol surfaces (Fig. 3.3b). Nodules were cut in half and bulk carbonate 
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powder was extracted with a diamond tip dental drill. Untreated carbonate (100-
300 mg) were reacted with 98% H3PO4 for 90 min at 70°C in continuous flow 
mode using a Thermo MAT 253 mass spectrometer interfaced to a Thermo 
GasBench II. 

δ13C values of fossil enamel have shown to be rather insensitive to the influence 
of diagenesis (Koch et al., 1997). We focus here on Suidae as mixed feeders, 
as their enamel δ13C values should reflect local environment more accurately 
than specialized feeders. Eighteen samples from ten suid molars were 
analyzed. These include the extinct Not. jaegeri, Not. euilus, and Not. scotti; 
Met. andrewsi stage I and III and Met. compactus, plus the extant 
Phacochoerus aethiopicus. Suid molars were cut laterally and enamel was 
sampled either with a hand-held diamond tip dental drill or a micromilling device 
(Merchantek Micromill). Sampling parallel and across several growth axes of 
the teeth was necessary to obtain sufficient sample material (2e3 mg). Bulk 
samples, therefore, represent δ13C values averaged over the time of tooth 
formation, likely encompassing several months to years (Kohn, 2004), 
depending on species and wear pattern. Only if a tooth provided enough 
enamel, several (up to four) measurements per tooth could be realized. To 
remove organic and potential diagenetic carbonate, enamel was pretreated with 
2% NaOCl solution for 24 h followed by 1 M Ca-acetate acetic acid buffer 
solution for another 24 h (Kohn, 2004). Typically, enamel pre-treatment resulted 
in 20 to 40% mass loss. 830 to 2030 mg of pretreated enamel material was 
reacted with 98% H3PO4 for 90 min at 70°C in continuous flow mode using a 
Thermo MAT 253 mass spectrometer interfaced to a Thermo GasBench II. All 
analyses were performed at the Goethe University-BiK-F Joint Stable Isotope 
Facility Frankfurt. Analytical procedures followed Spötl and Vennemann (2003). 
Final isotopic ratios are reported against VPDB; overall analytical uncertainties 
are better than 0.03‰. 

3.4 Results 

3.4.1 δ13C values of Plio-Pleistocene (~4.3 Ma to modern) pedogenic 
carbonate 
Based on correlation of individual sections, we provide a composite pedogenic 
carbonate δ13C record that encompasses the fluvial, deltaic, lacustrine, and 
swamp deposits of northern Malawi (Fig. 3.4). Throughout the Plio-Pleistocene, 
δ13C values range between -5.8 and -11.2‰, with a mean of -9.1‰ (σ = 1.1‰; 
n = 321). Age constraints for the individual units are based on biostratigraphic 
correlation (in particular suid molars; Kullmer, 2008) with well-dated sites in the 
Eastern Rift Valley, observed and measured field relationships (Betzler and 
Ring, 1995) that are supported by patterns in δ13C and δ18O of the individual 
analyzed paleosol sections (for further description see Appendix 3.8). The 
results can be divided into five time intervals. 
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3.4.1.1 Early Pliocene (ca. 4.3 Ma to 3.75 Ma) 
δ13C values from the Karonga Basin show only little variation and range 
between -10.6 and -8.1‰ with a mean of -9.6‰ (σ = -0.7‰; n = 27). 
Comparison of these results to 13C values from the Eastern Rift in the age 
interval of 7.5 Ma to 3.75 Ma (mean = -6.1‰; σ = -2.3; n = 126; Levin, 2013) 
documents generally lower δ13C values in the Karonga Basin, forming a 
statistically distinct data-population of δ13C (t-test, t = 14.420; df = 143; p < 
0.05). The difference of the averages in δ13C values between the Karonga 

Basin and the Eastern Rift, 
Δ(δ13C)KB-ER, equals 3.5‰. 

3.4.1.2     3.75 Ma to 2.8 Ma  
Despite the high sample 
density, δ13C values of 
pedogenic carbonate from 
the Karonga Basin only 
occupy a narrow range with 
δ13C values between -11.2 
and -8.1‰. The mean of -
9.8‰ (σ = 0.7; n = 123) is, 
within error, identical to the 
mean of -9.6‰ (σ = 0.7‰; n 
= 27) during the 4.3 Ma to 
3.75 Ma time interval. 
Compared to the Eastern Rift 
(δ13C mean = -7.4‰; σ = 
1.6‰; n = 349; Levin, 2013), 
δ13C values of the Karonga 
basin form a clearly distinct 
data-population (t = 22.483; 
df = 458; p < 0.05) and 
Δ(δ13C)KB-ER = 2.4‰. 

3.4.1.3     2.8 Ma to 1.8 Ma  
During this important time 
interval for early hominin 
evolution in Eastern Africa, 
pedogenic carbonate δ13C 
values in the Karonga Basin 
range from -11.0 to -5.8‰ (σ 
= 1.1‰; n = 126), with a 
mean of -8.3‰. Compared to 
the previous time intervals, 
δ13C values increase by ca. 
1.0-1.5‰ and further display 
slightly larger variability. 

Figure 3.4: δ13C values of pedogenic carbonate in the EAR 
since 7.5 Ma. Filled circles show δ13C data from the 
Karonga Basin (Malawi Rift), open symbols represent the 
Eastern Rift including Middle and Lower Awash 
(WoldeGabriel et al., 1994, 2009; Levin et al., 2004; Quade et 
al., 2004; Semaw et al., 2005; White et al., 2006; Aronson et 
al., 2008; Passey et al., 2010; Cerling et al., 2011a), Omo-
Turkana (Cerling et al., 1988, 2003; Wynn, 2004; Quinn et al., 
2007; Levin et al., 2011), Tugen Hills (Cerling, 1992; 
Kingston et al., 1994, 2002), Kanjera (Plummer et al., 2009), 
Olorgesailie (Sikes et al., 1999), Olduvai (Cerling and Hay, 
1986; Sikes, 1994; Sikes and Ashley, 2007), and Laetoli 
sites (Cerling, 1992). Note that age assignment for the 
Karonga Basin is based on the relative position of the 
sampled intervals within the different unit boundaries (for 
further information see Supplementary Material 3.8). 
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Whereas the most negative δ13C values persistently remain at around -11‰, we 
observe the first occurrence of more positive δ13C values attaining -6‰. At the 
same time the mean δ13C value from pedogenic carbonates in the Eastern Rift 
increases to -5.6‰ (σ = 2.1‰; n = 331; Levin, 2013). The difference between 
the two datasets with Δ(δ13C)KB-ER = 2.7‰ is still pronounced (t = 18.480; df = 
405; p < 0.05). 

3.4.1.4 1.8 to 0.6 Ma 
No data from this time interval could be collected in the Karonga Basin. δ13C 
values form Eastern Rift sites continue their trend towards more positive values 
with a mean δ13C value of -4.0‰ (σ = 2.7‰; n = 395; Levin, 2013). 

3.4.1.5 <0.6 Ma 
During the Upper Pleistocene and Holocene, Karonga Basin pedogenic 
carbonate δ13C values remain consistent with those observed in the older time 
intervals. δ13C values range between -11.2 and -6.8‰, with a mean of -9.3‰ (σ 
= 0.7‰; n = 52). Pedogenic carbonate δ13C values from the Eastern Rift show 
much more positive values (mean = -2.4‰; σ = 2.2‰; n = 90; Levin, 2013) and 
therefore document the largest difference in δ13C values when compared to the 
Karonga Basin, with Δ(δ13C)KB-ER = 6.9‰. Consequently, the statistical 
difference between δ13C datasets from the Eastern Rift and Karonga Basin 
datasets is strongest during this youngest evaluated time interval (t = 27.509; df 
= 188; p < 0.05). The overall pattern of δ13C values in different parts of the EAR 
terminates with δ13C values of modern pedogenic carbonate that attain mean 
δ13C values of -9.2‰ in the Karonga Basin (σ = 1.8‰; n = 4) and 2.0‰ within 
the Eastern Rift (Awash Valley, Tugen Hills, and Olduvai; σ = 2.6‰; n = 23), 
resulting in Δ(δ13C)KB-ER = 7.2‰. 

3.4.2 δ13C values of Plio-Pleistocene (~4 Ma to modern) suid enamel 
We complement our long-term pedogenic carbonate δ13C record from the 
Karonga Basin by a ca. 4 Ma δ13C record of enamel from suid teeth (Fig. 3.5). 
These data comprise molars from 10 individuals of three genera found in the 
Chiwondo Beds. Up to four replicate analyses of third molars from the extinct 
Not. jaegeri (n = 3), Not. euilus (n = 2), Not. scotti (n = 2), Met. andrewsi stage I 
(n = 4) and III (n = 1) and Met. compactus (n = 1), plus the extant Pha. 
aethiopicus (n = 4) show δ13C values that range between -13.1 and -4.5‰ 
(mean = -9.3‰, σ = 2.6‰, n = 18). Similar to the pedogenic carbonate δ13C 
data, these values are much more negative when compared to δ13C values from 
suids within the Eastern Rift Valley at Middle Awash, Omo-Turkana, Tugen 
Hills, and Laetoli (<7 Ma; mean = -2.4‰; σ = 2.6‰; n = 249; for references see 
Fig. 3.5) and form a statistically different data-population (t = 11.010; df = 20; p 
< 0.05). In the following section, we separate the Karonga Basin data according 
to the same time intervals as our pedogenic δ13C record; the suid data (Fig. 3.5) 
is plotted between their first (FAD) and last appearance date (LAD), following 
White (1995), Kullmer (2008), and Bishop (2010). 
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 -
Figure 3.5: δ13C values of suid enamel in the EAR since 7.5 Ma. Filled circles show δ13C data from 
the Karonga Basin (Malawi Rift), open circle from Bocherens et al. (2011), samples from the same 
species are connected by black lines with the median marked as a gray oblong. Other symbols 
represent: Middle Awash (Gona; Semaw et al., 2005), Omo-Turkana (Lothagam, Mursi, Koobi Fora, 
Kanapoi; Harris and Cerling, 2002; Cerling et al., 2003; Uno et al., 2011; Bibi et al., 2013; Drapeau et 
al., 2014), Tugen Hills (Morgan et al., 1994), and Laetoli (Kingston, 2011). The Chiwondo Beds in the 
Malawi Rift are divided into Units 1 to 4; Unit 5 is the Chitimwe Beds (Betzler and Ring, 1995; 
Bromage et al., 1995a; Kullmer, 2008). Suidae genera age distribution after White (1995), Kullmer 
(2008), and Bishop (2010). Pha. = Phacochoerus, Met. = Metridiochoerus, Not. = Notochoerus. 

3.4.2.1 Early Pliocene (ca. 4.3 Ma to 3.75 Ma)  
Teeth from Not. jaegeri (FAD ≈ 4.3 Ma; LAD ≈ 3.75 Ma) from the Karonga Basin 
show δ13C values between -9.5 and -13.1‰ (mean = -11.1‰; σ = 1.8‰, n = 3), 
and are ca. 1.5‰ more negative than δ13C values from pedogenic carbonate in  
the Karonga Basin. Not. jaegeri, Nyanzachoerus pattersoni, Nyanzachoerus 
kanamensis, and Nyaustralis australis from the Eastern Rift in the age interval 
of 7.0 Ma to 3.75 Ma generally show less negative values, with a mean of -
4.2‰ (σ = 2.8‰; n = 90). The difference of the averages in δ13C between the 
Karonga Basin and the Eastern Rift, Δ(δ13C)KB-ER, equals 6.9‰. 
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3.4.2.2 3.75 Ma to 2.8 Ma  
The two individuals of the Upper Pliocene Not. euilus (FAD ≈ 3.9 Ma; LAD ≈ 
2.85 Ma) from the Karonga Basin show values of -5.5 and -4.8‰. Samples of 
Not. euilus, Nya. pattersoni, Potamochoerus porcus, and Kolpochoerus 
limnetes from the Eastern Rift display a mean δ13C value of -2.2‰ (σ = 2.1‰; n 
= 58). One individual from the Tugen Hills, shows exceptionally low δ13C values 
of -11.8‰ (Morgan et al., 1994). Δ(δ13C)KB-ER = 3.0‰ (excluding the Tugen Hills 
sample) represents the smallest Karonga Basin-Eastern Rift difference in the 
suid enamel data through time. 

3.4.2.3 2.8 Ma to 1.8 Ma 
With δ13C = -9.8 and -5.6‰, the Karonga Basin samples of Not. scotti (FAD ≈ 
3.36; LAD ≈ 1.8 Ma) are less negative than comparable analyses of enamel 
from Met. andrewsi stage I (FAD ≈ 2.95; LAD ≈ 1.8 Ma), which show an 
average of -10.9‰ (σ = 1.0‰; n = 4). Again, the δ13C values of co-existing 
Suidae Not. scotti, Met. andrewsi, and Kol. limnetes from the Eastern Rift show 
more positive values with a mean of -0.9‰ (σ = 1.1‰; n = 65). Δ(δ13C)KB-ER 
between suids from the Karonga Basin and the Eastern Rift equals 10.0‰. 
Enamel from a tooth of Not. scotti from the Chiwondo Beds shows a δ13C value 
of -1.1‰ (Bocherens et al., 2011). 

3.4.2.4 1.8 Ma to 0.6 Ma 
The δ13C value of Met. andrewsi stage III (FAD ≈ 1.8 Ma; LAD ≈ 1.7 Ma) attains 
-9.3‰ and is slightly more positive than the values of the stage I individual. 
Analyses of two enamel samples from different localities of an M3 sample of 
Met. compactus (FAD ≈ 1.9 Ma; LAD ≈ 0.7 Ma) spread widely with δ13C values 
of -10.3 and -4.5‰. δ13C data of Met. andrewsi, Metridiochoerus hopwoodi, 
Met. compactus, Kol. limnetes, and Kolpochoerus olduvaiensis from the 
Eastern Rift show much more positive δ13C values (mean = -0.3‰; σ = 1.0‰; n 
= 17) resulting in Δ(δ13C)KB-ER = 7.7‰. 

3.4.2.5 <0.6 Ma 
The recent individual of Pha. aethiopicus (FAD ≈ 0.8 Ma) from the Karonga 
Basin shows a mean δ13C value of -10.3‰ (σ = 1.4; n = 4) and, therefore, 
differs significantly from Pha. aethiopicus and Pha. africanus from Omo-
Turkana (mean = -1.1‰, σ = 1.1‰; n = 18). Δ(δ13C)KB-ER = 9.2‰. 

3.5 Discussion 
δ13C data of pedogenic carbonate (Fig. 3.4) and suid enamel (Fig. 3.5) from 
fluvio-lacustrine deposits in the Eastern Rift at Awash Valley, Omo-Turkana 
Basin, Tugen Hills, Kanjera, Olorgesailie, Olduvai, and Laetoli have provided a 
cornerstone for reconstructing hominin environments in the EAR (for references 
see captions in Figs. 3.4 and 3.5). In the Eastern Rift, pedogenic and biogenic 
carbonate δ13C values suggest the dominance of C3 biomass until the Late 
Pliocene and Early Pleistocene with an increasing dominance of C4 grasses, 
which radiated during the last 2 Ma in today's Somali-Masai Endemic Zone. The 
Malawi Rift at more southerly latitudes contrasts with this pattern. The long-term 
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δ13C data from the Malawi Rift that was home to early (ca. 2.4 Ma) hominins 
indicate a mesic habitat with a strongly different vegetation and climate history 
when compared to the majority of hominin sites in today's drier parts of the 
EAR. The combined Plio-Pleistocene paleosol and enamel δ13C data from the 
Malawi Rift therefore provide a foundation for reconstructing the long-term 
ecological context of hominin evolution in the Malawi Rift, and allow a debut for 
the comparison with similar records covering the same time frame in the 
Eastern Rift. We are fully aware that a comparison of numerous sites in the 
Eastern Rift with a spatially restricted set of sites in the Karonga Basin 
underestimates the complexity of habitats likely to be encountered in the Malawi 
Rift. Collectively, pedogenic carbonate and tooth enamel data from Malawi, 
however, provide compelling evidence for the long-term persistence of a C3-
dominated ecosystem in the Karonga Basin, which is strikingly different rom the 
majority of paleoenvironments reconstructed for the EAR so far (Figs. 3.4-3.6). 
Calculated differences in δ13C between the Karonga Basin (Malawi Rift) and the 
entirety of the Eastern Rift data, Δ(δ13C)KB-ER, consequently serve as a guide in 
documenting regional long-term differences in vegetation type and biome 
structure rather than representing precise predictors of differences in local 
vegetation patterns. Δ(δ13C)KB-ER values analyzed in five time intervals (Fig. 
3.6c) range from 2.7 to 7.2‰ (pedogenic carbonate) and 3.0 and 10.0‰ (suid 
enamel). δ13C values of pedogenic carbonate in the Malawi Rift never exceed    
-5.8‰ during the last 4.3 Ma and attain a long-term mean of -9.1‰. Such low 
δ13C values are typical for a C3-dominated ecosystem characterized by a 
woodland, bushland, shrubland, or wooded grassland environment (following 
the vegetation classification of White [1983]) with a woody cover of at least 38% 
(calculated for the most positive δ13C value of -5.8‰), but on average in excess 
of ca. 66% (for the average δ13C value of -9.1‰) using the ‘paleo-shade’ proxy 
(Cerling et al., 2011b). 

The suid enamel δ13C data support this model (see Fig. 3.5). δ13C values of all 
analyzed suids from the Karonga Basin as low as -13.1‰ reflect wooded 
grassland to dominantly C3 forest environments. Collectively, the δ13C values of 
pedogenic carbonate as well as suid enamel indicate a less open environment 
in the Malawi Rift than in the Eastern Rift over the past ca. 4.3 million years, 
with 50-70% woody cover in a woodland, shrubland, or bushland environment 
in the Karonga Basin. Notochoerus jaegeri from the Malawi Rift selectively 
consumed C3 biomass, indicating browsing in a closed bushland or forest prior 
to 3.75 Ma, whereas Suidae from the same genera and time interval in the 
Awash Valley and the Omo-Turkana Basin all show a mixed C3-C4 diet 
characteristic of more open paleoenvironments (Morgan et al., 1994; Harris and 
Cerling, 2002; Cerling et al., 2003; Semaw et al., 2005; Kingston, 2011; Uno et 
al., 2011; Drapeau et al., 2014). Data from Late Pliocene pedogenic carbonate 
nodules from the Chiwondo Beds confirm a persistent woodland environment in 
the Malawi Rift, whereas δ13C values from soil carbonate in the Eastern Rift 
generally indicate increasingly open wooded grassland environments with only 
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sparse occurrence of woodlands. The two Not. euilus individuals from the 
Karonga Basin (δ13C = -5.5‰ and -4.8‰), however, point to a mixed diet with 
roughly balanced C3 and C4 consumption, requiring (at least) temporary access 
to C4 vegetation elements. This offset, when compared to the other time 
intervals, could either indicate a selection of C4 grasses in the suid diet in a 
mostly C3 dominated environment and/or the effect of a patchy ecosystem 
structure with e.g., gallery forest along the shoreline of paleolake Malawi and its 
contributing rivers. The Chiwondo deltaic, fluvial, and swamp deposits 
comprising the pedogenic carbonate were accumulated close to lakes or rivers, 
whereas the suids were able to migrate and roam larger areas. Although diet 
reconstruction of the Late Pliocene Not. euilus from Malawi shows the strongest 
C4 influence, individuals from the Eastern Rift still reflect feeding in a much 
more open environment (Fig. 3.6b, c). 

 
Figure 3.6: Composite record of paleosol δ13C values from the Karonga Basin in the Malawi Rift 
(marked in black) presented as normalized probability density function of predicted woody cover. 
Lines represent the overall median of δ13C values of Malawi Rift samples per interval (green) and 
the 7-point running average for pedogenic carbonate from the Eastern Rift (orange). B) Median 
δ13C values for suid data of the Malawi Rift (green) and the Eastern Rift (orange) with 1σ  standard 
deviation. C) Differences of average δ13C between Karonga Basin and Eastern Rift for pedogenic 
carbonate (brown) and suid enamel (blue). Although absolute δ13C values cover a large range 
especially in the Eastern Rift, the difference in δ13C between the Eastern Rift and the Malawi Rift is 
distinct throughout time and becomes more pronounced during the last ca. 2.6 Ma in both proxy 
materials. D) Hominin evolution transitions after Shultz et al. (2012) and references therein. Stars 
indicate Karonga Basin fossils. E) Suidae genera age distribution after White (1995), Kullmer 
(2008), and Bishop (2010). 
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In the Early Pleistocene (~2.6 Ma), the Eastern Rift started to change towards 
increasingly open grasslands with a large fraction of C4 biomass (e.g., Harris 
and Cerling, 2002; Ségalen et al., 2007; Cerling et al., 2011b). The Malawi Rift 
data on the other hand reflect a primary woodland environment with some 
areas of wooded grassland represented in the pedogenic carbonate, as well as 
Not. scotti and Met. andrewsi stage I enamel. The variability of δ13C values is 
largest during this important time of early hominin evolution. The relatively large 
variability in δ13C values probably hints at the existence of local microhabitats, 
characterized by restricted areas of woodland and bushland adjacent to 
grassland environments with reduced canopy and up to 60% C4 plants. At the 
same time, the δ13C data from pedogenic and enamel carbonate proxy 
materials from Eastern Rift hominin localities indicate a persistent trend towards 
a C4-dominated grassland savanna. There is increasing evidence, however, 
that some regions deviate from this overall pattern where average pedogenic 
carbonate and suid enamel δ13C values remained rather low (e.g., Shungura 
Formation, Omo Valley with δ13C values of almost -9‰; Levin et al., 2011; 
Drapeau et al., 2014). 

Karonga Basin soil carbonate δ13C data are lacking for the Middle Pleistocene, 
but δ13C values from Met. andrewsi stage III and Met. compactus enamel point 
to the persistence of C3-dominated environments (Fig. 3.5). δ13C values of Late 
Pleistocene to recent pedogenic carbonates support the model of a persistent 
long-term (ca. 4.3 Ma) ecosystem structure in the Karonga Basin with a 
continuously increasing difference to more open environments in the Eastern 
Rift. The recent warthog individual (Appendix 3.8; Table S3.5, sample #129) 
with δ13C values ~10‰ more negative than equivalent proxy data in the Eastern 
Rift also demonstrates a clear distinction from co-existing suids in the Omo-
Turkana Basin. 

Collectively, the δ13C results are supported by carbon isotope ratios of primary 
C3 biomass in today's Zambezian Savanna when compared to open C4 
savanna biomass characteristic for the Somali-Masai Endemic Zone (White, 
1983). Today, the Eastern Rift (Somali-Masai Endemic Zone) and the Malawi 
Rift (Zambezian Savanna) belong to distinct savanna ecosystems that differ 
strongly in terms of woody cover and type of biomass. The Miombo woodlands 
in the southern part of the EAR are a moist/dystrophic savanna, and tree cover 
is typically limited, influenced by disturbances through bush fire and herbivory 
rather than climate (van Wilgen, 1997; Sankaran et al., 2005). They are home 
to a diverse tree community with a high fraction of woody cover that provides 
shade, shelter, and food resources. Today's Somali-Masai Endemic Zone, on 
the contrary, is dominated by open grassland savanna with only sparse tree 
cover except for gallery forests along rivers and in the vicinity of lakes. Both 
ecosystems, however, can be very diverse on smaller spatial scales as a 
response to local variations in amount and seasonality of precipitation and/or 
temperature, which ultimately results in different vegetation patterns. 
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Paleoenvironmental reconstructions of hominin localities in the Plio-Pleistocene 
Eastern Rift also show increasing evidence for local deviations in vegetation 
biomes, with reconstructed C3 biomass proportions almost as high as in the 
Karonga Basin (e.g., Omo Mursi; Drapeau et al., 2014) to almost pure C4 
vegetation (e.g., Olorgesailie; Sikes et al., 1999). Here, we aggregate the Plio-
Pleistocene Eastern Rift δ13C data to interpret first-order, long-term evolutionary 
changes between the Malawi Rift and the Eastern Rift. As a result of this 
analysis, the Karonga Basin δ13C data consistently present the lowest δ13C 
values in the entire EAR over protracted periods of time, indicating robust and 
persistent vegetation with a low C4 component. 

The radiation of C4 grasses is considered as a major driver of evolutionary 
faunal shifts, since variation in woody cover and accompanied effects of heat 
and shade distribution may have been significant triggers for hominin 
physiological and behavioral adaptations (e.g., Vrba, 1983, 1988; Passey et al., 
2010). The Karonga Basin δ13C data indicate only regional patches of open 
landscape with C4 vegetation interspersed in a C3-dominated, closed habitat 
throughout the time of hominin evolution and the appearance of the genus 
Homo in Malawi at around 2.4 Ma ago (Schrenk et al., 1993). The Malawi Rift-
Eastern Rift difference in ecosystem evolution is striking, considering that early 
Homo (H. rudolfensis) and Paranthropus (P. boisei) occurred in both 
landscapes. Our Malawi geochemical data suggest that two different types of 
savannas covered Eastern Africa from the Late Pliocene onwards that 
increasingly differed in vegetation type and fraction of woody cover. The 
boundary between these savanna types might have shifted through time, but 
remained within ca. 3°S and 10°S (between the Chiwondo Beds and Laetoli, the 
southernmost hominin locality in today's Somali-Masai Endemic Zone, see Fig. 
3.1). Based on the δ13C values, both savanna types are statistically 
distinguishable in each of the analyzed time intervals (<3.7 Ma, older data is not 
available from Laetoli) with a difference in woody cover of at least 15%. 

The paleobiogeographic distribution of the large mammal fauna from the Malawi 
Rift is dominated by Eastern African endemics (Bromage et al., 1995a). The 
fauna includes H. rudolfensis and P. boisei, which suggests that these and 
other similar taxa may be characterized as eurybiomic insofar as their habitat 
preferences are supportable within an environmental matrix that includes a 
variety of open, marginal, and closed habitats. Understanding to what extent the 
Malawi Rift data presented here are representative for the entire southern EAR 
will benefit from analysis of additional sites and proxy materials. 

Today the Zambezian Savanna ecozone is considered a large mammal barrier 
(Klein, 1984) owing to the dry season winter belt that originates at its southern 
margin, becoming dryer toward the Tropic of Capricorn. Interestingly, large 
mammals of the Malawi Rift that are not endemic to Eastern or Southern Africa 
are predominantly adapted to open floodplain habitats (cf. Table 3 in Bromage 
et al., [1995a]), which is a habitat preference that is easily transgressed. 
However, H. rudolfensis and P. boisei as eastern African endemics within the 
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Zambezian Savanna show that open conditions are not exclusive to models of 
hominin evolution. This indicates habitat versatility in these two coexisting 
species as both were able to exist in predominantly closed (Malawi) and open 
(Eastern Rift) savanna settings. 

3.6 Conclusions 
Two different types of savanna were present in the East African Rift system at 
least since the Pliocene. The Malawi Rift, with a mean of >65% fraction of 
woody cover, has had persistently more canopy than the Eastern Rift (changing 
the fraction of woody cover from around 50% in the Pliocene to less than 20% 
since the Late Pleistocene). Overall, during the last ~4.3 Ma, constant δ13C 
values of ca. -9‰ in pedogenic carbonate and mixed-feeding suids show no 
considerable changes in vegetation patterns compared to today's Zambezian 
Savanna environment. Throughout the Plio-Pleistocene until today the Karonga 
Basin is characterized by a C3-dominated patchy C3/C4 ecosystem with 
presumably gallery forests along (paleo-)Lake Malawi and its contributing rivers. 
Based on the compiled δ13C data, the boundary between the Somali-Masai 
Endemic Zone and the Zambezian Savanna never moved as far south as the 
northern shore of Lake Malawi. Therefore, regions that are home to early 
hominins such as H. rudolfensis and the coexisting P. boisei may have had a 
different environmental history when compared to the Eastern Rift, resulting in a 
large difference in fraction of woody cover. This suggests that hominin 
adaptation is not necessarily directly linked to the emergence of open 
landscapes. 
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3.8 Supplementary material 
Precise age assignments in the Chiwondo and Chitimwe sediments suffer from 
absence of datable volcanic material (e.g., Kaufulu and Stern, 1987, Betzler 
and Ring, 1994; Kullmer, 2008). Here we present the stratigraphic relationships 
of the individual (sub-)sections that comprise the long-term δ13C record in the 
Karonga Basin. Note that accurate age assignments are hampered by the lack 
of knowledge of the duration of sedimentation for the individual sections. The 
depositional order within the units, however, (Figs. 3.4 and 3.7) is accurate. 
Sample IDs of pedogenic carbonate nodules are composed of survey area 
initial (see Fig. 2b), profile number, and individual sample number. 

 

Figure 3.7: Stratigraphic order of all sampled pedogenic carbonates from the Karonga basin 
ordered by individual units. Synthethic lithological column after Betzler and Ring (1995). 
Depositional order of individual (sub-)sections is accurate within the respective units, however, 
ages of individual samples are only extrapolated from assumed total stratigraphic thickness. Due 
to uncertainties in sedimentation rates common in fluivo-lacustrine depositional settings, absolute 
ages of individual samples should not be extrapolated. 
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δ13C values of Plio-Pleistocene (~4.3 Ma to modern) pedogenic 
carbonate 

Early Pliocene to 3.75 Ma 
This succession is merged from two sections sampled on the slope of “Uraha 
Hill”, U-99 (10°21'19.38"S; 34° 8'28.97"E) and U-86 (10°21'26.05"S; 34° 
8'30.72"E). The sections describe Unit 1 and Unit 2 of the Chiwondo Beds. 
While it is possible that the lowest layers of Unit 1 were not sampled, the top of 
Unit 2 is marked by an oncoid layer followed by an angular unconformity that 
forms the top of Profile U-99. With a combined total of 33.2 m thickness, the 
largest part of the units should be recorded. The calculated average 
sedimentation rate is ~60 m/Ma. A schematic stratigraphic column of U-99 is 
shown in Figure 5 in Lüdecke and Thiemeyer (2013). 
Table 3.1: List of ca. 4.3 to 3.75 Ma (Unit 1 and 2) pedogenic nodules from Uraha (U) with sample ID, 
section-meter, and δ13C values.  

Sample ID 
Profile 
meter 

δ13C  
(‰) PDB 

Sample ID 
Profile 
meter 

δ13C  
(‰) PDB 

U-99-23 33.20 -10 U-86-14 7.35 -9.1 
U-99-21 31.20 -9.4 U-86-13 6.80 -9.4 
U-99-20 28.20 -9.4 U-86-12 6.00 -10 
U-99-15 23.20 -9.3 U-86-11 4.80 -9.7 
U-99-14 22.20 -8.7 U-86-10 3.90 -9.5 
U-99-13 21.20 -9.3 U-86-09 3.70 -9.9 
U-99-12 20.20 -9.6 U-86-08 3.50 -8.1 
U-99-11 19.20 -10.5 U-86-07 3.00 -8.8 
U-99-09 17.20 -10 U-86-05 1.20 -8.5 
U-99-08 16.20 -10.4 U-86-04 1.00 -9.9 
U-99-03 11.20 -9.5 U-86-03 0.80 -10.4 
U-86-18 9.20 -10.1 U-86-02 0.60 -9.6 
U-86-17 8.70 -10.1 U-86-01 0.15 -10.6 
U-86-15 7.75 -8.4 
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3.75 to 2.8 Ma 
This Upper Pliocene sequence is composed of one section from the area of 
Mwimbi (13-WK-106; 10°7.033'S; 33°57.957'E) and four well-correlated profiles 
near Masapa River in Mwenirondo (MR-50 [10°0'46.43"S, 33°54'0.65"E], MR-
115 [10°0.785'S, 33°53.928'E], MR-117 [10°0.767'S, 33°53.987'E], and MR-58 
[10°0'19.90"S, 33°53'57.42"E]). For the most part, the Mwimbi and the 
Mwenirondo sections overlap (correlated with δ13C values and field 
relationships) and form Unit 3A-1 with a total thickness of 33.8 m. Again, 
absolute dating is not possible, but field relationships supported by stable 
isotopic results convincingly point towards filling the gap between 3.75 Ma and 
the hominin sites with an age of ca. 2.4 Ma. Profile MR-58 is shown in Figure 2 
in Lüdecke and Thiemeyer (2013). The calculated average sedimentation rate 
is ca. 36 m/Ma. 
Table 3.2: List of 3.75 to 2.8 Ma (Unit 3A-1) pedogenic nodules from Mwimbi (WK) and Mwenirondo 
(MR) with sample ID, section-meter, and δ13C values. Note that these profiles chronologically 
overlap.  

Sample ID Profile 
meter 

δ13C  
(‰) PDB 

Sample ID Profile 
meter 

δ13C  
(‰) PDB 

WK-106-71 33.80 -8.4 MR-50-11 28.55 -9.1 
WK-106-68 31.50 -9 MR-50-10 28.40 -9.6 
WK-106-67 30.60 -9.1 MR-50-09 28.20 -9 
WK-106-66 30.40 -8.4 MR-50-08 26.95 -9.8 
WK-106-65 30.20 -9.3 MR-50-07 27.55 -9.7 
WK-106-64 29.80 -9.4 MR-50-04 26.75 -10.3 
WK-106-63 29.70 -8.9 MR-50-03 26.45 -10.3 
WK-106-60 25.40 -8.8 MR-50-02 26.05 -10 
WK-106-59 25.30 -8.5 MR-50-01 25.75 -10.2 
WK-106-58 24.80 -9.5 MR-115-01 23 -10.1 
WK-106-57 24.50 -9.5 MR-115-02 22.6 -9.5 
WK-106-56 23.70 -9.7 MR-115-03 22.2 -10.2 
WK-106-54 21.40 -9.4 MR-115-04 21.8 -10.1 
WK-106-53 20.80 -9.9 MR-115-05 21.4 -9.7 
WK-106-52 20.00 -10.8 MR-115-06 21 -9.8 
WK-106-51 19.60 -10.9 MR-115-07 20.6 -10 
WK-106-50 18.40 -9.8 MR-115-08 20.2 -9.8 
WK-106-47 17.20 -10 MR-115-09 19.8 -9.4 
WK-106-43 16.40 -10.1 MR-115-10 19.4 -9.6 
WK-106-41 16.20 -9.7 MR-115-11 19 -10.2 
WK-106-40 16.10 -8.1 MR-115-12 18.6 -10.4 
WK-106-37 13.05 -9.2 MR-117-01 16.3 -9.1 
WK-106-36 12.90 -9.8 MR-117-02 16 -9.5 
WK-106-35 12.70 -10.7 MR-117-03 15.7 -9.5 
WK-106-34 12.50 -9.7 MR-117-05 15.1 -9.6 
WK-106-33 12.20 -9.6 MR-117-07 14.5 -9.7 
WK-106-32 11.80 -10.3 MR-117-09 13.9 -8.8 
WK-106-31 11.40 -9.7 MR-117-10 13.6 -10.2 
WK-106-30 11.10 -9.7 MR-117-11 13.3 -10.1 
WK-106-29 10.90 -9.5 MR-117-12 13 -10 
WK-106-28 10.75 -9.8 MR-58-31 12.15 -9.9 
WK-106-27 10.50 -8.8 MR-58-30 12.05 -9.5 
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Table 3.2 (continued) 
     

Sample ID Profile 
meter 

δ13C  
(‰) PDB 

Sample ID Profile 
meter 

δ13C  
(‰) PDB 

WK-106-26 10.50 -8.4 MR-58-29 11.50 -8.9 
WK-106-23 9.70 -8.7 MR-58-27 9.95 -9.3 
WK-106-22 9.30 -9.6 MR-58-26 9.85 -10.1 
WK-106-21 9.00 -9.4 MR-58-25 9.50 -10.2 
WK-106-20 8.90 -9.7 MR-58-24 9.10 -9.9 
WK-106-19 8.80 -10.2 MR-58-23 8.90 -9.3 
WK-106-18 8.00 -10 MR-58-22 8.70 -9.5 
WK-106-17 8.10 -9.6 MR-58-21 8.50 -10.2 
WK-106-16 7.90 -9.6 MR-58-20 8.20 -9.7 
WK-106-15 7.50 -9.8 MR-58-19 7.40 -10.6 
WK-106-14 6.30 -9.7 MR-58-18 6.90 -10.5 
WK-106-13 5.50 -10.1 MR-58-17 6.40 -10.9 
WK-106-12 5.00 -10.1 MR-58-16 5.60 -11.2 
WK-106-11 3.80 -9.3 MR-58-15 4.60 -10.1 
WK-106-10 3.80 -9.1 MR-58-14 4.39 -11.1 
WK-106-03 1.10 -10.4 MR-58-13 4.20 -10.8 
WK-106-02 0.50 -10.4 MR-58-12 4.00 -10.8 
WK-106-01 0.10 -10.5 MR-58-11 3.80 -10.7 
MR-50-28 35.40 -9.2 MR-58-10 3.60 -10.6 
MR-50-28 34.90 -8.5 MR-58-09 3.20 -10.9 
MR-50-26 34.50 -9.8 MR-58-08 2.80 -10.7 
MR-50-25 34.15 -9.1 MR-58-07 2.40 -11.1 
MR-50-24 33.85 -8.7 MR-58-06 2.10 -10.6 
MR-50-23 33.55 -9 MR-58-05 1.90 -10.6 
MR-50-17 30.35 -9.9 MR-58-04 1.35 -11 
MR-50-15 29.75 -9.4 MR-58-03 1.20 -10.4 
MR-50-14 29.45 -10 MR-58-02 1.05 -10.4 
MR-50-13 29.15 -10.2 MR-58-01 0.40 -10.7 
MR-50-12 28.95 -8.6 
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2.8 to 1.8 Ma 
This Lower Pleistocene time interval covers sediments of the hominin bearing 
sites up to ca. 1.75 Ma. Three profiles in Mwenirondo (12-MR-06 [10°0'55.20"S, 
33°55'12.11"E], 11-MR-04 [10°1'3.62"S, 33°55'14.50"E], and 12-MR-19 
[10°1'6.98"S, 33°54'48.50"E]) with a total combined thickness of 18.5 m cover 
large parts of the Unit. Additionally, one section was sampled near the 
excavation site of Homo rudolfensis UR 501 in Uraha (U-84; 10°21'0.20"S, 34° 
9'22.84"E) and one from the excavation pit of Paranthropus boisei RC 911 in 
Malema (RC-08; 10°0'57.78"S, 33°55'9.46"E). Both sections are correlated to 
the same age of ca. 2.5 to 2.3 Ma based on fossil evidence (Bromage et al., 
1995; Kullmer et al., 1999). The hominin sites in Uraha and Malema are the 
oldest parts sampled of this unit. No sound correlation of additional profiles that 
cover the oldest part (ca. 0.3 Ma) of the unit was possible. Calculated average 
sedimentation rate is ca. 31 m/Ma in this dominantly meandering river and 
lagoonal system that includes several erosional surfaces and hiatuses (Betzler 
and Ring, 1995). Profiles RC-08, MR-19, and MR-04 are shown in Figure 3 in 
Lüdecke and Thiemeyer (2013). 
Table 3.3: List of 2.8 to 1.8 Ma (Unit 3A-2) pedogenic nodules from Mwenirondo (MR), Malema (RC), 
and Uraha (U) with sample ID, section-meter, and δ13C values.  

Sample ID	
Profile 
meter	

δ13C  
(‰) PDB	

Sample ID	
Profile 
meter	

δ13C  
(‰) PDB 

MR-19-01 18.50	 -7.3 MR-06-01 1.90	 -6.7 
MR-19-03 18.30	 -8.8 MR-06-02 1.60	 -7.3 
MR-19-05 18.20	 -8.6 MR-06-04 1.00	 -8.2 
MR-19-07 18.10	 -8.5 MR-06-05 0.60	 -8.2 
MR-19-09 18.00	 -7.9 MR-06-06 0.30	 -5.8 
MR-19-11 17.90	 -8.9 MR-06-07 0.00	 -7.6 
MR-19-13 17.80	 -7.4 RC-08-01 2.70	 -7.2 
MR-19-15 17.70	 -8.6 RC-08-02 2.68	 -9.1 
MR-19-19 17.50	 -8.7 RC-08-03 2.65	 -7.4 
MR-19-21 17.40	 -9 RC-08-04 2.60	 -9.1 
MR-19-23 17.30	 -9.3 RC-08-05 2.55	 -7.6 
MR-19-25 16.90	 -9.3 RC-08-06 2.50	 -7.4 
MR-19-26 16.70	 -9.3 RC-08-07 2.45	 -7.7 
MR-19-37 13.70	 -9.4 RC-08-08 2.40	 -7.8 
MR-19-38 13.60	 -9.8 RC-08-09 2.35	 -7.6 
MR-19-39 13.50	 -8.9 RC-08-10 2.30	 -7.7 
MR-19-40 13.40	 -9.7 RC-08-11 2.25	 -7.6 
MR-19-41 13.30	 -9 RC-08-12 2.20	 -9.9 
MR-19-42 13.20	 -8.7 RC-08-13 2.15	 -9.4 
MR-19-43 13.10	 -9.7 RC-08-14 2.10	 -8.8 
MR-19-44 13.00	 -9 RC-08-15 2.05	 -8 
MR-19-45 12.90	 -8.2 RC-08-16 2.00	 -7.3 
MR-19-46 12.80	 -8.7 RC-08-17 1.95	 -7.7 
MR-19-47 12.70	 -8.8 RC-08-18 1.90	 -9 
MR-19-48 12.60	 -9.8 RC-08-19 1.85	 -9.2 
MR-19-49 12.50	 -9.4 RC-08-20 1.80	 -9.4 
MR-19-50 12.40	 -10.3 RC-08-22 1.70	 -6.9 
MR-19-51 12.30	 -10.2 RC-08-23 1.65	 -7.9 
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Table 3.3 (continued)   	  

Sample ID	
Profile 
meter	

δ13C  
(‰) PDB	

Sample ID	
Profile 
meter	

δ13C  
(‰) PDB 

MR-19-52 12.20	 -9.1 RC-08-24 1.60	 -6.6 
MR-19-53 12.10	 -8.9 RC-08-26 1.50	 -9.9 
MR-19-54 12.00	 -10 RC-08-27 1.45	 -10.3 
MR-19-55 11.90	 -11 RC-08-28 1.40	 -8 
MR-19-56 11.50	 -10.3 RC-08-29 1.35	 -7.1 
MR-19-57 11.00	 -9.9 RC-08-30 1.30	 -6.9 
MR-04-96 10.85 -6.6 RC-08-31 1.25	 -10 
MR-04-95 10.55 -7.8 RC-08-32 0.95	 -6.6 
MR-04-94 10.40 -6.6 RC-08-33 0.90	 -9.4 
MR-04-93 10.25 -6.4 RC-08-34 0.85	 -6.2 
MR-04-92 9.90 -7.1 RC-08-35 0.80	 -7.1 
MR-04-91 9.70 -6.3 RC-08-36 0.75	 -6.8 
MR-04-90 9.50 -8 RC-08-39 0.60	 -7.1 
MR-04-89 9.20 -7.6 RC-08-40 0.55	 -9.3 
MR-04-88 9.10 -5.9 RC-08-41 0.50	 -8.2 
MR-04-87 8.85 -6.2 RC-08-42 0.45	 -8.1 
MR-04-86 8.75 -7.9 RC-08-43 0.40	 -9.4 
MR-04-85 8.50 -8.4 RC-08-44 0.35	 -6.6 
MR-04-84 8.40 -8.6 RC-08-45 0.30	 -8.7 
MR-04-83 8.20 -7.6 RC-08-46 0.25	 -7.9 
MR-04-82 7.95 -7.2 RC-08-47 0.20	 -8.2 
MR-04-81 7.60 -8 RC-08-48 0.15	 -9.3 
MR-04-80 7.40 -8.4 RC-08-49 0.10	 -9 
MR-04-79 7.05 -8.9 RC-08-50 0.05	 -9.5 
MR-04-77 6.30 -8.1 RC-08-51 0.00	 -6.7 
MR-04-76 5.80 -8.3 U-84-14 2.70	 -7.8 
MR-04-75 5.55 -8.9 U-84-13 2.60	 -7.8 
MR-04-74 5.10 -9.3 U-84-12 2.30	 -10 
MR-04-72 4.65 -8.1 U-84-11 2.10	 -9.7 
MR-04-71 4.10 -8.2 U-84-10 1.90	 -10.3 
MR-04-70 3.60 -8.6 U-84-09 1.70	 -9.1 

	 	 	
U-84-08 1.50	 -9.3 

	 	 	
U-84-07 1.30	 -8.3 

	 	 	
U-84-06 1.10	 -8.7 

	 	 	
U-84-05 0.85	 -8.5 

	 	 	
U-84-04 0.55	 -8.7 

	 	 	
U-84-03 0.40	 -8.8 

	 	 	
U-84-02 0.25	 -5.9 

	 	 	
U-84-01 0.10	 -8.3 
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<0.6 Ma 
This youngest part of the succession is constructed from two sections from 
Uraha (12-UR-47 [10°0'58.42"S, 33°54'8.20"E] and 12-UR-53 [10°0'44.24"S, 
33°53'48.23"E]) with a combined total thickness of 8 m forming Unit 4; 
correlation due to field relationships is supported by stable isotopic values. The 
sort and shape of lithic artifacts (Clark et al., 1970) in the overlying Chitimwe 
Beds suggests a maximum age of the Chiwondo Beds at the onset of the 
Middle Stone Age (~0.285 Ma; Barham and Smart, 1996; Tryon et al., 2005; 
Thompson et al., 2012). The average calculated sedimentation rate is ca. 25 
m/Ma. 

One Chitimwe carbonate nodule was sampled (MR-66 [10°0'30.08"S, 
33°53'58.08"E]), in addition to four (sub-)recent nodules from two locations in a 
river (Ruascho) cut bank (MR-13 [10°1'15.68"S, 33°55'12.59"E] and MR-14 
[10°1'2.85"S, 33°55'10.83"E]). Here the position below the recent ground level 
is given (m). Profile U-47 is shown in Figure 6 in Lüdecke and Thiemeyer 
(2013). 
Table 3.4: List of <0.6 Ma (Unit 4 and Chitimwe Beds) pedogenic nodules from Uraha (U) with 
sample ID, profile-meter, and δ13C values.  

Sample ID	
Profile 
meter	

δ13C  
(‰) PDB	

Sample ID	
Profile 
meter	

δ13C  
(‰) PDB	

U-53-22 9.30	 -11.2 U-47-18 3.60	   -9.9 
U-53-21 9.00	   -9.1 U-47-17 3.40	 -10.2 
U-53-20 8.80	   -6.8 U-47-16 3.20	   -9.5 
U-53-19 8.60	   -9.6 U-47-15 3.00	   -9.6 
U-53-18 8.40	   -8.2 U-47-14 2.80	   -8.8 
U-53-17 8.20	   -9.5 U-47-13 2.60	   -9.2 
U-53-16 8.00	 -10.2 U-47-12 2.45	   -9.8 
U-53-15 7.80	   -8.7 U-47-11 2.30	 -10.0 
U-53-14 7.60	 -10.3 U-47-10 2.10	   -9.6 
U-53-13 7.40	   -9.2 U-47-09 1.90	   -9.6 
U-53-12 7.20	   -8.9 U-47-08 1.70	   -9.7 
U-53-11 7.00	   -9.8 U-47-07 1.50	   -9.7 
U-53-10 6.80	   -9.1 U-47-06 1.30	   -9.8 
U-53-09 6.60	   -8.7 U-47-05 0.80	 -10.4 
U-53-08 6.40	   -8.7 U-47-04 0.60	 -10.1 
U-53-07 6.20	   -8.9 U-47-03 0.40	 -10.0 
U-53-06 6.00	 -10.7 U-47-02 0.20	   -9.5 
U-53-05 5.80	   -8.5 U-47-01 0.00	   -9.7 
U-53-04 5.60	   -8.8 MR-66-1 1.00 -8.2 
U-53-03 5.40	   -9.5 MR-13-01 0.00 -11.2 
U-53-02 5.20	   -8.8 MR-13-02 0.40	 -9.1 
U-53-01 5.00	 -11.2 MR-14-01 2.00 -6.8 

	 	 	
MR-15-01 3.00 -9.6 
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δ13C of Plio-Pleistocene (ca. 4 Ma to modern) suid enamel  

Table 3.5: List of all suid enamel samples analyzed in this study with Hominid Corridor Research 
Project (HCRP) catalogue number, δ13C values, genera, species, locality (see Fig. 2), FAD, and LAD, 
using the stratigraphy of White (1995), Kullmer (2008), and Bishop (2010). 

Genera Species Locality FAD (Ma) LAD 
(Ma) 

HCRP 
catalogue 

δ13CPDB 
(‰) 

Phacochoerus aethiopicus RC 1 0.8 Extant 

129-01 -12.0 

129-02   -9.3 

129-03   -9.1 

129-04 -10.9 

Metridiochoerus compactus U 25 1.9 0.7 
429-01 -10.3 

429-02   -4.4 

Metridiochoerus andrewsi stage III U 23 1.8 1.7 423-01   -9.3 

Metridiochoerus andrewsi stage I U 19   2.95 1.8 

407-01 -10.3 

407-03 -10.2 

407-04 -10.6 

407-05 -12.3 

Notochoerus scotti MP 1 
  3.36 1.8 

118-01   -9.2 

Notochoerus scotti WK 18 253-01   -5.6 

Notochoerus euilus WK 36 
3.9   2.85 

498-01   -4.8 

Notochoerus euilus WK 654-01   -5.5 

Notochoerus jaegeri U 6 

4.3   3.75 

457-01   -9.5 

Notochoerus jaegeri WK 38 
546-02 -13.1 

546-01 -10.6 
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Chapter 4 
Always walk on the bright side of life? Hominin evolution in a 

wooded and mesic habitat 
 
 
 
Abstract Determining the development of ecosystems is critical for 
understanding the evolution of their associated fauna. We focus on the 
Chiwondo and Chitimwe Beds in the Karonga Basin (Malawi Rift), a region 
inhabited by early hominins (Homo rudolfensis and Paranthropus boisei) at 
ca. 2.4 Ma. This was a time of major environmental changes in Eastern Africa 
and therefore critical for human evolution. In the Eastern Rift, a change from 
woodlands to open savanna grasslands (Somali-Masai Endemic Zone) was 
introduced ca. 2.5 Ma ago. In the Malawi Rift (Zambezian Savanna) however, 
closed to open woodland environments remain dominant since at least ca. 
4.3 Ma. 

We examine long-term variations in climatic conditions in the Karonga Basin 
since the Pliocene, using stable oxygen isotope composition (δ18O) from over 
300 soil carbonate samples. δ18O of pedogenic carbonate is controlled by soil 
temperature and δ18O values of soil water, which in turn reflect climatic 
features such as evaporation or seasonality and amount of rainfall. Compared 
to the Eastern Rift, the analyzed Karonga Basin carbonates show low δ18O 
values between 22‰ and 26‰ with only little variation and no significant long-
term trend, indicating overall persistent, relatively mesic climatic patterns 
since ca. 4.3 Ma. These findings complement the stable carbon isotope (δ13C) 
values analyzed from the same material, which reflect persistent C3 woodland 
vegetation in this time interval.  

The Karonga Basin environmental interpretations differ strongly from 
paleoecological reconstructions in the Eastern Rift area (Tanzania, Kenya, 
Ethiopia), where open savanna biomes became dominant since the Early 
Pleistocene. The appearance of open savanna grasslands is considered a 
driver of hominin evolution, but despite the differences of ecosystem 
developments in the Malawi Rift and the Eastern Rift, similar hominins and 
other large-bodied mammals occurred in both landscapes, pointing to distinct 
habitat flexibility of this fauna. 
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4.1 Introduction 
Interpretations of habitats occupied by early hominins have always played a 
key role in the analysis of human evolution patterns. In comparison to carbon 
isotope systematics, δ18O records of pedogenic carbonate have received 
considerably less attention in East Africa. However, when approached 
systematically, pedogenic carbonate oxygen isotope data can yield valuable 
information on climate. Especially if rainfall patterns are the largest influence 
on climate and vegetation, as it is the case in Eastern Africa, climatic changes 
are reflected in pedogenic carbonate (Hély et al., 2006). The oxygen isotopic 
composition of soil carbonates is sensitive to both, soil temperature and the 
isotopic composition of soil water, and is hence a potential source of 
paleoclimatic information.  

Vegetation reconstructions from pedogenic carbonates in the Karonga Basin 
(Malawi Rift) show persistent C3 vegetation during the Plio-Pleistocene in the 
vicinity of paleolake Malawi during early hominin evolution (see Chapter 3). 
Here we evaluate the δ18O values of these soil carbonates. 

4.2 Background  
Information about the geologic context of the Chiwondo paleosols, including 
images of the outcrop conditions, as well as age control and correlation of 
individual sections can be found in Sections 2.1, 3.2 and 3.8 of this thesis. 

4.2.1 Oxygen isotope ratios in paleosols 
Pedogenic carbonate forms in oxygen isotope equilibrium with soil water 
(Cerling and Quade, 1993). The δ18O value of soil carbonate is a function of 
soil water composition (Friedman and O'Neil, 1977) and temperature, which 
is, at shallow depths, similar to air temperature (Brady and Weil, 2007). Soil 
water is derived from meteoric water, but can differ from local meteoric water 
due to enrichment through evaporation from the soil surface, mixing with 
evaporatively 18O-enriched infiltrating water, and addition of isotopically 
distinct water from overland and vadose zone flow (Cerling and Quade, 1993; 
Hsieh et al., 1998). Nevertheless, δ18O values of modern pedogenic 
carbonate have a strong positive correlation with the composition of meteoric 
water, which in turn has a positive correlation with local air temperature 
(Rozanski et al., 1993). Collectively, this makes paleosol carbonate an 
important paleoclimate proxy. However, without constraints on 
paleotemperature or ancient soil water δ18O composition, temporal and 
geographic variations in fossil soil carbonate δ18O values can only be used to 
identify qualitative changes in climatic patterns.  

The temperature during pedogenic carbonate growth affects the isotopic 
composition with ca. -0.24‰/°C (Craig, 1965). Here, we assume a soil 
temperature of 26°C, referring to preliminary clumped isotope data we 
measured from the same pedogenic carbonate material used for the stable 
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oxygen and carbon isotope analyses. At this temperature, fractionation 
between soil water and soil carbonate of ca. 28‰ occurs (after Kim and 
O'Neil, 1997).  

However, in hot and often (semi)arid East African environments, temperature 
is not the most important factor when comparing EAR climate patterns, which 
are highly sensitive to changes in precipitation and seasonality. Today, rainfall 
amount and seasonality exert the major controls on the local vegetation and 
climate. Hence, variations in δ18O values of sampled pedogenic carbonate are 
primarily the result of fluctuating precipitation amounts, which in turn regulate 
evaporation of surface water. Evaporation increases δ18O values of soil water 
with respect to δ18O values of local precipitation; in semiarid settings akin to 
much of Eastern Africa, enrichment in 18O of soil water has been widely 
demonstrated (Hsieh et al., 1998; Quade et al., 2007).  

Nevertheless, the composition of local meteoric water has a large influence on 
δ18O of soil water and hence pedogenic carbonate δ18O. Today, East African 
climate is a result of interactions between the African Monsoon, the 
Intertropical Convergence Zone (ITCZ) and the Zaire Air Boundary (ZAB; 
White et al., 1983; Nicholson, 1996; Leroux, 2001; Hély et al., 2006). These 
complex patterns complicate the comparison of absolute δ18O values of 
distant localities, due to possibly different isotopic composition of local 
precipitation. Therefore, we primarily compare general trends in δ18O values 
of the Malawi Rift and Eastern Rift. 

Additionally, we correlate stable oxygen isotope values of modern local 
meteoric water (see Chapter 5) to the values of the fossil soil carbonate to 
place Plio-Pleistocene climate conditions in the context of recent ones. δ18O 
values in Malawi decrease with ca. -2.8‰/km of elevation (see Section 5.4.3), 
which reflects the Global Meteoric Water Line (GMWL; Rowley and Garzione, 
2007). However, the sampled pedogenic carbonate is derived from the vicinity 
of paleolake Malawi at present-day elevations of 537 to 593 m asl and these 
sediments were already in a similar altitude during the deposition of the 
Chiwondo and Chitimwe Beds. Therefore the analyzed carbonates all formed 
at a comparable elevation, which makes a consideration of the altitude effect 
insignificant when correlating the results through time.  

4.2.2 Karonga Basin modern meteoric waters δ18O data 
δ18O of different meteoric water reservoirs (precipitation, river, lake and 
groundwater) are presented in Chapter 5 and reflect the dependence of δ18O 
values on seasonality, altitude and climate (evaporation). 

4.2.3 Eastern Rift pedogenic carbonate δ18O data 
δ18O values of pedogenic carbonate from fossil hominin localities in the 
Eastern Rift since 7 Ma exist from Hadar and Busidima in the Lower Awash 
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and Sagantole and Adu-Asa in the Middle Awash Valley (WoldeGabriel et al., 
1994; Levin et al., 2004; Quade et al., 2004; Semaw et al., 2005; White et al., 
2006; Aronson et al., 2008; WoldeGabriel et al., 2009; Passey et al., 2010; 
Cerling et al., 2011), Omo-Turkana (Cerling et al., 1988; Cerling et al., 2003; 
Wynn, 2004; Quinn et al., 2007; Levin et al., 2011), Tugen Hills (Cerling, 
1992; Kingston, 1992; Kingston et al., 2002), Kanjera (Plummer et al., 2009), 
Olorgesailie (Sikes et al., 1999), Olduvai (Cerling and Hay, 1986; Sikes and 
Ashley, 2007) and Laetoli (Cerling, 1992). A compilation of the data is 
available at EarthChem Library (Levin, 2013).  

4.3 Material and methods 
The stable oxygen isotope geochemistry of pedogenic carbonate is a robust 
tool to deepen our understanding of climatic and hydrological patterns of past 
environments, in particular when evaporation and precipitation seasonality 
play a key role in the evolution of the region. δ18O values record the long-
term, time-averaged pattern of soil water changes, which in turn reflect 
changes in meteoric water composition. In total, 321 pedogenic carbonates 
from all units of the Plio-Pleistocene deposits were analyzed, the same proxy 
material used for δ13C analyzes in Chapter 3. For profile and sample position, 
treatment and analytical procedure see Section 3.3 and 3.9. All analyses were 
performed at the Goethe University-BiK-F Joint Stable Isotope Facility 
Frankfurt. Final oxygen isotopic ratios are reported against VSMOW; overall 
analytical uncertainties are better than 0.04‰.  

4.4 Results 
We provide a composite pedogenic carbonate δ18O record that encompasses 
the fluvial, deltaic, lacustrine and swamp deposits of northern Malawi based 
on correlations of individual sections (Fig. 4.1). Age constraints for the 
individual sections follow Chapter 3.  

Throughout the Plio-Pleistocene, the δ18O values range between 22.0‰ and 
25.8‰ (mean = 24.0‰; σ = 0.8‰; n = 321), indicating no variation or overall 
trend through time. Generally, the δ18O values of soil carbonate are more 
negative than values derived from Eastern Rift carbonate, which have a mean 
δ18O value of 26.5‰ (σ = 2.7‰; n = 1186; Levin, 2013) and show a trend 
towards higher values since the Early Pleistocene (see Fig. 4.1). Low isotopic 
values with only little variation are as well characteristic for the stable carbon 
isotope record described in Chapter 3; however, the co-variance of the entire 
dataset is weak (R2 = 0.14). 

4.4.1 Early Pliocene (ca. 4.3 Ma to 3.75 Ma) 
δ18O values from the Karonga Basin show generally little variations and range 
between 22.8‰ and 25.1‰ (mean = 24.1‰; σ = 0.5‰; n = 27). Eastern Rift 
data from a time period of 7.0 Ma to 3.75 Ma document with δ18O mean 
values of 25.5‰ (σ = 2.8‰; n = 157; Levin, 2013) to some extent higher δ18O 
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values (see Fig. 4.1; t-test, t = 6.000; df = 182; p < 0.05). The difference of the 
averages in the stable oxygen isotope record between the Karonga Basin and 
Eastern Rift, Δ(δ18O )KB-ER, equals 1.5‰ (Fig. 4.2b). 

4.4.2 3.75 Ma to 2.8 Ma 
δ18O values of Middle to Late Pliocene pedogenic carbonate from the 
Karonga Basin occupy a range between 22.0‰ and 25.5‰ with a mean value 
of 23.5‰ (σ = 0.8‰; n = 27), indicating a general decrease compared to the 
older time interval. The Eastern Rift data show a distinct trend towards lower 
δ18O values in the course of this time interval (Fig. 4.2a). However, the 
average value increases compared to the Late Miocene/Early Pliocene record 
(mean δ18O = 26.8‰; σ = 2.0; n = 349; t = 16.143; df = 465; p < 0.05) The 
difference between the two datasets is therefore pronounced with Δ(δ18O )KB-

ER = 2.1‰.  

 
Figure 4.1: δ18O values of pedogenic carbonate in the EAR since 7.0 Ma. Filled circles show δ18O 
data from the Karonga Basin (Malawi Rift), open symbols represent the Eastern Rift including 
Middle and Lower Awash (WoldeGabriel et al., 1994, 2009; Levin et al., 2004; Quade et al., 2004; 
Semaw et al., 2005; White et al., 2006; Aronson et al., 2008; Passey et al., 2010; Cerling et al., 
2011a), Omo-Turkana (Cerling et al., 1988, 2003; Wynn, 2004; Quinn et al., 2007; Levin et al., 
2011), Tugen Hills (Cerling, 1992; Kingston et al., 1994, 2002), Kanjera (Plummer et al., 2009), 
Olorgesailie (Sikes et al., 1999), Olduvai (Cerling and Hay, 1986; Sikes, 1994; Sikes and Ashley, 
2007), and Laetoli sites (Cerling, 1992). Note that age assignment for the Karonga Basin is based 
on the relative position of the sampled intervals within the different unit boundaries (for further 
information see Section 3.8). 
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4.4.3 2.8 Ma to 1.8 Ma 
During this important time interval for human evolution, pedogenic carbonate 
δ18O values in the Karonga Basin fall again with small fluctuations between 
23.6‰ and 25.8‰ (mean = 24.4‰; σ = 0.4‰; n = 126), which is striking 
considering the high sample density. The Karonga Baisn values remain 
generally lower than stable oxygen isotopic values from the Eastern Rift, 
which however indicate a slight decrease in δ18O with a mean of 26.1‰ (σ = 
2.1‰; n = 157; Levin, 2013). The statistical difference between the two 
datasets is less distinct than in the previous dataset (t = 13.864; df = 382; p < 
0.05) with Δ(δ18O )KB-ER = 1.7‰. 

4.4.4  1.8 Ma to 0.6 Ma 
No data from this time interval could be collected in the Karonga Basin. δ18O 
values from Eastern Rift sites generally increase with a mean δ18O value of 
28.3‰ (σ = 2.9‰; n = 259; Levin, 2013). 

4.4.5 <0.6 Ma 
Since the Upper Pleistocene, Karonga Basin pedogenic carbonate δ18O 
values remain consistent with those observed in the older time intervals. δ18O 
values range between 22.2‰ and 25.6‰ (mean = 24.1‰; σ = 1.0‰; n = 45). 
While the mean δ18O value of 27.9‰ (σ = 2.3‰; n = 90; Levin, 2013) of 
pedogenic carbonate from the Eastern Rift is slightly lower than the mean in 
the older time interval, it remains higher than the overall average. Again, the 
difference between the two datasets is distinct (t = 13.249; df = 132; p < 0.05) 
and Δ(δ18O )KB-ER = 3.9‰, which documents the largest difference in δ18O 
values when compared to the Karonga Basin (Fig. 4.2b). 

4.5 Discussion 
Stable carbon isotope data of pedogenic carbonate and mammal enamel from 
the Karonga Basin (Malawi Rift) allow first reconstructions of Plio-Pleistocene 
hominin habitats in this southern part of the EAR (see Chapter 3 and Chapter 
5). The data suggest persistent C3 vegetation without large changes in the 
last ca. 4.3 Ma. The new stable oxygen isotopic evidence supports this 
interpretation. The small scatter in δ18O values indicates little variation in both, 
precipitation and local evaporative regime, while the overall low values 
indicate a mesic environment with only little influence of evaporation on soil 
water.  

4.5.1 Correlation of δ18O values of Karonga Basin paleosol carbonate 
with modern meteoric waters 
To evaluate aridity and hence evaporative influences during the Plio-
Pleistocene in the Karonga Basin, we compare the stable isotope ratios of 
fossil soil carbonate to the ones of modern meteoric waters displayed in 
Chapter 5. Precipitation from Karonga Basin shows an average monthly δ18O 
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value of -3.4‰ (σ = 2.2‰; n = 45; Chapter 5). Samples from evaporatively 
enriched sources are ca. 6‰ more positive, such as near-surface waters of 
Lake Malawi, which loses about 90% of its annual water budget via 
evaporation (Drayton, 1984) and has δ18O values of >+2‰. Assuming shallow 
soil temperatures of ca. 26°C (unpublished clumped isotope data), a 
fractionation between water and carbonate of ca. 28‰ occurs (Kim and 
O'Neil, 1997), resulting in expected δ18O values of <26‰ for carbonates in 
soils that are only little influenced by evaporation and >30‰ for samples that 
form in a strongly evaporated environment. Stable oxygen isotope records of 
pedogenic carbonate from the Chiwondo Beds have constant low values of 
ca. 24‰ with the most positive δ18O values yet lower than 26‰. These results 
therefore indicate only very limited influence of evaporation in a mesic habitat 
in the Karonga Basin during the time of carbonate formation in the Plio-
Pleistocene. 

However, this approach ignores possible variations in the stable isotope 
composition of rainwater. Yet, modern pedogenic carbonate also shows low 
δ18O values between 22.7‰ and 24.6‰ (see Section 4.7.5), indicating a 
similar moisture regime today and during Plio-Pleistocene carbonate 
formation. These interpretations complement the published 
stable carbon isotope based vegetation reconstructions which reflect a 
dominantly C3-woodland environment in the vicinity of paleolake Malawi, 
indication a relatively humid environment (Chapter 3).  

4.5.2 Correlation of δ18O values of Karonga Basin paleosol carbonate 
with Eastern Rift data 
δ18O values of soil carbonate from the Eastern Rift are in all analyzed time 
intervals in terms of their mean values at least 1.4‰ more positive than the 
respective δ18O values from the Karonga Basin. This discrepancy is generally 
larger in younger time intervals (Fig. 4.2b).  

While the δ18O values of Chiwondo Bed carbonate remain persistent in the 
last ca. 4.3 Ma, the Eastern Rift values generally increase through time, 
resulting in their overall largest values in modern times (Fig. 4.2b). This 
indicates an environment that became more arid and reflects increasing 
evaporation of soil water, which supports the evolution from woodland 
environments in the Pliocene to open C4-grassland savannas during the 
Pleistocene in the Somali-Masai ecosystems (see e.g., Ségalen et al., 2007 
and references therein). The Malawi Rift environments south of the ITCZ, in 
contrast, remain wooded with a balanced water regime similar to today.  
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Figure 4.2: a) Composite record of paleosol δ18O values from the Karonga Basin in the Malawi 
Rift (marked in black) presented as normalized probability density function. Lines present 
overall median of Malawi Rift samples (green) and the 7-point running average for pedogenic 
carbonate from the Eastern Rift (orange). b) Differences of average δ18O values between Karonga 
Basin and Eastern Rift carbonate. Although the difference is generally not as large as in the 
carbon stable isotope data (see Fig. 3.6), it is still distinct and becomes more pronounced during 
the last ca. 2.6 Ma, following the trend of δ13C values. c) Hominin evolution transitions after 
Schultz et al. (2012) and references therein. Stars indicate Karonga Basin hominin fossils. 

4.5.3 Co-variance of paleosol carbonate δ18O and δ13C values 
Oxygen and carbon isotopic records should be strongly correlated, if the 
C3/C4 ratio of Karonga Basin vegetation is related to long-term patterns of 
climate change (Fox and Koch, 2004). While low δ18O values correspond to 
low δ13C values, indicating a relatively mesic environment with dominantly C3 

vegetation, the small variations within the two datasets however do not exhibit 
a co-variance (Fig. 4.3), and the correlation for the entire dataset is weak, 
although statistically significant (R2 = 0.14). This supports the theory of a 
persistent climate. The overall relatively little fluctuations within a limited range 
of δ18O and δ13C values in both data sets are not the reflection of overall 
climatic changes, but can be the result of local influences as groundwater 
composition, soil type or other locality-specific parameters. The δ18O-13C co-
variance of pedogenic carbonate of individual Eastern Rift localities is 
generally significant in the Eastern Rift (e.g., R2 = 0.77 (Olduvai Gorge) and 
R2 = 0.43 (Laetoli), the two closest hominin study sites; see Levin, 2013). 
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Figure 4.3: δ18O vs. δ13C values of Karonga Basin soil carbonate show only a weak co-variation 
(R2 = 0.14) in the generally low values. 

4.6 Conclusion 
The Karonga Basin in the Malawi Rift had a persistent mesic environment in 
the Plio-Pleistocene. Soil water was less influenced by evaporation in this 
southern part of the EAR than the Eastern Rift, probably a consequence of a 
more humid climate and a higher fraction of woody cover in the Malawi Rift 
woodland savannas providing more shade. The flora underwent no significant 
changes and was similar to today’s Zambezian Savanna environments, 
indicating that hominin adaptation is not necessary linked to the emergence of 
open landscapes. Since the Plio-Pleistocene, the Karonga Basin is 
characterized by a C3-dominated patchy C3/C4 ecosystem. This shows that 
early hominins (H. rudolfensis and P. boisei) in the Karonga Basin probably 
had easier access to freshwater and shelter than in the Eastern Rift 
throughout the year. 
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4.7 Supplementary Material 

Early Pliocene to 3.75 Ma 
This succession is merged from two profiles sampled on the slope of “Uraha 
Hill”, U-99 (10°21'19.38"S; 34°8'28.97"E) and U-86 (10°21'26.05"S; 
34°8'30.72"E). The profiles cover Unit 1 and Unit 2 of the Chiwondo Beds. A 
schematic stratigraphic column of U-99 is shown in Fig. 2.5 in Chapter 2. 

 
Tab. 4.1: List of ca. 4.3 to 3.75 Ma pedogenic nodules from Uraha (U) with sample ID, profile-
meter and δ18O values in PDB and SMOW. 

Sample	ID 
Profile	
meter 

δ18OPDB 
(‰) 

δ18OSMOW 
(‰) 

Sample	ID 
Profile	
meter 

δ18OPDB 
(‰) 

δ18OSMOW 
(‰) 

U-99-23 33.20 -6.6 24.0 U-86-14 7.35 -6.0 24.7 
U-99-21 31.20 -6.5 24.2 U-86-13 6.80 -6.6 24.1 
U-99-20 28.20 -6.3 24.4 U-86-12 6.00 -7.0 23.7 
U-99-15 23.20 -6.6 24.1 U-86-11 4.80 -6.4 24.3 
U-99-14 22.20 -6.9 23.8 U-86-10 3.90 -6.8 23.9 
U-99-13 21.20 -6.8 23.8 U-86-09 3.70 -6.0 24.7 
U-99-12 20.20 -7.0 23.7 U-86-08 3.50 -6.1 24.6 
U-99-11 19.20 -7.0 23.6 U-86-07 3.00 -7.9 22.8 
U-99-09 17.20 -6.5 24.2 U-86-05 1.20 -7.0 23.7 
U-99-08 16.20 -6.7 24.0 U-86-04 1.00 -7.1 23.6 
U-99-03 11.20 -6.2 24.5 U-86-03 0.80 -7.1 23.6 
U-86-18 9.20 -6.1 24.7 U-86-02 0.60 -7.1 23.6 
U-86-17 8.70 -7.2 23.5 U-86-01 0.15 -5.6 25.1 
U-86-15 7.75 -5.9 24.8 

    
  



Chapter 4    Always walk on the bright side of life? Hominin evolution in a wooded and mesic habitat 

 81 

3.75 – 2.8 Ma 
This upper Pliocene sequence is composed of one profile from the area of 
Mwimbi (13-WK-106; 10°7.033'S; 33°57.957'E) and four well-correlated 
profiles near the river Masapa in Mwenirondo (MR-50 [10°0'46.43"S, 
33°54'0.65"E], MR-115 [10°0.785'S, 33°53.928'E], MR-117 [10°0.767'S, 
33°53.987'E], and MR-58 [10°0'19.90"S, 33°53'57.42"E]). For the most part 
the Mwimbi and the Mwenirondo sections overlap (correlated with δ13C values 
and field relationships). Again, absolute dating is not possible, but field 
relationships and the stable isotopic values are strongly pointing towards a 
filling of the gap between the older group and the hominin sites with an age of 
ca. 2.4 Ma. Profile MR-58 is shown in Fig. 2.2 in Chapter 2. 
Tab. 4.2: List of ca. 3.75 to 2.8 Ma pedogenic nodules from Uraha (U) with sample ID, profile-
meter and δ18O values in PDB and SMOW. 

Sample	ID 
Profile	
meter 

δ18OPDB 
(‰) 

δ18OSMOW 
(‰) 

Sample	ID 
Profile	
meter 

δ18OPDB 
(‰) 

δ18OSMOW 
(‰) 

WK-106-71 33.80 -7.5 23.2 MR-50-11 28.55 -7.5 23.1 
WK-106-68 31.50 -7.0 23.6 MR-50-10 28.40 -7.4 23.3 
WK-106-67 30.60 -7.3 23.4 MR-50-09 28.20 -7.4 23.3 
WK-106-66 30.40 -7.5 23.1 MR-50-08 26.95 -7.3 23.4 
WK-106-65 30.20 -7.7 23.0 MR-50-07 27.55 -7.4 23.2 
WK-106-64 29.80 -6.8 23.9 MR-50-04 26.75 -7.2 23.4 
WK-106-63 29.70 -8.4 22.3 MR-50-03 26.45 -7.1 23.6 
WK-106-60 25.40 -7.0 23.7 MR-50-02 26.05 -7.5 23.1 
WK-106-59 25.30 -6.0 24.7 MR-50-01 25.75 -7.2 23.4 
WK-106-58 24.80 -7.2 23.5 MR-115-12 18.60 -6.5 24.2 
WK-106-57 24.50 -6.6 24.1 MR-115-11 19.00 -6.8 23.8 
WK-106-56 23.70 -7.3 23.4 MR-115-10 19.40 -6.3 24.4 
WK-106-54 21.40 -7.1 23.5 MR-115-09 19.80 -6.4 24.3 
WK-106-53 20.80 -8.1 22.6 MR-115-08 20.20 -6.4 24.3 
WK-106-52 20.00 -5.8 24.9 MR-115-07 20.60 -6.6 24.1 
WK-106-51 19.60 -6.1 24.6 MR-115-06 21.00 -6.8 23.9 
WK-106-50 18.40 -8.2 22.4 MR-115-05 21.40 -7.2 23.5 
WK-106-47 17.20 -8.0 22.6 MR-115-04 21.80 -6.6 24.1 
WK-106-43 16.40 -8.5 22.1 MR-115-03 22.20 -7.3 23.4 
WK-106-41 16.20 -8.2 22.4 MR-115-02 22.60 -6.6 24.0 
WK-106-40 16.10 -6.7 24.0 MR-115-01 23.00 -6.8 23.9 
WK-106-37 13.05 -7.4 23.2 MR-117-12 13.00 -7.3 23.4 
WK-106-36 12.90 -8.5 22.1 MR-117-11 13.30 -7.5 23.2 
WK-106-35 12.70 -7.1 23.6 MR-117-10 13.60 -7.3 23.4 
WK-106-34 12.50 -8.4 22.3 MR-117-09 13.90 -6.4 24.3 
WK-106-33 12.20 -8.4 22.3 MR-117-07 14.50 -6.9 23.8 
WK-106-32 11.80 -7.9 22.7 MR-117-05 15.10 -6.6 24.1 
WK-106-31 11.40 -8.4 22.2 MR-117-03 15.70 -6.9 23.7 
WK-106-30 11.10 -8.2 22.4 MR-117-02 16.00 -6.5 24.2 
WK-106-29 10.90 -8.3 22.3 MR-117-01 16.30 -6.8 23.9 
WK-106-28 10.75 -8.7 22.0 MR-58-31 12.15 -6.6 24.0 
WK-106-27 10.50 -7.0 23.7 MR-58-30 12.05 -6.6 24.1 
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Table 4.2 (continued)       

Sample	ID 
Profile	
meter 

δ18OPDB 
(‰) 

δ18OSMOW 
(‰) 

Sample	ID 
Profile	
meter 

δ18OPDB 
(‰) 

δ18OSMOW 
(‰) 

WK-106-26 10.50 -7.8 22.8 MR-58-29 11.50 -6.8 23.8 
WK-106-25 10.20 -7.6 23.1 MR-58-28 11.00 -5.2 25.5 
WK-106-23 9.70 -7.3 23.4 MR-58-27 9.95 -7.4 23.2 
WK-106-22 9.30 -8.0 22.7 MR-58-26 9.85 -6.2 24.5 
WK-106-21 9.00 -8.5 22.1 MR-58-25 9.50 -6.0 24.7 
WK-106-20 8.90 -8.5 22.1 MR-58-24 9.10 -7.3 23.3 
WK-106-19 8.80 -8.6 22.0 MR-58-23 8.90 -7.4 23.2 
WK-106-18 8.00 -8.4 22.2 MR-58-22 8.70 -7.3 23.3 
WK-106-17 8.10 -8.5 22.1 MR-58-21 8.50 -7.3 23.3 
WK-106-16 7.90 -8.1 22.5 MR-58-20 8.20 -7.3 23.4 
WK-106-15 7.50 -8.1 22.5 MR-58-19 7.40 -5.2 25.5 
WK-106-14 6.30 -8.2 22.4 MR-58-18 6.90 -5.6 25.1 
WK-106-13 5.50 -8.5 22.1 MR-58-17 6.40 -5.6 25.1 
WK-106-12 5.00 -7.7 22.9 MR-58-16 5.60 -5.8 25.0 
WK-106-11 3.80 -7.9 22.8 MR-58-15 4.60 -7.4 23.2 
WK-106-10 3.80 -8.2 22.5 MR-58-14 4.39 -6.0 24.7 
WK-106-03 1.10 -6.5 24.2 MR-58-13 4.20 -6.6 24.1 
WK-106-02 0.50 -6.2 24.5 MR-58-12 4.00 -7.7 23.0 
WK-106-01 0.10 -6.7 24.0 MR-58-11 3.80 -6.8 23.9 
MR-50-28 35.40 -7.8 22.9 MR-58-10 3.60 -6.6 24.0 
MR-50-28 34.90 -6.0 24.7 MR-58-09 3.20 -7.6 23.1 
MR-50-26 34.50 -6.8 23.9 MR-58-08 2.80 -6.4 24.3 
MR-50-25 34.15 -6.5 24.2 MR-58-07 2.40 -6.3 24.4 
MR-50-24 33.85 -7.1 23.6 MR-58-06 2.10 -6.6 24.1 
MR-50-23 33.55 -7.0 23.7 MR-58-05 1.90 -6.8 23.8 
MR-50-17 30.35 -6.7 23.9 MR-58-04 1.35 -7.0 23.7 
MR-50-15 29.75 -7.6 23.1 MR-58-03 1.20 -6.7 24.0 
MR-50-14 29.45 -7.0 23.6 MR-58-02 1.05 -7.0 23.7 
MR-50-13 29.15 -7.5 23.1 MR-58-01 0.40 -6.2 24.5 
MR-50-12 28.95 -7.5 23.2 
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2.8 to 1.8 Ma 
This Lower Pleistocene timespan covers the sediments of the hominin bearing 
sites up to ca. 1.75 Ma. Three profiles in Mwenirondo (12-MR-06 
[10°0'55.20"S, 33°55'12.11"E], 11-MR-04 [10°1'3.62"S, 33°55'14.50"E] and 
12-MR-19 [10°1'6.98"S, 33°54'48.50"E]) probably cover the whole timespan of 
this interval. Additionally, a profile was sampled near the excavation site of 
homo rudolfensis UR 501 in Uraha (U-84; 10°21'0.20"S, 34° 9'22.84"E) and 
one from excavation pit of Paranthropus boisei RC 911 in Malema (RC-08; 
10°0'57.78"S, 33°55'9.46"E). Both sections are correlated to the same age of 
ca. 2.5 to 2.3 Ma due to fossil finds (Bromage et al., 1995b; Kullmer et al., 
1999). Profile RC-08, MR-19 and MR-04 are shown in Fig. 2.3 in Chapter 2. 
Tab. 4.3: List of ca. 2.8 to 1.8 Ma pedogenic nodules from Uraha (U) with sample ID, profile-meter 
and δ18O values in PDB and SMOW. 

Sample	ID	
Profile	
meter	

δ18OPDB 
(‰)	

δ18OSMO

W (‰)	
Sample	ID	

Profile	
meter	

δ18OPDB 
(‰)	

δ18OSMOW 
(‰)	

MR-19-01 18.50	 -6.2 24.5 MR-06-01 1.90	 -6.1 24.6 
MR-19-03 18.30	 -6.4 24.2 MR-06-02 1.60	 -6.8 23.9 
MR-19-05 18.20	 -6.3 24.4 MR-06-04 1.00	 -5.7 25.0 
MR-19-07 18.10	 -6.1 24.6 MR-06-05 0.60	 -4.9 25.8 
MR-19-09 18.00	 -6.2 24.5 MR-06-06 0.30	 -5.9 24.8 
MR-19-11 17.90	 -6.6 24.1 MR-06-07 0.00	 -5.7 25.0 
MR-19-13 17.80	 -6.2 24.5 RC-08-01 2.70	 -6.2 24.5 
MR-19-15 17.70	 -6.4 24.3 RC-08-02 2.68	 -6.3 24.4 
MR-19-19 17.50	 -6.3 24.4 RC-08-03 2.65	 -6.7 24.0 
MR-19-21 17.40	 -6.2 24.5 RC-08-04 2.60	 -6.0 24.7 
MR-19-23 17.30	 -6.4 24.2 RC-08-05 2.55	 -6.5 24.2 
MR-19-25 16.90	 -6.3 24.4 RC-08-06 2.50	 -6.2 24.5 
MR-19-26 16.70	 -6.5 24.2 RC-08-07 2.45	 -5.9 24.8 
MR-19-37 13.70	 -6.5 24.2 RC-08-08 2.40	 -6.3 24.4 
MR-19-38 13.60	 -6.8 23.9 RC-08-09 2.35	 -6.4 24.3 
MR-19-39 13.50	 -6.3 24.4 RC-08-10 2.30	 -6.2 24.5 
MR-19-40 13.40	 -6.8 23.9 RC-08-11 2.25	 -6.3 24.3 
MR-19-41 13.30	 -6.5 24.2 RC-08-12 2.20	 -6.2 24.5 
MR-19-42 13.20	 -6.4 24.3 RC-08-13 2.15	 -7.0 23.6 
MR-19-43 13.10	 -6.5 24.2 RC-08-14 2.10	 -6.9 23.8 
MR-19-44 13.00	 -6.0 24.7 RC-08-15 2.05	 -6.7 24.0 
MR-19-45 12.90	 -6.1 24.6 RC-08-16 2.00	 -6.4 24.3 
MR-19-46 12.80	 -6.1 24.6 RC-08-17 1.95	 -5.9 24.8 
MR-19-47 12.70	 -6.2 24.5 RC-08-18 1.90	 -6.4 24.2 
MR-19-48 12.60	 -6.5 24.2 RC-08-19 1.85	 -6.6 24.1 
MR-19-49 12.50	 -6.4 24.3 RC-08-20 1.80	 -6.8 23.9 
MR-19-50 12.40	 -6.9 23.7 RC-08-22 1.70	 -6.8 23.9 
MR-19-51 12.30	 -6.7 24.0 RC-08-23 1.65	 -6.2 24.4 
MR-19-52 12.20	 -6.5 24.2 RC-08-24 1.60	 -6.3 24.4 
MR-19-53 12.10	 -6.4 24.3 RC-08-26 1.50	 -5.7 25.0 
MR-19-54 12.00	 -6.9 23.8 RC-08-27 1.45	 -6.3 24.4 
MR-19-55 11.90	 -7.1 23.6 RC-08-28 1.40	 -6.7 23.9 
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Table 4.3 (continued)    	   

Sample	ID 
Profile	
meter 

δ18OPDB 
(‰) 

δ18OSMO

W (‰) 
Sample	ID 

Profile	
meter	

δ18OPDB 
(‰) 

δ18OSMOW 
(‰) 

MR-19-56 11.50	 -6.7 24.0 RC-08-29 1.35	 -6.5 24.1 
MR-19-57 11.00	 -6.9 23.7 RC-08-30 1.30	 -6.3 24.4 
MR-04-95 10.55 -6.0 24.7 RC-08-32 0.95	 -6.7 24.0 
MR-04-94 10.40 -6.2 24.4 RC-08-33 0.90	 -5.8 24.9 
MR-04-93 10.25 -4.9 25.8 RC-08-34 0.85	 -6.7 23.9 
MR-04-92 9.90 -6.1 24.6 RC-08-35 0.80	 -6.0 24.7 
MR-04-91 9.70 -5.6 25.1 RC-08-36 0.75	 -6.3 24.4 
MR-04-90 9.50 -6.2 24.5 RC-08-39 0.60	 -6.0 24.7 
MR-04-89 9.20 -6.2 24.5 RC-08-40 0.55	 -6.2 24.5 
MR-04-88 9.10 -5.9 24.8 RC-08-41 0.50	 -6.7 24.0 
MR-04-87 8.85 -5.6 25.1 RC-08-42 0.45	 -6.2 24.4 
MR-04-86 8.75 -6.0 24.7 RC-08-43 0.40	 -6.4 24.3 
MR-04-85 8.50 -6.5 24.2 RC-08-44 0.35	 -6.8 23.8 
MR-04-84 8.40 -6.6 24.1 RC-08-45 0.30	 -6.0 24.7 
MR-04-83 8.20 -6.1 24.6 RC-08-46 0.25	 -6.5 24.2 
MR-04-82 7.95 -5.7 25.0 RC-08-47 0.20	 -6.3 24.4 
MR-04-81 7.60 -6.3 24.4 RC-08-48 0.15	 -6.0 24.7 
MR-04-80 7.40 -6.2 24.5 RC-08-49 0.10	 -6.4 24.3 
MR-04-79 7.05 -6.6 24.1 RC-08-50 0.05	 -6.2 24.5 
MR-04-77 6.30 -6.0 24.7 RC-08-51 0.00	 -6.3 24.4 
MR-04-76 5.80 -6.1 24.6 U-84-14 2.70	 -5.9 24.8 
MR-04-75 5.55 -6.4 24.3 U-84-13 2.60	 -5.8 24.9 
MR-04-74 5.10 -6.5 24.2 U-84-12 2.30	 -6.4 24.3 
MR-04-72 4.65 -6.0 24.7 U-84-11 2.10	 -6.2 24.5 
MR-04-71 4.10 -6.0 24.7 U-84-10 1.90	 -6.4 24.3 
MR-04-70 3.60 -6.6 24.1 U-84-09 1.70	 -6.2 24.5 

	 	 	 	
U-84-08 1.50	 -6.5 24.2 

	 	 	 	
U-84-07 1.30	 -6.3 24.4 

	 	 	 	
U-84-06 1.10	 -6.4 24.3 

	 	 	 	
U-84-05 0.85	 -6.6 24.1 

	 	 	 	
U-84-04 0.55	 -6.4 24.3 

	 	 	 	
U-84-03 0.40	 -6.7 24.0 

	 	 	 	
U-84-02 0.25	 -5.1 25.6 

	 	 	 	
U-84-01 0.10	 -5.9 24.8 

 
  



Chapter 4    Always walk on the bright side of life? Hominin evolution in a wooded and mesic habitat 

 85 

<0.6 Ma 
This youngest part of the succession is constructed from two profile from 
Uraha (12-UR-47 [10°0'58.42"S, 33°54'8.20"E] and 12-UR-53 [10°0'44.24"S, 
33°53'48.23"E]); correlation due to field relationships and stable isotopic 
values. One sample of Chitimwe nodule was sampled (MR-66 [10°0'30.08"S, 
33°53'58.08"E]) in addition to four (sub-)recent nodules from two locations in 
the cut bank of Ruasho (MR-13 [10°1'15.68"S, 33°55'12.59"E], MR-14 
[10°1'2.85"S, 33°55'10.83"E]). Here the position below the recent ground level 
is given (m). Profile U-47 is shown in Fig. 2.6 in Chapter 2. 
Tab. 4.4: List of <0.6 Ma pedogenic nodules from Uraha (U) with sample ID, profile-meter and 
δ18O values in PDB and SMOW. 

Sample	
ID	

Profile	
meter	

δ18OPDB 
(‰)	

δ18OSMOW 
(‰)	 Sample	ID	 Profile	

meter	
δ18OPDB 

(‰)	
δ18OSMOW 

(‰)	
U-53-22 9.30	 -5.9 24.8 U-47-18 3.60	 -5.1 25.6 
U-53-21 9.00	 -6.7 23.9 U-47-17 3.40	 -6.3 24.4 
U-53-20 8.80	 -5.8 24.9 U-47-16 3.20	 -5.8 24.9 
U-53-19 8.60	 -5.9 24.8 U-47-15 3.00	 -7.1 23.6 
U-53-18 8.40	 -6.0 24.7 U-47-14 2.80	 -6.2 24.5 
U-53-17 8.20	 -6.0 24.7 U-47-13 2.60	 -7.1 23.6 
U-53-16 8.00	 -6.1 24.6 U-47-12 2.45	 -7.9 22.7 
U-53-15 7.80	 -5.9 24.8 U-47-11 2.30	 -6.0 24.7 
U-53-14 7.60	 -5.9 24.8 U-47-10 2.10	 -6.1 24.6 
U-53-13 7.40	 -5.9 24.8 U-47-09 1.90	 -8.1 22.5 
U-53-12 7.20	 -6.0 24.7 U-47-08 1.70	 -7.9 22.7 
U-53-11 7.00	 -6.0 24.7 U-47-07 1.50	 -8.3 22.3 
U-53-10 6.80	 -5.9 24.9 U-47-06 1.30	 -8.1 22.6 
U-53-09 6.60	 -5.7 25.0 U-47-05 0.80	 -8.3 22.4 
U-53-08 6.40	 -5.8 24.9 U-47-04 0.60	 -8.4 22.2 
U-53-07 6.20	 -6.0 24.7 U-47-03 0.40	 -8.5 22.2 
U-53-06 6.00	 -5.9 24.8 U-47-02 0.20	 -8.3 22.4 
U-53-05 5.80	 -5.7 25.0 U-47-01 0.00	 -8.3 22.3 
U-53-04 5.60	 -6.1 24.6 MR-66-1 1.00 -6.5 24.2 
U-53-03 5.40	 -6.0 24.7 MR-13-01 0.00 -6.1 24.6 
U-53-02 5.20	 -5.9 24.8 MR-13-02 0.40	 -6.7 24.0 
U-53-01 5.00	 -5.9 24.8 MR-14-01 2.00 -7.9 22.7 

	 	 	 	
MR-15-01 3.00 -8.0 22.6 
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Abstract The Plio-Pleistocene expansion of Eastern Africa savanna 
ecosystems was a major driver for morphological and behavioral innovations in 
hominin evolution. Most evidence for hominin ecosystem reconstructions 
originates from the Eastern Rift in today’s Somali-Masai Endemic Zone. Here, 
we provide stable carbon (δ13C) and oxygen (δ18O) isotope data from bovids, 
equids, suids, hippopotamids and elephants of the southern part of the East 
African Rift supplemented by δ18O values of meteoric water. The Karonga Basin 
in Malawi hosts remains of Homo rudolfensis and Paranthropus boisei. It is 
situated between the hominin-bearing sites of Eastern and Southern Africa and 
therefore fills an important geographical gap for hominin evolution. 

Tooth enamel δ13C and δ18O data of 14 large-bodied mammalian herbivore 
genera from Units 2 and 3 (ca. 4.3 to 0.6 Ma) in the Chiwondo Beds provide 
information about foraging strategies and vegetation patterns. Our stable 
isotope data are consistent with extensive C3-dominated ecosystems that 
permitted access to open C4-environments for migratory mammals. Many 
analyzed taxa show evidence for mixed diets with high abundances of C3 
biomass consumption; only select bovids were specialized grazers.  

δ18O of present-day meteoric water reflects seasonality, altitude and lake 
evaporation. δ18O values of Karonga Basin herbivore enamel are generally low 
and cover values similar to present-day drinking water, indicating both, 
evaporated as well as freshwater sources. Comparison of δ13C values from the 
Karonga Basin with other Eastern African herbivore communities reveals 
significant differences in dietary patterns with much more generalized mixed 
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C3/C4, and pure C3 feeding behaviors in the Malawi Rift. Similarly, enamel δ18O 
values are lower than in most Plio-Pleistocene Eastern African herbivores, 
suggesting more humid conditions. Collectively, our data support models in 
which early hominin foraging activity included access to forest and woodland 
biomes, complicating traditional interpretations linking early human evolutionary 
innovations to a shift towards savanna habitats. 

Keywords East Africa, Paleoecology, Hominin evolution, Herbivore diet, Plio-
Pleistocene, Malawi. 

5.1 Introduction  
Africa’s present-day ecosystems are very diverse ranging from tropical 
rainforests to hyper-arid subtropical deserts. Reconstructing the disparate and 
highly dynamic evolutionary history of these environments since the Pliocene is 
a key element in understanding the impact of climatic and faunal change on 
early hominin evolution (e.g., Ségalen et al., 2007; Cerling et al., 2011b). Of 
particular importance in this context are the emergence of open grassland 
savannas and the development of C4 grass biomes.  

Today, the East African Rift (EAR), a key region of early hominin evolution, 
comprises two savanna vegetation zones: the Somali-Masai Endemic Zone in 
the Eastern Rift (Ethiopia, Kenya and Tanzania) and the Zambezian Savanna in 
the Malawi Rift (Malawi and Mozambique), the southernmost part of the EAR 
(White et al., 1983). The environmental history of Eastern Rift ecosystems is 
intensely studied, using traditional ecological features of fauna and flora and/or 
geochemical proxies with a strong regional focus on early hominin sites in 
Ethiopia, Kenya and Tanzania (e.g., Wesselmann, 1985; Cerling and Hay, 
1986; Cerling et al., 1988; Cerling, 1992; Kingston et al., 1994; Morgan et al., 
1994; Plummer and Bishop, 1994; Sikes, 1994; deMenocal, 1995; 
Behrensmeyer et al., 1997; Kappelman et al., 1997; Heinzelin et al., 1999; 
Plummer et al., 1999; Sikes et al., 1999; Wynn, 2000; Harris and Cerling, 2002; 
Cerling et al., 2003; Trauth et al., 2003; deMenocal, 2004; Levin et al., 2004; 
Semaw et al., 2005; Trauth et al., 2005; White et al., 2006; Quinn et al., 2007; 
Ségalen et al., 2007; Sikes and Ashley, 2007; Aronson et al., 2008; 
WoldeGabriel et al., 2009; Cerling et al., 2011a; Cerling et al., 2011b; Kingston, 
2011; Levin et al., 2011; Uno et al., 2011; Bibi et al., 2013; Cerling et al., 2013; 
Feakins et al., 2013; Magill et al., 2013a, b; Wilson et al., 2014; Bibi and 
Kiessling, 2015). Collectively, these studies indicate high variability and 
recurrent shifts in climate state, which resulted in the transition from a C3-
dominated ecosystem to C4-dominated open grassland savannas with woody 
cover typically below 50%, at some important hominin localities even less than 
10% (Cerling et al., 2011b). This expansion of C4-dominated environments 
started in the Late Pliocene and Early Pleistocene and resulted in the open 
grassland environment typical of the Somali-Masai Endemic Zone today 
(Fig. 5.1a). Many of the modern climate-evolution hypotheses on human 
evolution are based on the ensemble of these paleoclimatic records and fossil 
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discoveries and include temporal and causal relationships among changes in 
climate, faunal diversity and adaptation. 

In contrast, there is increasing evidence that the southern part of the EAR, 
which inhabits some of the earliest remains of the genera Homo (Schrenk et al., 
1993; Bromage et al., 1995; Kullmer et al., 2011) and Paranthropus (Kullmer et 
al., 1999) differed significantly in ecosystem composition when compared to the 
Eastern Branch of the rift (Lüdecke et al., 2016). Consistently low carbon 
isotope (δ13C) values from pedogenic carbonate and suid enamel indicate a C3-
dominated woody environment in the Zambezian Savanna of the Northern 
Malawi Rift over the last ca. 4.3 Ma. With 60% to 70%, the reconstructed overall 
fraction of woody cover based on δ13C values of pedogenic carbonates points to 
a significantly higher canopy cover in the Karonga Basin (Malawi Rift) than in 
the Eastern Rift throughout the Plio-Pleistocene (Lüdecke et al., 2016). This 
discrepancy between the two savanna types has been amplified since ca. 2.5 
Ma when the Somali-Masai ecosystem started to show clear evidence for open 
grassland environments (e.g., Ségalen et al., 2007). 

Here we investigate the evolution of the C3-dominated ecosystem in the 
Karonga Basin (southern Rift, Northern Malawi) with respect to mammalian 
feeding strategies and the homogeneity of the ecosystem through comparison 
of browsers and grazers by using stable carbon (δ13C) and oxygen (δ18O) 
isotope values of dental enamel from suids, equids and bovids. 

Mixed-feeding omnivores (Suidae sp.) in the Southern Rift show δ13C values 
characteristic of strongly C3-dominated biomass consumption, well in line with 
the results of δ13C data of pedogenic carbonate (Lüdecke et al., 2016). The 
fossil vertebrate faunal assemblage from the Chiwondo Beds, however, is 
heavily biased towards large-bodied terrestrial mammals, the majority being 
ungulates known to rely on short-grass plains (Sandrock et al., 2007). Based on 
modern bovid representation in African game parks, the Plio-Pleistocene 
Karonga Basin faunal assemblage shows a taxon composition similar to today’s 
Somali-Masai und Zambezian ecozones (Sandrock et al., 2007). Among the 
different faunal groups equids are also well represented (~15%). They are the 
earliest mammals to fully exploit the C4 dietary resource, attaining 
predominantly C4-grazing diet by 7 Ma and therefore are typical inhabitants of 
C4-grassland savannas (Uno et al., 2011; Cerling et al., 2015). The large 
number of C4-specialized grazers in a C3-dominated ecosystem is striking and 
seems contradictory to a model of a C3-dominated woody ecosystem. The new 
enamel δ13C and δ18O data presented here show that a) C4 resources were 
present within the herbivore grazing ranges and b) that these herbivores had 
mixed feeding dietary preferences in the Southern Rift with a higher fraction of 
C3-consumption compared to other parts of Africa.  
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5.2 Background 

5.2.1 Sampling localities 
The analyzed fossil mammal teeth originate from the Plio-Pleistocene 
Chiwondo Beds, in the southern part of the western branch of the EAR 
(Karonga Basin, Malawi Rift; Fig. 5.1). These locally folded, tilted and colluvially 
translocated sediments range from lake and aeolian to alluvial deposits (Betzler 
and Ring, 1995; Hamiel et al., 2012). Absence of directly datable volcanic 
markers (Kaufulu and Stern, 1987; Betzler and Ring, 1995) requires internal 
and external biostratigraphic correlations. Suid molars (Kullmer, 2008) allow a 
subdivision of the Chiwondo Beds into Units 1 to 4 (Betzler and Ring, 1995; 
Ring and Betzler, 1995). The anthropologically important Unit 3 (ca. 3.75 to 0.6 
Ma) was further subdivided into zones 3A-I, 3A-II and 3B (Bromage et al., 1995; 
Sandrock et al., 1999; Kullmer, 2008). While pedogenic carbonate is present in 
all units (Lüdecke and Thiemeyer, 2013; Lüdecke et al., 2016), fossils are only 
preserved in Units 2 and 3. The recovered skeletal elements are mostly isolated 
molars, mandible fragments or high-density limb bones (Sandrock et al., 2007). 

 
Figure 5.1: Atmospheric circulation and vegetation patterns in Eastern Africa. a) General wind 
patterns and major air boundaries over Africa in January (green) and July (blue) (Nicholson, 2000; 
Nicholson, 1996). Note that the Karonga Basin is located east of the Zaire Air Boundary (ZAB) at all 
times, while the Intertropical Convergence Zone (ITCZ) crosses Northern Malawi in the austral 
summer. Red: Zambezian Savanna; orange: Somali-Masai Endemic Zone (White et al., 1983). b) 
Vegetation map of the Lake Malawi region (adapted from White et al., 1983 and Ivory et al., 2012) 
with position of Chiwondo Beds (black box) and main rivers. The Wetter Zambezian Woodland has 
a dominantly C3 vegetation, the Drier Zambezian Woodland inhabits a mixed C3/C4 vegetation and 
the Afromontane Vegetation in the highlands can have a high fraction of C4 biomass. 
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5.2.1.1 Faunal composition of the Chiwondo Beds 
Fossil teeth analyzed here are temporarily stored in Senckenberg Research 
Institute Frankfurt, Germany and are housed in the collection of the Cultural and 
Museum Centre Karonga, Malawi; all samples are listed in the Hominid Corridor 
Research Project (HCRP) catalogue (for ID and data see Supplementary 
Material S4, Tab. 5.2 to 5.6). Typically, the fossil specimens have been 
collected by systematic surveys along erosional surfaces between 1984 and 
2009. Bovids are the dominant faunal element in the Chiwondo Beds (~50% of 
fossil collection material) followed by equids, suids and hippopotamids 
(Sandrock et al., 1999; Sandrock et al., 2007). Seven bovid tribes are 
represented: Alcelaphini, Reduncini, Hippotragini, Bovini, Antilopini, 
Aepycerotini, Tragelaphini. These include genera with different body sizes that 
prefer different ecosystems (closed wet to open arid). All these tribes are also 
present in the Eastern Rift (e.g., Bedaso et al., 2013). With the ultimate aim to 
analyze members of both, C3 and C4 feeders, we target tooth samples of 
Alcelaphini and Hippotragini, which are best adapted to open arid grassland 
savannas to establish the dietary variability for animals with a high C4 
consumption (Cerling et al., 2003; Codron et al., 2007) in addition to samples of 
Antilopini which mostly have a higher fraction of C3-biomass in their diet 
(Cerling et al., 2003). The analyzed horses (Eurygnathohippus sp.; Sandrock et 
al., 2007) commonly occur in C4-dominated or even exclusively C4-grass 
environments in tropical and sub-tropical Africa (Morgan et al., 1994; Bocherens 
et al., 1996; Cerling et al., 1997; Kingston, 1999; Cerling et al., 2003; Cerling et 
al., 2003; Zazzo et al., 2005). Suids (Notochoerus and Metridiochoerus) 
represent ca. 12% of the recovered fossil mammal assemblage whereas almost 
10% of the Chiwondo Beds fauna is composed of hippopotamids. Oxygen 
isotope ratios of the latter are particularly interesting in these obligate drinkers 
since δ18O of tooth enamel primarily depends on the δ18O of drinking water, 
minimizing the evaporative enrichment of 18O which occurs in plant leaf water 
(Kohn et al., 1996; Kingston and Harrison, 2007). Elephants (about 5% of the 
mammal assemblage) were analyzed to compare individuals from the southern 
EAR to other parts of the world where elephants are known to have shifted their 
diet from C3 to C4 and back within the last 8 Ma (Cerling et al., 1999). 

Biostratigraphic age constraints were established for the time interval between 
ca. 4.3 Ma (Notochoerus jaegeri) to 0.7 Ma (Metridiochoerus compactus; 
Kullmer, 2008). Based on the biostratigraphic constraints it is not possible to 
assign an absolute age for each fossil, but we were able to a) divide the fossil 
assemblage into four intervals: ca. 4.3 to 3.75 Ma (Unit 1 and 2), 3.75 to 2.8 Ma 
(Unit 3A-1), 2.8 to 1.8 Ma (Unit 3A-2), 1.8 to 0.6 Ma (Unit 3B; after Betzler and 
Ring, 1995; Bromage et al., 1995; Sandrock et al., 1999; Kullmer, 2008) and b) 
analyze bovids, equids and suids from every fossil bearing unit (Tab. 5.1, 
Fig. 5.6). 
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Table 5.1: Overview of all analyzed herbivore teeth. 

Taxa HRCP Cat. 
# 

δ18O/δ13C 
analyses Unit Locality 

Bovidae Alcelaphini Connochaetes sp. 154 21 3A RC1 

Bovidae Alcelaphini Megalotragus sp. 361; 373; 
419 15 3A; 3B U11; U13; 

U21 

Bovidae Alcelaphini Damaliscus sp. 187 9 3A WK11 

Bovidae Hippotragini gen. indet. 348 3 2 U6 

Bovidae Antilopini gen. indet. 547 5 2 WK38 

Equidae Eurygnathohippus sp. 351; 357; 
600; 1173 40 2 & 3A 

U8; U8; 
WK, 

MR/RC? 
Hippopotamidae Hippopotamus amphibius 1174 2 3A WK? 
Elephantidae Loxodonta sp.? or Elephas sp.? 1175 9 3A-2 U? 

Suidae Notochoerus euilus 498; 654 2 3A-1 WK36; 
WK? 

Suidae Notochoerus scotti 118; 253 2 3A-2 MP1; 
WK18 

Suidae Notochoerus jaegeri 457; 546 3 2 U6; WK38 

Suidae Metridiochoerus compactus 429 2 3B U25 
Suidae Metridiochoerus andrewsi I & III 407; 423 5 3A-2; 3B U19; U23 
Suidae  Phacochoerus aethiopicus 129 4 Modern RC1 
 

5.2.2 Modern climate and lake hydrology 
Southeast African vegetation primarily depends on regional hydrology. It is 
highly sensitive to changes in precipitation and seasonality and past climate 
changes frequently resulted in biome reorganization (Gajewski et al., 2002; 
Hély et al., 2006; Gasse et al., 2008). Today, rainfall amount and seasonality 
exert the major controls on the distribution of tropical African vegetation (Hély et 
al., 2006). The enhanced sensitivity of southeast African vegetation to changes 
in precipitation and rainfall seasonality is due to the complex interactions among 
the African Monsoon, the Intertropical Convergence Zone (ITCZ) and the Zaire 
Air Boundary (ZAB; Fig. 5.1a; White et al., 1983; Nicholson, 1996; Leroux, 
2001; Hély et al., 2006). While the dry season (May to October) is dominated by 
SE trade winds, a single rainy season marks the passage of the ITCZ in 
November to April with prevailing NE surface winds (Fig. 5.1a, Ivory et al., 
2012). Today’s mean annual precipitation ranges from 800 mm/a in the 
lowlands to 2400 mm/a on the slopes of Rungwe Highlands (DeBusk, 1994; 
Ivory et al., 2012). Rainfall variability is broadly linked to Indian Ocean sea 
surface temperatures, while moisture is derived from both the Atlantic and the 
Indian Oceans. This climate pattern results in a moist/dystrophic savanna with 
limited tree cover (Zambezian Savanna, Miambo woodlands), which is 
influenced by disturbance through bush fire and herbivory rather than climate 
(Van Wilgen, 1997; Sankaran et al., 2005). Shade, shelter and food resources 
are provided due to a diverse tree community and a high fraction of woody 
cover. Today, vegetation in the Karonga Basin includes lowland (<1500 m asl 
elevation) elements that are comprised of Wetter Zambezian Woodlands with 
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abundant C3 plants (Fig. 5.1b), while above 1500 m asl Afromontane 
Grasslands dominate and are locally interrupted by patches of Afromontane 
Forest (White et al., 1983; Ivory et al., 2012). Drier Zambezian woodlands, 
which have a higher percentage of (C4-)grasses and a more open canopy than 
the Wetter Zambezian Savanna, are present >70 km away of the modern Lake 
Malawi outside of the Karonga Basin (Fig. 5.1b). 

Lake Malawi is currently the most important freshwater and moisture source in 
the region and moderates local and regional climate (Goddard and Graham, 
1999; Marchant et al., 2007). The Malawi Rift basin started to develop ca. 8 Ma 
ago, but deep water conditions were attained only by ~4 Ma (Delvaux, 1995). 
Lake Malawi (478 m asl) today is up to 700 m deep and is bordered by the rift 
flanks with elevations of up to 3000 m asl in the Rungwe Highlands to the north 
and the Nyika Plateau to the west (Malawi Government, 1983). The modern 
lake is hydrologically open and stratified, but with the Shire River as only outlet 
ca. 90% of the annual water budget is lost via evaporation (Drayton, 1984). 
Seismic surveys reveal the presence of outflow stands in Lake Malawi, 
indicating that since the beginning of lake formation fluctuations in water level of 
250 to 400 m have occurred (Delvaux, 1995; Finney et al., 1996). 

5.2.3 Tooth formation and stable isotopes in enamel 
 The stable carbon and oxygen isotope geochemistry of fossil herbivore enamel 
is a robust and well-established tool to reconstruct continental paleo-
environmental conditions in particular when climate change plays a key role in 
the evolution of ecosystems (e.g., Cerling et al., 1997; Kingston and Harrison, 
2007; Ségalen et al., 2007; Uno et al., 2011; Roche et al., 2013). In general, the 
diet of individual species is reflected in the carbon, oxygen and nitrogen isotopic 
composition of their biomass (e.g., DeNiro and Epstein, 1978). δ18O and δ13C 
values in tooth enamel record nutrition (including food and drinking water) in an 
area reflecting the migration pattern of the animal during the weeks and years 
of enamel formation (Birkeland, 1984; Pustovoytov, 2003; Kohn and Cerling, 
2002). Over this time interval food intake is sequentially recorded in the tooth 
enamel. Horses (modern and fossil), for example display total mineralization 
times for individual molars between ca. 1.5 and 2.8 years (Hoppe et al., 2004). 

5.2.3.1 δ13C isotopes in herbivore enamel 
Based on different photosynthetic pathways, plants can be divided into two 
main ecophysiological groups: Tropical grasses, typically savanna plants in 
Eastern Africa, use the C4 photosynthetic pathway, while most brushes and 
trees in Africa use the globally dominant C3 pathway. C4 plants are more 
tolerant to high water stress and light intensity compared to C3 plants which are 
in advantage under moderate climates (Sage and Sage, 2013). Due to a 
difference in their discrimination against 13C during photosynthesis (Pearcy and 
Ehleringer, 1984), δ13C values of most C4 plants range from -19‰ to -9‰, while 
δ13C values of C3 plants lie between -25‰ and -29‰, resulting in 13C/14C ratios 
of savanna grasses ca. 14‰ higher than most woody and forest plants (Cerling 
et al., 1997). The comparably small variability of δ13C in C4 plants can be 



Chapter 5    Stable isotope dietary reconstructions of herbivore enamel reveal heterogeneous wooded savanna 
ecosystems in the Plio-Pleistocene Malawi Rift 

 96 

attributed to three different C4 photosynthetic subpathways (Cerling et al., 
2003), while the variation in δ13C among C3 plants is affected by a variety of 
environmental factors including temperature, drought, canopy density, salinity, 
light intensity, nutrient levels, and partial pressure of CO2 (Medina and Minchin, 
1980; Medina et al., 1986; Farquhar et al., 1989; Ehleringer and Monson, 
1993). Collectively, however, these effects on δ13C of C3 plants are still 
considerably small compared to the differences between C3 and C4 biomass. 
During biomineralization a fractionation of ca. 14‰ occurs between the 
consumed biomass and herbivore bioapatite (Cerling and Harris, 1999; Passey 
et al., 2005). As a consequence, modern East African grazing herbivores have 
a ca. 14‰ higher 13C/12C ratio than modern East African C3-browsers and forest 
feeding herbivores. 

5.2.3.2 δ18O values in herbivore enamel 
The oxygen isotope composition of mammalian tooth enamel is directly linked 
to the δ18O values of body water and is therefore a complex function of 
paleohabitat, climate, diet and physiology (Longinelli, 1984; Kohn et al., 1996; 
Sponheimer and Lee-Thorp, 1999; Kohn and Cerling, 2002). In principle, δ18O 
values of obligate-drinker taxa, e.g., hippopotamids, primarily depend on the 
δ18O values of drinking water, whereas drought-tolerant non-obligate drinkers 
usually have higher δ18O values, reflecting evaporative enrichment of 18O which 
occurs in plant leaf water (Ayliffe and Chivas, 1990; Kohn et al., 1996; Levin et 
al., 2006). Different factors influence the δ18O values of body water: (1) drinking 
water composition (Longinelli, 1984; Luz et al., 1984; Luz and Kolodny, 1985), 
(2) climate (humidity) and (3) C3 vs. C4 consumption (δ18O values typically 
decrease with increasing fraction of C3 diet since C3 plants have lower δ18O 
values than coexisting C4 plants; Sternberg et al., 1984; Bocherens et al., 
1996). For mammals, there is a constant offset (~26‰) between δ18O of body 
water (reflecting drinking water in large mammals; Bryant and Froelich, 1995) 
and the CO3 component of bioapatite (Bryant et al., 1996; Iacumin et al., 1996; 
Kohn and Cerling, 2002). δ18O values of fossil enamel therefore can reflect 
climate habitat and dietary preferences of an animal. 

5.2.4  δ18O values of meteoric water in southeast Africa 
δ18O values of meteoric water in Eastern Africa are largely controlled by 
oscillations of the ITCZ, the convergence and interactions between the zonal 
ZAB and the meridional southeastern trade winds and monsoonal northeastern 
wind (Fig. 5.1a). During the austral winter (July/August), high pressure systems 
prevail over southern Africa (Nicholson, 2000) suppressing precipitation in 
Northern Malawi. The wet season (November-April) starts when the ITCZ 
moves southward over the Karonga Basin (Fig. 5.1a; Nicholson et al., 2014). At 
current there are no systematic surveys of δ18O in precipitation for Malawi; the 
closest GNIP stations are located at >650 km from our sampling sites (Ndola in 
Zambia, Dar es Salaam in Tanzania and Harare in Zimbabwe; IAEA/WMO, 
2015). 
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5.3 Material and methods 

5.3.1 δ13C and δ18O of herbivore fossil tooth enamel 
We analyzed a total of 122 samples from 14 different mammalian taxa from Unit 
2 and 3 of the Chiwondo Beds. These include: a) 18 samples from ten Suidae 
molars (Tab. 5.2) of the extinct Notochoerus (Not.) jaegeri (two individuals, n = 
3), Not. euilus (two individuals, n = 2) and Not. scotti (two individuals, n = 2); 
Metridiochoerus (Met.) andrewsi stage I and III (two individuals, n = 5) and Met. 
compactus (one individual, n = 2), plus an extant Phacochoerus (Pha.) 
aethiopicus (one individual, n = 4) (δ13C data from Lüdecke et al., 2016); b.) two 
samples of one tooth of Hippopotamus amphibius (Tab. 5.3); c) Nine enamel 
samples of one individual of Elephantidae gen. and sp. indet. (Loxodonta or 
Elephas; Tab. 5.4); d) 40 samples of four individuals of the Equidae (Tab. 5.5); 
e) 53 samples from three Bovidae genera (Tab. 5.6) including Alcelaphini (Alc.) 
Connochaetes (one individual, n = 21), Alc. Megalotragus sp. (three individuals, 
n=15) and Alc. Damaliscus sp. (one individual, n = 9). We preferentially 
analyzed molars and premolars to avoid juvenile dietary signals, however, the 
Hippopotamus amphibius tooth is an incisor and the origin of the piece of 
enamel from the elephant is not allocated. For sampling and pretreatment 
methods of the enamel samples see Section 4.8.  

400 to 2030 µg of pretreated enamel material were reacted with 98% H3PO4 
for 90 minutes at 70°C in continuous flow mode using a Thermo MAT 253 mass 
spectrometer interfaced with a Thermo GasBench II. All analyses were 
performed at the Goethe University-BiK-F Joint Stable Isotope Facility Frankfurt, 
Germany. Analytical procedures followed Spötl and Vennemann (2003). Final 
isotopic ratios are reported against VPDB (δ13C) and VSMOW (δ18O); overall 
analytical uncertainties are better than 0.02 ‰ (δ13C) and 0.04 ‰ (δ18O). 

5.3.2 δ18O of meteoric water 
We sampled precipitation during the rainy seasons (October to May) 2012/13 
and 2013/14. Two rainfall collectors were installed in Karonga and Malema 
(position and data see Supplementary Material S5, Tab. 5.7 to 5.10) and 
sampling bottles were installed roughly every two weeks (n = 45). Additionally, 
we sampled natural water (n = 66) from different sources in Northern Malawi (N 
of 12°S, see Fig. 5.4c). Field campaigns took place during the months of 
September, October and November from 2011 to 2013. Surface water was 
sampled from rivers contributing to Lake Malawi (n = 9), Lake Malawi (n = 3) 
and from artificially dammed lakes on the Nyika Plateau (n = 2); groundwater 
was sampled from water pumps (n = 52). Stable oxygen isotope ratio 
measurements were made on 1 ml aliquots using an LGR 24d liquid isotope 
water analyzer. δ18O values are calibrated and reported against VSMOW, with 
an analytical precision <0.2 ‰ (2σ). Sampling strategy and analyses follow 
Schemmel et al. (2013). 
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5.4 Results 

5.4.1 δ13C and δ18O of herbivore enamel 
The complete range of C3-C4 dietary adaptations is represented in the Plio-
Pleistocene Chiwondo fauna with δ13C enamel values ranging from -13.1‰ to 
+1.6‰ (n = 122, Fig. 5.2a, complete data see Supplementary Material S4, Tab. 
5.2 to 5.6). Based on their δ13C values we define three groups: (a) primary C3 

consumers with δ13C values of <-8‰, (b) animals with a mixed C3/C4 diet with 
δ13C values from -8‰ to -1‰ and (c) browsers with δ13C values of >-1‰ 
reflecting a pure C4 diet (Lee-Thorp and Van der Merwe, 1987; Lee-Thorp et al., 
1989; Cerling and Harris, 1999; Passey et al., 2005). The associated δ18O 
values range from 22.4‰ to 30.2‰ (Fig. 5.2b), reflecting δ18O of drinking water 
from different water reservoirs available in the region. Within the fossiliferous 
Units 2 and 3 no distinct trend in the δ13C and δ18O data is visible for any 
herbivore taxa (see Fig. 5.S2). 

 
Figure 5.2: δ13C and δ18O values from Karonga Basin herbivore enamel. Stable carbon (a) and 
oxygen (b) isotope data of herbivore taxa from the Chiwondo Beds in the Malawi Rift show a large 
variation in foraging behaviors. For data see Supplementary Material 5.8.4 (Tab. 5.2 to 5.6). 

 
Suidae: Ten third molars from the recent Phacochoerus and fossil Notochoerus 
and Metridiochoerus from Units 2, 3A and 3B (n=18) show δ13C values between 
-13.1‰ and -4.5‰ (mean = -9.3‰, σ = 2.6‰) and δ18O values from 22.4‰ to 
26.9‰ (mean = 24.8 ‰, σ = 1.4 ‰) (Lüdecke et al., 2016). The stable isotope 
data indicate a pure browsing to mixed feeding diet with water intake from 
freshwater sources with only limited influence of evaporation (Fig. 5.2).  
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Elephantidae: A small piece of enamel of one individual of Loxodonta or 
Elephas (n = 9) from Unit 3A-2 shows δ13C values between -5.1‰ and -6.5‰ 
(mean = -5.8‰, σ = 0.5‰, Fig. 5.2). This small range in δ13C values reflects a 
mixed C3/C4 diet. Variation in δ18O is also very low with values between 22.4‰ 
and 23.6‰ (mean = 23.3‰, σ = 0.4‰), indicative of drinking from an 18O-
depleted source. 

Hippopotamidae: The two analyses of an upper incisor from Hippopotamus 
from Unit 3A show δ13C values of -6.4‰ and -4.3‰ (Fig. 5.2), reflecting a mixed 
C3/C4 diet. The δ18O values of 24.4‰ and 24.5‰ are low with very little spread, 
which is typical for water-dependent animals. 

Equidae: We sampled enamel of four individual Eurygnathohippus sp. molars 
(n = 40) from Unit 2 and 3A. The δ13C values cover a very large range from -
8.5‰ to -0.7‰ (mean = -4.6‰, σ = 2.4‰; Fig. 5.2), reflecting a mixed C3/C4 
diet, with the most negative values indicative of an almost exclusively C3 diet 
while the most positive δ13C values indicate an almost pure C4 diet. The 
variation in δ18O is also large (23.4‰ to 30.2‰; mean = 25.8‰, σ = 1.6‰) 
covering almost the entire range of the analyzed herbivore samples, indicating 
water intake from isotopically different sources. δ13C and δ18O values generally 
show an overall positive co-variance (see Fig. 5.7). Samples derived from one 
Eurygnathohippus sp. individual of Unit 3A (n = 3) plot within the range of 
samples of older Unit 2 (n = 37); however, the δ13C values in the younger Unit 
3A occupy the positive end of the spectrum in Unit 2 (see Fig. 5.6), suggesting 
a dietary change to higher C4 consumption. 

Bovidae: Seven teeth from Alcelaphini, Antilopini and Hippotragini (n = 53) of 
Units 2, 3A and 3B have δ13C values ranging from -10.7‰ to +1.6‰ (mean = -
2.7‰, σ = 3.6‰). δ18O values vary between 24.1‰ and 30.0‰ (mean = 26.1‰, 
σ = 1.4‰). The different species can be grouped according to their δ13C values. 
Most of them reflect a mixed C3/C4 diet; only Antilopini (browser) and Alc. 
Connochates (grazer) and an individual of Alc. Megalotragus (#373) from Unit 
3A (grazer) indicate a specialized behavior (Fig. 5.2a). δ13C and δ18O values 
show mostly positive co-variance (Fig. 5.7), with the exception of Antilopini. 
Here low δ13C values correspond to high δ18O values (Fig. 5.2b and 5.7). Only 
Alc. Megalotragus individuals were sampled from different units, here a slight 
decrease in δ13C and δ18O values is visible from Unit 3A to the younger Unit 3B 
(see Fig. 5.6). 

5.4.2 Intra-tooth δ13C and δ18O patterns 
Intra-tooth δ13C and δ18O patterns provide insight into the migrational behavior 
of individual animals and seasonality. We present selected equid and bovid 
teeth data in Fig. 5.3, for all patterns see Supplementary Material S4, Fig. 5.8. 

Equidae: Different stable isotope patterns characterize intra-tooth stable 
isotope values of equid Eurygnathohippus sp. teeth (Fig. 5.3a): low δ13C and 
δ18O values with a small to medium variability (range of δ13C values = 2.6‰; 
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δ18O = 1.5‰) with some co-variance of (R2 = 0.29; #1173); and medium δ13C 
and δ18O with either small variability in δ13C (1.5‰) but a significantly larger 
variability in δ18O (2.8‰; R2 = 0.15; #351) or large fluctuations in δ13C (6.9‰) 
and δ18O (6.8‰) with a strong co-variance (R2 = 0.96), covering some of the 
most positive and most negative δ13C and δ18O values of all equids (#357). 

Bovidae: Individual Alcelaphini teeth (#154, #187, #361; Fig. 5.3b) display 
different ranges in values with hardly any overlap with a medium range of ca. 
2‰ to 3‰. δ18O values however overlap significantly within a large range of up 
to 3.2‰ within one tooth, reflecting similar drinking sources with distinctly 
different diets of the individual genera. The co-variance varies and is positive for 
Alc. Damaliscus (R2 = 0.64; #187) and Alc. Megalotragus (R2 = 0.17, #361) 
while negative for Alc. Connochaetes (R2 = 0.28; #154). Antilopini (#547) δ13C 
values are very low with a range of 1.8‰, while displaying a wide range (3.5‰) 
of very high δ18O values with a negative co-variance (R2 = 0.57). 

 
Figure 5.3: Intra-tooth δ13C and δ18O variation of representative equid (a) and bovid (b) teeth. 
Different patterns indicate different migratory behavior of the individuals. For results of all equids 
and bovids see Supplementary Material S4 (Fig. 5.8; data Tab. 5.2 to 5.6). 

5.4.3 δ18O of meteoric water 
The different meteoric water sampled here (rainwater, river and lake water as 
well as groundwater; Fig. 5.4, data: Tab. 5.7 to 5.10) reflects the dependence of 
δ18O values on seasonality, altitude and climate (evaporation): a) Seasonality: 
average monthly rainfall δ18O values (-4.9‰ to +0.3‰; Fig. 5.4b) display the 
most positive values at the beginning and the end of the rainy season 
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(November and April/May) and lowest δ18O values during the summit of the 
rainy season with increasing values during the dry season. b) Altitude: There is 
a good correlation (R2 = 0.68) of δ18O values of river- and rainwater with 
elevation. Including the average rainfall data from Karonga and Malema, the 
oxygen isotope lapse rate is ca. -2.8‰/km (Fig. 5.4c). δ18O values of rivers 
within the catchment of Lake Malawi fall between -7.0‰ and -3.4‰. δ18O values 
from groundwater cover between -6.9‰ and -3.7‰ (Fig. 5.4c). c) Evaporation: 
lake water, which is subject to lake evaporation, shows more positive values 
than stream water (Fig. 5.4c): dammed lakes on the Niyka Plateau (δ18O = -
5.6‰ +/-0.1‰ at >2250 m asl) have about 1.5 ‰ more positive δ18O values 
than rivers in the same area. Lake Malawi (δ18O = +2.0‰ to +2.4‰) loses ca. 
90% of the annual water via evaporation (Drayton, 1984) and is about 6‰ more 
positive than river water feeding the lake (Fig. 5.4c).  

δ18O values of the analyzed present-day meteoric water show a range of 9.7‰ 
that is similar in magnitude to the variation measured in fossil herbivore δ18O 
(~7.9‰) of tooth enamel.  

 
Figure 5.4: δ18O values of meteoric water from the Karonga Basin. a) Sample localities of meteoric 
water, topography from GeomapApp database (ttp://www.geomapapp.org). For coordinates and 
data see Supplementary Material S4 (Tab. 5.7 to 5.10). b) δ18O values of rainwater (open squares) 
collected in Karonga (S9°55.887'; E33°56.570') and Malema (S10°01.199'; E33°55.639') in the rainy 
season 2012/13 and 2013/14 with mean monthly values (black line). Climate chart of Karonga with 
temperature (red line) and precipitation (blue columns; source: National Oceanic and Atmospheric 
Administration). Results of Lake Malawi water is not on plot, δ18O values are between 2.0‰ and 
2.5‰ (lake surface elevation at ca. 500 m asl). c) δ18O values of meteoric water from rivers and 
lakes and groundwater vs. elevation. Note the strong correlation (R2 = 0.68) of δ18O with elevation 
(rivers and precipitation mean) and evaporation (lakes). 
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5.5 Discussion 
Plio-Pleistocene herbivore δ13C and δ18O data from the Karonga Basin (Malawi 
Rift) indicate a wide range of foraging strategies, characterized by highly 
variable diets ranging from specialized C3 to C4 feeders with a majority of 
mixed-feeders (Fig. 5.2). A high variation in δ13C and δ18O values indicates 
presence of a wide range of ecosystems over time and space: dryland 
environments in the Drier Zambezian Woodlands (Fig. 5.1b), accessible for 
migrating herbivores and (closed to open) woodlands in the water-rich near-
shore environments with a majority of C3 vegetation as reflected by δ13C values 
of pedogenic carbonate (Lüdecke et al., 2016). A similar magnitude in δ18O 
values of recent meteoric water and fossil herbivore enamel indicates Plio-
Pleistocene paleoenvironments that were comparable in seasonality, altitude 
and evaporation to today. 

Generally low δ13C values in enamel from suids, hippopotamus, elephants, 
select equids and bovids reflect the intake of either (aquatic) C3 biomass and/or 
parts of plants that are not affected by evaporation such as stems, roots, bark 
and fruits in mesic environments (e.g., Drapeau et al., 2014). Low δ13C values 
in the Karonga Basin fauna are often accompanied by low δ18O values 
(Fig. 5.7), which indicates drinking from a freshwater source that has 
experienced only limited evaporation. Such animals probably browsed in the 
abundant woodlands with access to rivers along the flanks of the rift valley. 
Some of the equids and bovids have more positive δ13C and δ18O values than 
other taxa. These more specialized feeders probably migrated to the Drier 
Zambezian Woodlands or to elevated areas on the rift flanks where C4 grasses 
were available and drinking water was more evaporative. Only Antilopini show a 
negative correlation between δ13C and δ18O ratios (Fig. 5.3): low δ13C values 
accompanied by high δ18O values indicate a mixed, C3 rich diet with water 
intake from 18O enriched sources, reflecting e.g., a habitat with lakes 
surrounded by gallery forests. The opposite trend, high δ13C values with low 
δ18O values (e.g., Alc. Connochaetes #154) indicates a C4-rich diet with water 
supply from rivers. In the last case, however, the δ18O values shift to more 
positive values as the individual gets older, indicating more arid conditions, 
which could be an indicator for seasonality or migration patterns. Seasonality 
and/or migration are also supported by the very large variability in δ13C and 
δ18O in some individual teeth (e.g., Eurygnathohippus #357).  

Compared to other parts of the EAR, the herbivore δ13C and δ18O data from the 
Karonga Basin are generally more negative than in equivalent Plio-Pleistocene 
taxa in the Eastern Rift or in their modern counterparts (e.g., Cerling et al., 
2003; Kingston and Harrison, 2007; Kingston, 2011). Also, a mixed C3/C4 diet 
with δ13C values between -8‰ and -3‰ is rare in modern East African 
herbivores, yet this range is common in the Plio-Pleistocene Karonga data as 
well as some other African fossil sites (e.g., Kingston, 2011). This could indicate 
that many herbivores were generalists and may have occupied different feeding 
niches or inhabited ecosystems in the past for which there are no modern 
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analogs in Eastern Africa. A 
comparison of the Karonga Basin 
data with herbivore δ13C values from 
the closest hominin site in the 
Eastern Rift (Laetoli) reveals a 
distinct offset between the suid and 
equid δ13C data, while specialized 
bovids show similar dietary 
preferences (Fig. 5.5). Apparently, no 
large-scale ecological sorting of 
species among the wide pool of 
Eastern African vertebrates in the 
diverse environments occurred, but 
grazers found their niches in a 
regional patchy ecosystem in the 
Karonga Basin. Studies of extinct 
herbivores suggest that 
morphological adaptations (e.g., 
hypsodonty) generally interpreted as 
specialization into a grazing niche, 
may in fact reflect a widening of the 
niche breadth that allowed grazing as 
well as browsing (Pérez-Barbeía et 
al., 2001; Feranec, 2003). Earliest 
representatives of lineages with 
grazing adaptations may have been 
intermediate feeders with a 
preference for browsing (Kingston 
and Harrison, 2007), in the Karonga 
Basin no major dietary changes 
within Unit 2 and 3 are observed. 

Different herbivores provide 
complementary information about the 
overall composition of the ecosystem: 

Suids are large-bodied omnivores 
(Hillson, 2005), which are thought to 
represent a potentially useful proxy 
for generating hypotheses about 
hominin paleoecology. Most features 

Figure 5.5: Comparison of Karonga Basin and Laetoli herbivore enamel data. δ13C data from 
Suidae (a), Equidae (b) and Bovidae (c) and δ18O data of all taxa (d) with columns (Karonga Basin) 
and lines (Laetoli data; Kingston, 2011) display a large offset in feeding strategies of Suidae and 
Equidae while specialized bovids plot in a similar range. Note that Karonga Basin taxa include 
Notochoerus, Metridiochoerus, Phacochoerus (suid), and Hipparion (equid) while Latoli data is 
comprised of Notochoerus, Kolpochoerus, Potamochoerus, Phacochoerus (suid) and 
Eurygnathohippus (equid). The analyzed bovid taxa are the same (Alcelaphini, Hippotragini, 
Antilopini). 
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(enlarged 3rd and 4th premolar, elongated molars, increase in both occlusal area 
and hyposodonty particular of third molars, enlarged tusk and body size) of 
suids are interpreted as adaptions to an abrasive grazing diet (Cooke and 
Wilkinson, 1978; Harris, 1983; Pickford, 1986; Kullmer, 2008). Their preferred 
habitat in Eastern Africa is interpreted as savannas or grassland biomes, 
feeding mostly on C4 plants since the Upper Pliocene (e.g., Kingston et al., 
1994; Harris and Cerling, 2002; Bibi et al., 2013). Only Notochoerus euilus from 
Unit 3A-1 is associated with a woodland habitat indicated by ecomorphological 
analysis of the postcranial and might have shared a more similar mode of life to 
the forest-dwelling modern giant forest hog (Hylochoerus meinertzhageni) 
rather than to the more commonly associated modern warthogs (Phacochoerus; 
Bishop et al., 1999; Kullmer, 2008). The analyzed fossil suids from the Karonga 
Basin (Unit 2 and 3) are mixed feeders with a high C3 intake (Not. euilus, Not. 
scotti and Met. compactus) to pure browsers (Not. jaegeri, Met. andrewsi and 
Pha. aethiopicus), indicating easy access to C3 plants for these dietary 
opportunists from the Plio-Pleistocene to today. The eclectic and flexible 
foraging behavior indicates a more mesic and wooded environment in the 
Malawi Rift than the Eastern Rift branch in the last 3 Ma (e.g., Laetoli, see Fig. 
5.5a). 

Elephantidae and their diet underwent many changes over the course of their 
evolutionary history. Around 8 Ma, elephants changed their diet from browsing 
to grazing. The high crowned cheek teeth represent an adaptation to abrasive 
grazing diet between 5 and 1 Ma (time of the Chiwondo Bed fauna) in East 
Africa, which is complimented by stable isotope data after the middle 
Pleistocene (~1 Ma) however, Loxodonta as well as Elephas abandoned this 
diet and became browsers again, resulting in a largely C3 diet today (Cerling et 
al., 1999). The fossil enamel δ13C values from Karonga Basin elephants (Unit 
3A-2) are more negative than δ13C data from East African (Cerling et al., 1999; 
Cerling et al., 2003; Kingston, 2011) and other (e.g, Chad; Zazzo et al., 2000) 
regions. The most negative δ13C values found so far are from Laetoli, showing a 
mixed diet (mean δ13C value = -3.8‰; n = 13; Kingston, 2011) and still reflecting 
a much higher C4 intake compared to the Karonga Basin dataset. The Karonga 
Basin δ13C elephant data complement the suid data and collectively suggest 
that the Karonga Basin was more wooded than the Somali-Masai ecozones in 
Eastern Africa. Additionally, Karonga Basin elephant δ18O values are much 
more negative than modern and fossil and δ18O values from Eastern Africa. 
This indicates water intake from sources less influenced by evaporation in this 
southern part of the EAR.  

Hippopotamus is commonly assumed to be a pure browser, but recent stable 
isotope data show that they have no distinct dietary preferences and hippos in 
Africa can have diets ranging from a pure C4 to pure C3 diet (Zazzo et al., 2000; 
Franz-Odendaal et al., 2002; Boisserie et al., 2005; Cerling et al., 2008; Harris 
et al., 2008; Brachert et al., 2010). Therefore, these territorial, water-dependent 
mammals are particularly useful for paleoenvironmental studies. δ13C values of 
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the Karonga Basin Hippopotamus (Unit 3A) range from -6.4‰ to -4.3‰, 
reflecting a mixed C3/C4 diet, complementing the results from other Karonga 
Basin omnivores. The δ18O values of the Karonga individual are low compared 
to other hippos from Eastern Africa, indicating a drinking source of these water-
dependent animals that is less enriched in 18O and therefore probably less 
influenced by evaporation. 

Equidae in Eastern Africa adapted their diet from C3-dominant to C4-dominant 
as a response to the global expansion of C4 biomass during the late Miocene 
(Cerling et al., 1997). Except at Langebaanweg (South Africa), where C4 
grasses were not established by 5 Ma (Franz-Odendaal et al., 2002), equid 
enamel younger than ca. 7 Ma in tropical and sub-tropical Africa, including all 
modern samples, yields δ13C values in the range of −4‰ to +3‰, indicating C4 
dominated to exclusive C4 grass diets (Morgan et al., 1994; Bocherens et al., 
1996; Cerling et al., 1997; Kingston, 1999; Zazzo et al., 2000; Cerling et al., 
2003; Cerling et al., 2003; Kingston, 2011). However, the Karonga Basin δ13C 
data indicate a much broader dietary range for Eurygnathohippus sp. between 
ca. 4 and 2 Ma (Fig. 5.3 and Fig. 5.5b). This could reflect dietary adaptation 
associated with an inhomogeneous environment with abundant regions of C3 
woodlands. Eurygnathohippus individuals adjusted to different diets and 
therefore different Plio-Pleistocene environments. There is no change in diet 
between the units and already the earliest individuals of Unit 2 had excess to C4 
vegetation (Fig. 5.6). The large spread in δ18O values indicates water intake 
from different sources ranging from rivers to evaporated lakes/paleolake 
Malawi, which are generally less influenced by evaporation than Eastern Rift 
fossil sites (e.g., Laetoli, see Fig. 5.5d). 

Bovidae form a speciose and ubiquitous group, adapted to diverse habitats and 
diets in the Karonga Basin. We compare stable isotope data from Antilopini, 
Alcelaphini and Hippotragini from the Karonga Basin to the same genera from 
Laetoli in Fig. 5.5c and 5.5d (Kingston, 2011). 

Modern Antilopini are adapted to arid grassland habitat with limbs specialized 
for cursoriality, and physiological and dietary adaptations to drought (Kingdon, 
1982; Plummer and Bishop, 1994). They inhabit desert, grassland, savanna 
and open woodland with a diet ranging from grazers and mixed feeders to 
variable browsers (Gentry, 1992; Gagnon and Chew, 2000). Very negative δ13C 
values of the Karonga Basin individual (Unit 2) document a pure browsing diet. 
Higher, more variable δ18O values, however, reflect drinking from an 
evaporative source. Therefore, ca. 4 Ma stable isotope data of Antilopini from 
the Malawi Rift indicates C3 feeding e.g., in a gallery forest around paleolake 
Malawi with it’s very positive δ18O values mixed with more 18O-depleted water 
from the contributing rivers.  

Ecological, dietary and social patterns of Hippotragini have been interpreted as 
adaptations to an ancestral ‘desert ordeal’ during the Early Pliocene (Kingdon, 
2016). Modern oryx, roan and sable antelopes dominate the larger-scale desert 
bovid niches, with well-developed adaptations to heat, drought, and desert 
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pastures. All species younger than 2.5 Ma are primarily obligate grazers 
(Cerling et al., 2015), associated with habitats ranging from desert grasslands to 
open woodlands. The radiation of other bovid tribes, such as Alcelaphini 
probably declined the Hippotragini diversity during the Plio-Pleistocene as a 
consequence of being forced into increasingly more marginal environments 
(Kingston and Harrison, 2007). The fossil Karonga Basin Hippotragini (Unit 2) 
indicate a mixed C3/C4 diet with a large fraction of C3 browsing, contrasting with 
their modern counterparts (van der Merwe et al., 2003; Harrison, 2011; Cerling 
et al., 2015). This results in pressure to rely more on browsing, especially since 
Alcelaphini make the majority of the Karonga Basin bovid fauna (Sandrock et 
al., 2007). The range of niches available to browsers at this time 
accommodated a greater taxonomic diversity with less competition for access to 
grasses from obligate specialist grazers. 

Today, most Alcelaphini are variable to obligate grazers and inhabit open 
woodlands or secondary grassland (Gagnon and Chew, 2000; Estes, 2012). In 
fossil enamel isotopic data East African Rift Alcelaphini reflect also diets 
dominated by C4 grasses (e.g., Kenya and Uganda, Cerling et al., 2003) and 
mixed diet with a significant amount of C3 browsing (e.g., Laetoli, Tanzania, 
Kingston and Harrison, 2007; Kingston, 2011). The large range in δ13C of the 
Karonga Basin Alcelaphini indicate a mixed diet (with high influence of C3 
biomass) to pure C4 grazer, similar to Eastern Rift individuals (Fig. 5.5d), which 
suggest that some early lineages or individual taxa of Alcelaphini may not have 
been as committed to as their modern-day counterparts. Enamel of East African 
Alcelaphini has high δ18O values compared to most of the other Karonga taxa 
analyzed (Fig. 5.3 and 5.5d). This could partly be explained with the effect of 
water intake through C4 plants (Kohn et al., 1996). Interestingly, Alc. 
Damaliscus, Megalotragus and Connochaetes are considered to have an 
almost exclusively grazing diet (van der Merwe et al., 2003; Codron et al., 
2007), but in the Karonga Basin assemblage (Unit 3A and 3B), they inhabit very 
different niches with mixed feeders, such as Alc. Damaliscus (high C3 intake) 
and Alc. Megalotragus (high C4 intake) and pure grazers like Alc. Connochates 
(Fig. 5.3). This again reflects a high diversity of the landscape with different 
food-supplies during the Plio-Pleistocene in the Malawi Rift and in its vicinity. 

The intra-tooth stable isotopes values of equids and bovids reflect seasonal diet 
and drinking water variations: different patterns indicate different migrational 
and dietary behavior of individual animals. a) Some equid and bovid individuals 
have nourishment that is relatively constant in its isotopic composition for a long 
timespan (>1 yr), which could indicate food and water supplies that are similar 
throughout the year with only small seasonal fluctuations. A migration (with 
resources) over large distances is unlikely because the δ18O rations remain 
largely constant, indicating a continuous water source that is little influenced by 
evaporation and local meteoric water δ18O ratios fluctuations. b) Small 
variations in δ13C, but large ones in δ18O could indicate a seasonal migration of 
the herbivores with the favored food source (e.g., specialized grazers) with 
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changing drinking sources. The signal could also come from the same drinking 
source, but it changes its δ18O composition due to climate (evaporation and 
different precipitation sources). c) A large fluctuation in both, δ13C and δ18O, 
reflect changes in the diet (food and water). Individuals could stay in one region 
where the biomasses changed seasonally and the water source was largely 
influenced by climate (evaporation) and could have a different source in 
different periods of the year. C4 consumption can shift δ18O values in teeth 
towards more positive values resulting in a good co-variance (Fig. 5.7). 

5.6 Conclusion 
Oxygen and carbon isotope ratios of mammalian taxa including multiple 
samples of herbivores representing five families permit a consensus 
reconstruction of the habitat types in the Plio-Pleistocene Chiwondo Beds 
(Karonga Basin, Northern Malawi) by identification of foraging strategies. Over 
the past ca. 4 Ma the majority of herbivores, including suids, elephants, hippos, 
most equids and some bovids, had an eclectic, mixed C3/C4 diet with a large 
amount of C3 biomass. Some specialized feeders reflect a dominant browsing 
C3 diet (Antilopini and some suids), while Alcelaphini Connochates was a pure 
grazer. Herbivores living around paleolake Malawi had access to C4 biomass 
already in the Late Pliocene. The limited representation of obligate grazers and 
the abundance of mixed feeders and browsers, in combination with large 
variability in the generally low δ18O values of herbivore enamel suggest a 
regional heterogeneous environment. Water-rich woodlands border patches of 
C4-savanna with evaporatively 18O-enriched water sources. Over the entire time 
of deposition of the Chiwondo Beds, both environments lie within the migratorial 
ranges of large bodied herbivores. These ecosystem patterns are strikingly 
different to the majority of reconstructed environments further north in the 
Eastern Rift, where open grassland-savannas dominate since ca. 2.5 Ma. 
Collectively, these stable isotope based reconstructions situate the Karonga 
Basin hominins Homo rudolfensis and Paranthropus boisei in a woodland-forest 
mosaic, which has important implications for developing explanations for 
evolutionary innovations such as dietary and behavioral versatility, 
encephalization, bipedalism and tool use, all of which have traditionally been 
linked to selective pressures encountered by early hominins foraging in 
grassland-savannas. 
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5.8 Supplementary material 

5.8.1 Chiwondo Beds Units 
Precise age assignments in the Chiwondo and Chitimwe fossil material suffer 
from absence of datable volcanic material. Biostratigraphic constrains, mostly 
based on suid teeth divide the fossil assemblage into four intervals: ca. 4.3 to 
3.75 Ma (Unit 1 and 2), 3.75 1.8 Ma (Unit 3A) and 1.8 to 0.6 Ma (Unit 3B; after 
Betzler and Ring, 1995; Bromage et al., 1995; Kullmer, 2008; Sandrock et al., 
1999). 

 
Figure 5.6: Suid, equid and bovid δ13C (a) and δ18O (b) data in stratigraphical order in the Chiwondo 
Beds. Note that Alcelaphini Megalotragus is the only bovidae genus sampled across two units (3A 
and 3B). 

5.8.2 Material and methods 
Suidae molars were laterally cut in half and enamel was sampled either with a 
hand-held diamond tip dental drill or a Merchantec micromill device. One equid 
molar (#1173) was also cut in half; the remaining enamel sample material is 
derived from either drill holes from the outer enamel or from enamel flakes that 
chipped from the outer coating. Sampling parallel and across several growth 
axes of the teeth was necessary to obtain sufficient sample material (2 to 3 mg). 
δ13C and δ18O values of bulk enamel samples, therefore, represent averages 
over the time of tooth formation and the dietary signal of bulk samples is 
attenuated over weeks or months, depending on species and wear pattern 
(Fisher and Fox, 1998; Passey and Cerling, 2002). Enamel is resistant to 
isotopic exchange (Wang and Cerling, 1994; Koch et al., 1997) when compared 
to bone or tooth-cement and dentine, hence care was taken to avoid these 
materials in the sample powder. Although the CO3 component of bioapatite can 
be less resistant to diagenetic alteration of δ18O values than the oxygen in the 
PO4 component (Kolodny et al., 1983; Shemesh, 1990; Kohn et al., 1999), we 
feel that the large magnitude, systematic intra-tooth δ18O variability within 
individual teeth very strongly points to primary δ18O values that were not 
isotopically reset during fossilization. To remove organic matter and potential 
diagenetic carbonate, enamel was pretreated with 2% NaOCl solution for 24 
hours followed by 1 M Ca-acetate acetic acid buffer solution for another 24 
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hours and thoroughly rinsed with deionized water (Spötl and Vennemann, 
2003). Typically, enamel pre-treatment resulted in 10% to 60% mass loss. 

5.8.3 δ13C and δ18O co-variance 
Generally, low δ13C values are associated with low δ18O values, which holds 
true within the patterns of most teeth (Fig. 5.8), as well as in comparison of 
individual animals or even taxa (Fig. 5.2). This indicates that a consumption of 
mainly C3 biomass is accompanied by water intake from sources that are only 
little influenced by evaporation (e.g., Metridiochoerus), which complements our 
ecosystem reconstructions. Therefore, animals that migrate farther away from 
freshwater rivers to drier parts of the ecosystem have access to open C4-
grasslands and 18O enriched drinking water (e.g., Alc. Connochates). The 
stable oxygen isotope composition of C4 plants can also shift δ18O vales in teeth 
towards more positive values, especially for animals that have some of their 
water intake through plants. 

However, Antilopini displays the opposite trend with displaying extremely low 
δ13C values and high δ18O values. A possible explanation for this individual is 
browsing in C3 woodland at the margin of paleolake Malawi and drinking from 
the depleted lake water (see Fig. 5.4c). 

 
Figure 5.7: δ13C vs. δ18O values of mammals analyzed from the Karonga Basin. A general positive 
co-variance is observed with the exception of Antilopini, which displays a negative co-variance. 
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5.8.4 δ13C and δ18O values of analyzed herbivores 
List of fossil Chiwondo herbivore enamel δ13C and δ18O with Hominid Corridor 
Research Project (HRCP) catalogue ID, sample ID, taxon, element, locality, unit 
within the Chiwondo Beds and position within tooth. 
Table 5.2: Family Suidae 

HRC
P 

Cat.# 

Sample
# Taxon Element Local-

ity 
 

Unit 

cm 
from 

crown 

δ13C 
PDB 
(‰) 

δ18O 
SMOW 
(‰) 

498 498-01 Notochoerus euilus M WK36 3A-1 0.5 -4.8 24.9 
654 654-01 Notochoerus euilus u M3 WK? 3A-1 3.5 -5.5 26.9 
118 118-01 Notochoerus scotti u M3 MP1 3A-2 0.2 -9.2 25.8 
253 253-01 Notochoerus scotti M3 WK18 3A-2 2.5 -5.6 26.9 
457 457-01 Notochoerus jaegeri M3 U6 2 1.2 -9.5 26.0 
546 546-01 Notochoerus jaegeri u M3 WK38 2 1.8 -13.1 23.3 
546 546-02 Notochoerus jaegeri u M3 WK38 2 0.5 -10.6 24.8 

429 429-01 Metridiochoerus 
compactus u M3 U25 3B 0.7 -10.3 23.1 

429 429-02 Metridiochoerus 
compactus M3 U25 3B 2.6 -4.4 26.3 

407 407-01 Metridiochoerus andrewsi  
stage I 

L l M3 U19 3A-2 0.8 -10.3 22.4 

407 407-03 Metridiochoerus andrewsi  
stage I 

L l M3 U19 3A-2 2.3 -10.2 24.5 

407 407-04 Metridiochoerus andrewsi  
stage I 

L l M3 U19 3A-2 2.7 -10.6 24.5 

407 407-05 Metridiochoerus andrewsi  
stage I 

L l M3 U19 3A-2 0.8 -12.3 22.9 

423 423-01 Metridiochoerus andrewsi  
stage III M3 U23 3B 0.5 -9.3 23.5 

129 129-01 Phacochoerus 
aethiopicus L l M3 RC1 mod 4 -12 24.3 

129 129-
01w 

Phacochoerus 
aethiopicus 

L l M3 RC1 mod 4 -10.9 24.5 

129 129-02 Phacochoerus 
aethiopicus 

L l M3 RC1 mod 4.7 -9.3 25.1 

129 129-03 Phacochoerus 
aethiopicus 

L l M3 RC1 mod 1.9 -9.1 26.4 

 

Table 5.3: Family Hippopotamidae 

HRCP 
Cat.# Sample# Taxon Element Locality Unit 

cm 
from 

crown 

δ13C 
PDB 
(‰) 

δ18O 
SMOW 
(‰) 

1174 1174-01 Hippopotamus amphibius u I1 or I2 WK 3A 2.50 -6.4 24.4 
1174 1174-02 Hippopotamus amphibius u I1 or I2 WK 3A 1.50 -4.3 24.5 
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Table 5.4: Family Elephantidae 

HRCP 
Cat.# Sample# Taxon Element Locality Unit 

cm 
from 
break 

δ13C 
VPDB 
(‰) 

δ18O 
VSMOW 
(‰) 

1175 1175-01 Loxodonta or Elephas ? U 3A-2 0.10 -6.0 23.5 
1175 1175-02 Loxodonta or Elephas ? U 3A-2 0.40 -5.4 23.3 
1175 1175-03 Loxodonta or Elephas ? U 3A-2 0.70 -5.5 23.6 
1175 1175-04 Loxodonta or Elephas ? U 3A-2 0.95 -6.4 23.0 
1175 1175-05 Loxodonta or Elephas ? U 3A-2 1.30 -6.5 22.4 
1175 1175-06 Loxodonta or Elephas ? U 3A-2 1.70 -5.1 23.4 
1175 1175-07 Loxodonta or Elephas ? U 3A-2 2.05 -5.5 23.4 
1175 1175-08 Loxodonta or Elephas ? U 3A-2 2.60 -5.6 23.5 
1175 1175-09 Loxodonta or Elephas ? U 3A-2 2.80 -6.4 23.2 
 

Table 5.5: Family Equidae 

HRCP 
Cat.# Sample# Taxon Element Locality Unit 

cm 
from 

crown 

δ13CVPDB 
(‰) 

δ18OVSMOW 
(‰) 

351 351-01 Eurygnathohippus sp. R u M1 U8 2 0.10 -3.1 25.8 
351 351-02 Eurygnathohippus sp. R u M1 U8 2 0.27 -2.8 26.6 
351 351-03 Eurygnathohippus sp. R u M1 U8 2 0.43 -3.7 26.2 
351 351-04 Eurygnathohippus sp. R u M1 U8 2 0.60 -3.7 26.1 
351 351-05 Eurygnathohippus sp. R u M1 U8 2 0.77 -2.3 26.1 
351 351-06 Eurygnathohippus sp. R u M1 U8 2 0.93 -3.8 24.0 
351 351-07 Eurygnathohippus sp. R u M1 U8 2 1.10 -3.4 23.8 
351 351-08 Eurygnathohippus sp. R u M1 U8 2 1.27 -3.4 24.3 
351 351-09 Eurygnathohippus sp. R u M1 U8 2 1.43 -3.4 25.8 
357 357-01 Eurygnathohippus sp. R u M1 U8 2 0.10 -3.6 26.7 
357 357-02 Eurygnathohippus sp. R u M1 U8 2 0.28 -4.8 26.4 
357 357-03 Eurygnathohippus sp. R u M1 U8 2 0.45 -2.8 28.1 
357 357-04 Eurygnathohippus sp. R u M1 U8 2 0.63 -3.0 27.8 
357 357-05 Eurygnathohippus sp. R u M1 U8 2 0.80 -4.4 26.7 
357 357-06 Eurygnathohippus sp. R u M1 U8 2 0.98 -4.6 26.5 
357 357-07 Eurygnathohippus sp. R u M1 U8 2 1.15 -3.3 27.5 
357 357-08 Eurygnathohippus sp. R u M1 U8 2 1.33 -0.7 30.2 
357 357-09 Eurygnathohippus sp. R u M1 U8 2 1.50 -1.5 28.8 
357 357-10 Eurygnathohippus sp. R u M1 U8 2 1.68 -3.6 27.7 
357 357-11 Eurygnathohippus sp. R u M1 U8 2 1.85 -7.6 24.4 
357 357-12 Eurygnathohippus sp. R u M1 U8 2 2.03 -2.8 28.0 
357 357-13 Eurygnathohippus sp. R u M1 U8 2 2.20 -3.7 27.9 
357 357-14 Eurygnathohippus sp. R u M1 U8 2 2.38 -8.0 23.4 
357 357-15 Eurygnathohippus sp. R u M1 U8 2 2.55 -4.9 26.6 
357 357-16 Eurygnathohippus sp. R u M1 U8 2 2.73 -5.4 26.0 
600 600-01 Eurygnathohippus sp. PreM WK 3A 0.00 -0.8 26.4 
600 600-02 Eurygnathohippus sp. PreM WK 3A 0.45 -0.9 25.5 
600 600-03 Eurygnathohippus sp. PreM WK 3A 0.90 -1.1 24.8 

1173 1173-01 Eurygnathohippus sp. L l M MR/RC 2 0.20 -7.4 24.9 
1173 1173-02 Eurygnathohippus sp. L l M MR/RC 2 0.45 -6.7 25.1 
1173 1173-03 Eurygnathohippus sp. L l M MR/RC 2 0.80 -7.9 24.6 
1173 1173-04 Eurygnathohippus sp. L l M MR/RC 2 1.10 -8.0 24.5 
1173 1173-05 Eurygnathohippus sp. L l M MR/RC 2 1.35 -7.6 24.6 
1173 1173-06 Eurygnathohippus sp. L l M MR/RC 2 1.70 -6.7 24.6 
1173 1173-07 Eurygnathohippus sp. L l M MR/RC 2 2.05 -5.9 24.6 
1173 1173-08 Eurygnathohippus sp. L l M MR/RC 2 2.30 -7.7 23.6 
1173 1173-09 Eurygnathohippus sp. L l M MR/RC 2 2.70 -8.5 24.0 
1173 1173-10 Eurygnathohippus sp. L l M MR/RC 2 3.20 -7.8 24.2 
1173 1173-11 Eurygnathohippus sp. L l M MR/RC 2 3.60 -7.5 24.7 
1173 1173-12 Eurygnathohippus sp. L l M MR/RC 2 4.20 -6.8 25.0 
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Table 5.6: Family Bovidae 

HRC
P 

Cat.# 

Sample
# Taxon Element Locality Unit 

cm 
from 

crown 

δ13C 
VPDB 
(‰) 

δ18O 
VSMOW 
(‰) 

154 154-01 Alc. Connochaetes sp. u L M3 RC1 3A 0.13 1.5 25.8 
154 154-02 Alc. Connochaetes sp. u L M3 RC1 3A 0.27 1.6 25.4 
154 154-03 Alc. Connochaetes sp. u L M3 RC1 3A 0.40 1.5 25.8 
154 154-04 Alc. Connochaetes sp. u L M3 RC1 3A 0.53 1.4 25.5 
154 154-05 Alc. Connochaetes sp. u L M3 RC1 3A 0.67 1.4 25.4 
154 154-06 Alc. Connochaetes sp. u L M3 RC1 3A 0.80 1.1 25.2 
154 154-07 Alc. Connochaetes sp. u L M3 RC1 3A 0.93 1.1 25.1 
154 154-08 Alc. Connochaetes sp. u L M3 RC1 3A 1.07 0.8 25.2 
154 154-09 Alc. Connochaetes sp. u L M3 RC1 3A 1.20 0.3 25.6 
154 154-10 Alc. Connochaetes sp. u L M3 RC1 3A 1.33 0.1 25.8 
154 154-11 Alc. Connochaetes sp. u L M3 RC1 3A 1.47 -0.1 25.8 
154 154-12 Alc. Connochaetes sp. u L M3 RC1 3A 1.60 0.0 25.8 
154 154-13 Alc. Connochaetes sp. u L M3 RC1 3A 1.73 -0.3 26.1 
154 154-14 Alc. Connochaetes sp. u L M3 RC1 3A 1.87 -0.4 26.3 
154 154-15 Alc. Connochaetes sp. u L M3 RC1 3A 2.00 -0.3 26.3 
154 154-16 Alc. Connochaetes sp. u L M3 RC1 3A 2.13 -0.1 26.8 
154 154-17 Alc. Connochaetes sp. u L M3 RC1 3A 2.27 -0.2 26.9 
154 154-18 Alc. Connochaetes sp. u L M3 RC1 3A 2.40 0.1 27.4 
154 154-19 Alc. Connochaetes sp. u L M3 RC1 3A 2.53 -0.1 27.7 
154 154-20 Alc. Connochaetes sp. u L M3 RC1 3A 2.67 0.2 28.2 
154 154-21 Alc. Connochaetes sp. u L M3 RC1 3A 2.80 0.3 28.3 
361 361-02 Alc. Megalotragus sp. l M U11 3B 0.40 -4.3 26.1 
361 361-03 Alc. Megalotragus sp. l M U11 3B 0.80 -2.0 26.7 
361 361-04 Alc. Megalotragus sp. l M U11 3B 1.20 -2.8 25.9 
361 361-06 Alc. Megalotragus sp. l M U11 3B 1.60 -4.7 24.7 
361 361-07 Alc. Megalotragus sp. l M U11 3B 1.90 -2.9 26.4 
361 361-08 Alc. Megalotragus sp. l M U11 3B 2.30 -4.6 26.8 
361 361-08 Alc. Megalotragus sp. l M U11 3B 2.80 -3.4 25.4 
373 373-01 Alc. Megalotragus sp. u M U13 3A 0.00 0.5 28.0 
373 373-02 Alc. Megalotragus sp. u M U13 3A 0.43 0.1 28.1 
373 373-03 Alc. Megalotragus sp. u M U13 3A 0.87 0.5 28.3 
373 373-04 Alc. Megalotragus sp. u M U13 3A 1.30 0.5 27.5 
419 419-01 Alc. Megalotragus sp. L l M3 U21 3B 0.30 -1.9 24.2 
419 419-02 Alc. Megalotragus sp. L l M3 U21 3B 0.50 -1.6 24.3 
419 419-03 Alc. Megalotragus sp. L l M3 U21 3B 0.90 -2.1 24.8 
419 419-04 Alc. Megalotragus sp. L l M3 U21 3B 1.10 -4.1 24.5 
187 187-01 Alc. Damaliscus sp. l M3 WK11 3A 0.30 -6.4 24.1 
187 187-02 Alc. Damaliscus sp. l M3 WK11 3A 0.60 -5.4 24.9 
187 187-03 Alc. Damaliscus sp. l M3 WK11 3A 1.10 -4.3 26.1 
187 187-04 Alc. Damaliscus sp. l M3 WK11 3A 1.60 -5.9 25.3 
187 187-05 Alc. Damaliscus sp. l M3 WK11 3A 2.10 -6.0 24.9 
187 187-06 Alc. Damaliscus sp. l M3 WK11 3A 2.60 -6.8 24.8 
187 187-07 Alc. Damaliscus sp. l M3 WK11 3A 3.00 -7.6 23.9 
187 187-08 Alc. Damaliscus sp. l M3 WK11 3A 3.60 -4.7 24.7 
187 187-09 Alc. Damaliscus sp. l M3 WK11 3A no info -4.6 25.7 
348 348-01 Hippotragini u M U6 2 3.10 -6.2 25.1 
348 348-02 Hippotragini u M U6 2 3.10 -6.4 25.1 
348 348-03 Hippotragini u M U6 2 3.10 -5.9 24.4 

547a 547-01 Antilopini l M WK 38 2 0.24 -8.9 26.5 
547a 547-02 Antilopini l M WK 38 2 0.48 -9.4 27.3 
547a 547-03 Antilopini l M WK 38 2 0.72 -10.7 28.6 
547a 547-04 Antilopini l M WK 38 2 0.96 -10.5 29.6 
547a 547-05 Antilopini l M WK 38 2 1.20 -10.0 30.0 
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Figure 5.8: Intra-tooth δ13C and δ18O variations of all equids (a) and bovids (b) analyzed for this 
paper.5.8.5d18O values of analyzed meteoric waters 
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5.8.5 δ18O values of analyzed meteoric waters 
List of modern meteoric waters δ18O (lake, river groundwater and rainwater) 
from northern Malawi with sample ID, GPS latitude and longitude, altitude 
above mean sea level and date sampled. 
Table 5.7: Rainwater (Karonga: S9°55.887'; E33°56.570' and Malema: S10°01.199'; E33°55.639') 

Sample ID Location Date installed Date removed 
δ18O 

VSMOW 
(‰) 

12MRW01 Malema 01-Nov-2012 14-Nov-2012 -1.9 
12KRW01 Karonga 01-Nov-2012 15-Nov-2012 -2.9 
13KRW01 Karonga 10-Oct-2013 07-Dec-2013 -1.7 
13MRW04 Malema 19-Nov-2013 02-Dec-2013 -3.6 
12MRW03 Malema 29-Nov-2012 12-Dec-2012 -4.4 
12KRW03 Karonga 29-Nov-2012 13-Dec-2012 -6.3 
12MRW04 Malema 13-Dec-2012 26-Dec-2012 -5.8 
12KRW04 Karonga 13-Dec-2012 27-Dec-2012 -6.7 
13MRW05 Malema 03-Dec-2013 16-Dec-2013 -4.5 
13KRW02 Karonga 07-Dec-2013 21-Dec-2013 -0.3 
13MRW06 Malema 17-Dec-2013 30-Dec-2013 -7.9 
13KRW03 Karonga 21-Dec-2013 03-Jan-2014 -3.0 
12MRW05 Malema 27-Dec-2012 09-Jan-2013 -5.0 
12KRW05 Karonga 27-Dec-2012 10-Jan-2013 -3.3 
12MRW06 Malema 10-Jan-2013 23-Jan-2013 -2.5 
12MRW07 Malema 24-Jan-2013 06-Feb-2013 -2.7 
12KRW07 Karonga 24-Jan-2013 07-Feb-2013 -3.0 
13MRW07 Malema 31-Dec-2013 13-Jan-2014 0.7 
13KRW04 Karonga 03-Jan-2014 16-Jan-2014 -7.1 
13MRW08 Malema 14-Jan-2014 27-Jan-2014 -5.8 
13KRW05 Karonga 16-Jan-2014 29-Jan-2014 -5.2 
12MRW08 Malema 7-Feb-2013 20-Feb-2013 -2.8 
12KRW08 Karonga 7-Feb-2013 21-Feb-2013 -2.5 
12MRW09 Malema 21-Feb-2013 06-Mar-2013 -6.1 
12KRW09 Karonga 21-Feb-2013 07-Mar-2013 -2.0 
13MRW09 Malema 28-Jan-2014 10-Feb-2014 -1.3 
13KRW06 Karonga 29-Jan-2014 11-Feb-2014 -5.9 
13KRW07 Karonga 11-Feb-2014 24-Feb-2014 -6.5 
12MRW10 Malema 07-Mar-2013 20-Mar-2013 -3.0 
12KRW10 Karonga 07-Mar-2013 21-Mar-2013 -5.7 
12MRW11 Malema 21-Mar-2013 03-Apr-2013 -2.9 
12KRW11 Karonga 21-Mar-2013 04-Apr-2013 -2.8 
13KRW08 Karonga 24-Feb-2014 09-Mar-2014 -7.3 
13MRW11 Malema 25-Feb-2014 09-Mar-2014 -4.0 
13KRW09 Karonga 9-Mar-2014 22-Mar-2014 -4.9 
13KRW10 Karonga 22-Mar-2014 04-Apr-2014 -5.1 
13MRW13 Malema 24-Mar-2014 07-Apr-2014 -2.6 
12MRW12 Malema 04-Apr-2013 17-Apr-2013 -2.4 
12KRW12 Karonga 04-Apr-2013 18-Apr-2013 -2.6 
12MRW13 Malema 18-Apr-2013 01-May-2013 -0.7 
12KRW13 Karonga 18-Apr-2013 02-May-2013 -0.5 
13KRW12 Karonga 17-Apr-2014 30-Apr-2014 -1.9 
13MRW15 Malema 22-Apr-2014 05-May-2014 -2.3 
12KRW14 Karonga 2-May-2013 10-May-2013 0.3 
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Table 5.8: Rivers 

Sample ID Position 
Altitude 

(m asl) 
Date sampled δ18OVSMOW 

(‰) 

11MW146 S9°35.272'; E33°44.601' 516 10-Nov-2011 -3.4 

11MW159 S10°45.746'; E34°07.390' 848 12-Nov-2011 -4.8 

12MW021 S9°56.763'; E33°50.491' 518 24-Sep-2012 -4.9 

12MW022 S9°56.624'; E33°46.500' 541 24-Sep-2012 -5.8 

12MW030 S10°05.822'; E33°33.466' 1336 24-Sep-2012 -5.8 

12MW033 S10°31.021'; E33°43.532' 2047 24-Sep-2012 -7.0 

12MW036 S10°43.809'; E33°40.942' 1789 25-Sep-2012 -6.5 

12MW067 S10°37.910'; E34°05.012' 1028 04-Oct-2012 -5.8 

13MW084 S10°49.686'; E34°05.629' 949 29-Sep-2013 -5.3 

 

Table 5.9: Groundwater 

Sample ID Position 
Altitude 

(m asl) 
Date sampled δ18OVSMOW 

(‰) 

11MW038 S10°00.106'; E33°55.460' 542 26-Oct-2011 -4.7 

11MW039 S10°01.023'; E33°56.510' 500 26-Oct-2011 -5.0 

11MW040 S10°01.235'; E33°55.595' 510 26-Oct-2011 -5.0 

11MW067 S10°19.063'; E34°08.314' 509 31-Oct-2011 -4.9 

11MW068 S10°20.312'; E34°08.213' 523 31-Oct-2011 -4.8 

11MW130 S10°18.106'; E34°02.595' 548 06-Nov-2011 -4.5 

11MW136 S10°17.448'; E34°01.913' 575 06-Nov-2011 -4.7 

11MW149 S9°36.330'; E33°42.810' 521 10-Nov-2011 -4.3 

11MW150 S9°35.272'; E33°44.519' 519 10-Nov-2011 -4.4 

11MW151 S9°41.568'; E33°51.120' 495 10-Nov-2011 -3.6 

11MW153 S9°59.464'; E33°55.548' 498 10-Nov-2011 -5.2 

11MW154 S10°05.066'; E33°58.939' 500 12-Nov-2011 -5.1 

11MW155 S10°16.591'; E34°06.418' 508 12-Nov-2011 -5.4 

11MW156 S10°31.609'; E34°12.261' 545 12-Nov-2011 -4.6 

11MW157 S10°39.493'; E34°11.567' 485 12-Nov-2011 -4.2 

11MW158 S10°44.267'; E34°09.046' 971 12-Nov-2011 -5.4 

11MW160 S10°53.074'; E34°02.767' 1005 12-Nov-2011 -5.5 

11MW161 S11°04.205'; E33°54.772' 1040 12-Nov-2011 -6.8 

11MW162 S11°00.979'; E33°46.534' 1076 12-Nov-2011 -5.5 

11MW163 S11°08.053'; E33°39.280' 1091 12-Nov-2011 -5.7 

11MW165 S11°14.508'; E33°52.196' 1115 13-Nov-2011 -6.0 

11MW166 S11°24.636'; E33°59.036' 1310 13-Nov-2011 -6.0 

11MW167 S11°32.315'; E34°09.911' 611 13-Nov-2011 -4.9 

11MW168 S11°45.387'; E34°12.874' 521 13-Nov-2011 -4.5 

11MW169 S11°57.204'; E34°05.012' 484 13-Nov-2011 -4.8 

11MW170 S12°21.148'; E34°03.100' 468 13-Nov-2011 -5.5 

11MW171 S12°37.157'; E34°09.986' 487 13-Nov-2011 -5.6 

11MW172 S12°48.079'; E34°12.988' 491 13-Nov-2011 -5.4 

12MW023 S9°56.605'; E33°46.542' 542 24-Sep-2012 -5.5 

12MW024 S9°55.167'; E33°39.530' 1013 24-Sep-2012 -5.6 
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Table 5.9 (continued)    

Sample ID Position 
Altitude 

(m asl) 
Date sampled δ18OVSMOW 

(‰) 

12MW025 S9°54.206'; E33°36.099' 1149 24-Sep-2012 -5.5 

12MW026 S9°49.080'; E33°28.585' 1301 24-Sep-2012 -5.9 

12MW027 S9°49.655'; E33°25.146' 1325 24-Sep-2012 -6.0 

12MW028 S9°58.512'; E33°23.552' 1538 24-Sep-2012 -6.8 

12MW029 S10°02.335'; E33°28.468' 1513 24-Sep-2012 -6.3 

12MW031 S10°20.952'; E33°38.308' 1289 24-Sep-2012 -6.3 

12MW037 S10°54.940'; E33°35.041' 1395 25-Sep-2012 -6.7 

12MW046 S10°24.292'; E34°11.149' 601 27-Sep-2012 -4.2 

12MW049 S10°25.774'; E34°10.484' 541 27-Sep-2012 -4.5 

12MW051 S10°25.496'; E34°11.438' 530 27-Sep-2012 -4.5 

12MW061 S10°01.554'; E33°55.338' 546 01-Oct-2012 -4.8 

12MW066 S10°36.700'; E34°06.786' 1375 04-Oct-2012 -5.7 

12MW068 S10°38.202'; E34°04.893' 1033 04-Oct-2012 -5.1 

12MW069 S10°40.734'; E34°04.052' 1174 04-Oct-2012 -5.4 

13MW082 S12°38.309'; E33°29.871' 1195 28-Oct-2013 -6.8 

13MW096 S10°20.523'; E34°11.409' 542 04-Oct-2012 -5.4 

13MW098 S10°21.258'; E34°09.130' 546 04-Oct-2012 -5.1 

13MW099 S10°12.612'; E34°05.647' 501 04-Oct-2012 -4.9 

13MW109 S10°01.234'; E33°55.602' 527 08-Oct-2013 -5.0 

13MW114 S10°02.047'; E33°55.860' 564 09-Oct-2013 -5.2 

13MW124 S11°07.390'; E33°43.141' 1105 13-Oct-2013 -6.4 

 

Table 5.10: Lakes 

Sample ID Position Lake 
Altitude 

(m asl) 
Date sampled δ18OVSMOW 

(‰) 

11MW174 S13°02.776';; E34°19.671' Lake Malawi 489 13-Nov-2011 2.1 

12MW034 S10°35.763'; E33°48.429' Dam Nyika 2277 25-Sep-2012 -5.7 

12MW035 S10°36.527'; E33°48.276' Dam Nyika 2267 25-Sep-2012 -5.4 

12MW065 S10°00.760'; E33°57.409' Lake Malawi 489 02-Oct-2012 2.4 

13MW135 S13°42.535'; E34°37.298' Lake Malawi 490 17-0ct-2012 2.0 
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Abstract Isotope geochemistry of lacustrine carbonate represents a 
powerful tool to reconstruct paleoclimatic and paleoenvironmental conditions. 
Here, we present a comprehensive set of long-term oxygen (δ18O) and carbon 
(δ13C) stable isotope records from five Chattian to Burdigalian lacustrine 
sequences distributed over the Central Anatolian Plateau. Field relationships 
combined with stable isotope geochemistry indicate a relatively humid subtropic 
Late Oligocene climate with an environment characterized by large, temporally 
open freshwater lakes. Approximately during the middle Aquitanian, a 4‰-5‰ 
increase in lake δ18O values indicates changes in regional climate including 
more arid conditions and an increasing dominance of closed saline lake 
conditions in the central plateau region. This time period was also characterized 
by frequent climatic fluctuations such as short-lived humid periods, possibly 
recording the influence of seasonality, topography, and the waxing and waning 
of aridity. In general, relatively high Oligo-Miocene δ18O lake water values within 
the modern plateau interior, even for the least evaporative sequences, suggest 
the absence of significant orographic barriers at both the northern and southern 
plateau margins prior to 20-16 Ma.  

Keywords Cenozoic, lacustrine carbonates, stable isotopes, 40AR/39AR 
geochronology, Central Anatolian Plateau, Turkey 
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6.1 Introduction  
The Oligocene/Miocene represents a critical interval with respect to the tectonic, 
geologic, and climatic history of the Central Anatolian Plateau (CAP) prior to 
and during the uplift of the plateau margins. Fission-track evidence points to an 
initial phase of Late Oligocene to Middle Miocene uplift of the Western Pontides 
in the northwest of the plateau (Zattin et al. 2005; Okay et al. 2008; Cavazza et 
al. 2012), whereas the still ongoing differential surface uplift of the Central 
Pontides, which is mainly driven by the North Anatolian Fault Zone, started in 
the Late Miocene to Early Pliocene (Yildirim et al. 2011). Equally important is 
the multiphased surface uplift history of the Central Taurides that border the 
CAP from the south, for which Mediterranean slab dynamics appear to have 
played a fundamental driving role in triggering a rapid phase of surface uplift 
post-8 Ma (Cosentino et al. 2012; Schildgen et al. 2012a, 2012b).  

Oligo-Miocene continental basins cover a remarkably large area of the CAP 
(Fig. 6.1). Numerous studies were carried out to reconstruct Middle Cenozoic 
paleoenvironments in the Eastern Mediterranean to better understand the 
vegetation and climate history of the region. However, most of these studies are 
based on micro- and macrofloral records, either addressing spatially extensive 
coverage (e.g., Ivanov et al. 2002; Kovar-Eder et al. 2006; Akgün et al. 2007; 
Bruch et al. 2007; Fauquette et al. 2007; Ivanov et al. 2007a, 2007b; Strömberg 
et al. 2007; Ivanov et al. 2008; Yavuz-Işık and Toprak 2010; Bruch et al. 2011; 
Ivanov et al. 2011; Utescher et al. 2011) or focusing on more local records (e.g., 
Akgün 1993; Whateley and Tuncali 1995; Akgün and Sözbilir 1999; Karayiğit et 
al. 1999; Akgün et al. 2002; Akkiraz and Akgün 2005; Kayseri et al. 2006). 
Other approaches use mammal fossils as climatic proxies (e.g., Böhme 2003; 
Fortelius et al. 2006; Eronen et al. 2009) or are based on sedimentologic 
analysis, such as tracing the presence of lignite as an indicator of a warm and 
wet climate (e.g., Yağmurlu et al. 1988; İnci 1990).  

This work presents the first comprehensive long-term oxygen (δ18O) and carbon 
(δ13C) stable isotope analysis carried out on Middle Cenozoic continental 
successions on the CAP. Lacustrine and pedogenic continental carbonate 
deposits are ubiquitous on the modern plateau and represent a premier 
framework for reconstructing Late Oligocene and Early Miocene 
paleoenvironments of the region. One of the main obstacles in reconstructing 
past environmental conditions on the CAP, however, is the scarcity of high-
precision chronological constraints. Ages of the sequences documented here 
are therefore based in part on published biostratigraphic and 
magnetostratigraphic data as well as new 40Ar/39Ar geochronology of 
intercalated ash layers.  

δ18O and δ13C data from Chattian to Burdigalian paleolakes of the CAP indicate 
a long-term overall increase in lacustrine oxygen and carbon isotopic ratios over 
time, with younger successions displaying an increased positive covariance 
between δ13C and δ18O. Together with field indicators of aridity (e.g., 
desiccation cracks) such a δ18O - δ13C covariance suggests a shift towards 
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more arid conditions during the Early Miocene. This trend may be episodically 
interrupted by phases of increased humidity, especially during the Aquitanian 
when frequent climatic (rainfall) fluctuations seem to have been common.  

6.2 Isotopic compositions of lake sediments  

6.2.1 Stable oxygen isotope geochemistry  
In contrast to marine environments, which are buffered physically and 
chemically against minor environmental changes, lakes represent highly 
sensitive and dynamic systems, with the potential to record changes in 
hydrology such as water residence time, water balance, origin and composition 
of meteoric waters, sediment input, and climate changes such as fluctuations in 
precipitation (e.g., Tucker and Wright 1990; Leng and Marshall 2004; 
Gierlowski-Kordesch 2010). Provided that adequate age control is available, 
lacustrine carbonate deposited in such environments is capable of tracking 
some of this information and hence represents a valuable paleoenvironmental 
record.  

Lake waters are part of the meteoric water cycle. The oxygen isotopic 
composition of meteoric waters (δ18Omw) is affected by many factors, with the 
most important fractionation mechanisms for water being evaporation and 
condensation at the hydrosphere-atmosphere interface (Horita and Wesolowski 
1994). The δ18O of lake water (δ18Olw) is influenced by the oxygen isotopic 
composition of meteoric waters supplied to the lake, such as precipitation, 
surface runoff, and groundwater inflow. Evaporation, itself governed by 

Figure 6.1: Digital elevation map of Turkey with relevant geological and tectonic features and 
location of the studied sedimentary sequences. ECE: Ecemiş Corridor, MUT: Mut Basin, ILG: Ilgın 
Basin, GÖK: Gökler Locality (Ankara region), KAS: Kasımlar Locality (Ankara region). For 
geographic coordinates of the sampled sections see Tab. 6.1, for field photographs Fig. 6.2, 6.3 
and 6.4. 
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temperature and relative humidity, strongly controls the depletion in the light 
oxygen isotope 16O in the water phase. Changes in temperature, rainfall 
sources, riverine influx, and groundwater input are retained in the oxygen 
isotope ratios of carbonates (δ18Ocarb) which precipitate from lake water (e.g., 
Turner et al. 1983; Talbot 1990; Teranes et al. 1999; Lamb et al. 2000; Schwalb 
and Dean 2002; Leng and Marshall 2004; Yansa et al. 2007; Davis et al. 2009; 
Deocampo 2010; Kent-Corson et al. 2010). Stratigraphic changes in δ18Ocarb 
values of lacustrine sections can therefore be attributed to changes in 
temperature or δ18Olw (Leng and Marshall 2004). Lacustrine carbonate oxygen 
isotope records have been also used in isotope-based paleoelevation models 
exploiting the systematic relationship between oxygen isotopes in precipitation 
and surface elevation (e.g., Currie et al. 2005; Garzione et al. 2008; Mix et al. 
2011; Campani et al. 2012).  

A common obstacle in assessing all such paleoenvironmental conditions is that 
δ18Olw does not necessarily reflect the primary composition of δ18Omw; it is 
therefore important to account for evaporation, the residence time of the lake 
water, and biogeochemical processes in the lake that potentially affect δ18Olw 
(and δ13C) (Fronval et al. 1995; Cyr et al. 2005). Likewise, size and hydrology of 
a lake strongly control its ability to buffer short-term (seasonal to decennial) 
hydrometeorologic variations in δ18Omw that affect δ18Olw. Finally, it should be 
noted that δ18O values of the global oceans (and hence meteoric water) change 
over time. An increase of about 1.2‰ in marine δ18O is estimated from the Early 
to Late Miocene; the difference between Late Miocene and recent marine δ18O 
is about an additional 1‰ (Friedman and Hardcastle 1988; Zachos et al. 2001).  

6.2.2 Stable carbon isotope geochemistry  
The total dissolved inorganic carbon (TDIC) concentration in lacustrine 
environments is governed by changes in carbon and nutrient cycling, as well as 
by productivity within the lake and its catchment, which are often climatically 
induced (Leng and Marshall 2004). Carbon isotopes are fractionated during 
various carbon-cycle transitions and eventually get incorporated into authigenic 
and biogenic carbonates. The HCO-

3 is derived from the interaction of 
groundwater with rocks and soils in the catchment and the dissociation of CO2 
dissolved in the lake water. The temperature effect on δ13C is relatively small 
during carbonate precipitation (Kelts and Talbot 1990). In general, δ13C in 
lacustrine environments is controlled by 3 predominant processes: (1) δ13C of 
inflowing waters, (2) CO2 exchange between atmosphere and TDIC, and (3) 
photosynthesis/respiration of aquatic plants within the lake (Leng and Marshall 
2004).  

Because closed-basin lakes generally experience stronger perturbations in their 
physical and chemical parameters, larger isotopic variations accompany their 
hydrological balance as compared to open lakes and strong δ13Ccarb-δ18Ocarb 
covariance is typically indicative of closed lake hydrology. In contrast, an 
absence of such covariation is often displayed in lakes with stable water level, 
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where the effect of vapor exchange with the atmosphere has a strong influence 
of the stable isotopic compositions (Li and Ku 1997).  

6.3  Analytical techniques  

6.3.1 Stable carbon and oxygen isotope geochemistry  
Whole-rock samples were digested in orthophosphoric acid and analyzed as 
CO2 in continuous flow mode using a Thermo Delta V mass spectrometer at the 
Institute of Geology, University of Hannover, as well as a Thermo MAT 253 
mass spectrometer at the Institute of Geosciences, University of Frankfurt. Both 
instruments were interfaced to a Thermo GasBench II. Analytical procedures 
followed those of Spötl and Vennemann (2003). Raw isotopic ratios were 
calibrated against a Carrara marble in-house standard as well as against 
NBS18 and NBS19 carbonate reference materials. Final isotopic ratios are 
reported against VSMOW (δ18O) and VPDB (δ13C). Overall analytical 
uncertainties on the isotopic ratios are better than 0.07‰ absolute (δ18O) and 
0.04‰ absolute (δ13C). Carbonate contents were derived from standard-sample 
total peak area ratios and are precise to within 5% absolute. Isotopic 
compositions of samples with less than 10 wt.% carbonate were not considered 
in this work. Accepted results from 230 samples are given in the Supplementary 
Material 6.11.  

6.3.2 40Ar/39Ar geochronology  
Hornblende and biotite from tephra intercalations in the lacustrine sequences 
were dated by the 40Ar/39Ar method at the US Geological Survey (USGS) in 
Denver, Colorado. High-purity mineral separates of one sample of hornblende 
and two samples of biotite were irradiated together with mineral standards for 2 
MWh in the central thimble position of the USGS TRIGA reactor using cadmium 
lining to prevent nucleogenic production of 40Ar. The neutron flux was monitored 
using Fish Canyon Tuff sanidine, applying an age of 28.20 ± 0.08 Ma (Kuiper et 
al. 2008), and isotopic production ratios were determined from irradiated CaF 
and KCl salts. For this irradiation, the following production values were 
measured: 36Ca/37Ca = 2.447 × 10-4 ± 0.47 × 10-4; 39Ca/37Ca = 6.5 × 10-4± 0.13 
× 10-4; and 38K/39K = 1.29 × 10-2± 0.01 × 10-2. Several irradiated mineral grains 
from the samples and individual mineral grains from the standards were loaded 
into 3-mm wells within a stainless steel planchette attached to a fully automated 
ultrahigh vacuum extraction line constructed of stainless steel. Samples were 
incrementally degassed and eventually fused using a 20 W CO2 laser equipped 
with a beam-homogenizing lens. The gas was expanded and purified by 
exposure to a cold finger maintained at -140 °C and two hot SAES GP50 
getters. Following purification, the gas was expanded into a Mass Analyser 
Products 215-50 mass spectrometer and argon isotopes were measured by 
peak jumping using an electron multiplier operated in analog mode. Data were 
acquired during 10 cycles, and time-zero intercepts were determined by best-fit 
regressions to the data. Ages were calculated from data that were corrected for 
mass discrimination, blanks, radioactive decay subsequent to irradiation, and 
interfering nucleogenic reactions. Results are summarized in Table 6.1.  
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Table 6.1: Results of 40Ar/39Ar geochronology, along with sample ID, basin name and 
lithostratigraphy, geographic coordinates, dated mineral phase and plateau age. 

Sample ID Basin 
(section) 

Latitude 
(N) Longitude (E) Phase 

dated 
Plateau age with 

1σ error [Ma] 

10-GK-04 Ankara 
(Gökler) 39°57'12.9" 32°25'22.4" 

Hornblende 20.7 ± 0.2 

09-GK-13 Ankara 
(Gökler) Biotite 22.2 ± 0.2 

V-01-05 Mut 
(Fakırca) 36°30'24.1" 33°9'19.9" Biotite 25.5 ± 0.2 

 

6.4 Geologic and tectonic framework  
The Cenozoic geodynamic history of the Eastern Mediterranean region was 
characterized by the interactions of several microcontinents, including the 
opening and closure of oceanic basins and parts of the Paratethys (e.g., Şengör 
and Yılmaz 1981; Şengör 1984, 1987; Stampfli 2000; Robertson et al. 2004). 
Post-Late Eocene closure of the Tethyan Ocean resulted in the development of 
the Pontides in the north and Taurides in the south. Parts of the Western 
Pontides were exhumed along a pre-Miocene ductile shear zone (Okay et al. 
2008), while the active uplift of the Central Pontides at the northern plateau 
margin is attributed to stress across the restraining bend of the North Anatolian 
Fault since the Late Miocene (Yildirim et al. 2011). Multiphase post-8 Ma 
surface uplift of the Central Taurides at the southern margin is associated with 
slab break-off, which likely also influenced the evolution of the CAP as a whole 
(Cosentino et al. 2012; Schildgen et al. 2012a, 2012b). In the plateau interior of 
Anatolia Oligo-Miocene basin development was accompanied by intense 
Miocene volcanism in the Galatian Province (e.g., Wilson et al. 1997). At the 
same time, the last marine deposits record Tethyan regression through SE 
Anatolia towards the SE (Şengör and Yılmaz 1981; Mazzini et al. 2013).  

In Central Anatolia northward-dipping tilted basins developed initially under a 
compressional regime as a result of intracontinental convergence. These basins 
experienced episodic marine ingressions (particularly in the east; e.g., Lüttig 
and Steffens 1975). Arc- and collision-related basins developed in the Late 
Cretaceous to Oligocene, filled by marine turbidites and in turn by shelf to 
nonmarine successions (Görür et al. 1998). Widespread calc-alkaline 
magmatism, extension, and strike-slip faulting all had a profound effect on the 
depositional architecture of the Neogene basins of Central Anatolia (Okay 
2008).  

6.5 Paleoenvironment  

6.5.1 Oligo-Miocene climatic development  
Oligo-Miocene lakes of Central Anatolia developed under a pattern of global 
climate change that involved the waxing and waning of Antarctic continental ice 
sheets (Zachos et al. 2001, 2008). Late Oligocene warming reduced the extent 
of Antarctic ice and until the Middle Miocene, global ice volumes remained 
(relatively) low. With the exception of several brief periods of glaciation, oceanic 
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bottom water temperatures slightly increased over time (Wright et al. 1992) and 
this warm phase peaked from 17 until 15 Ma (Middle Miocene Climatic 
Optimum, Flower and Kennett 1994). Numerical simulations indicate global 
mean annual temperatures of about 3 °C higher than today, and northern 
hemisphere meridional temperature gradients being less pronounced than 
today. Climate proxy data from Central Europe indicate terrestrial temperatures 
that may have been 9 to 12 °C warmer during this time (Böhme 2003; 
Mosbrugger et al. 2005; You et al. 2009; Ivanov and Böhme 2011; Knorr et al. 
2011). This mid-Miocene warm phase was followed by long-term gradual 
cooling and reestablishment of a major ice sheet on Antarctica by 10 Ma 
(Zachos et al. 2001).  

6.5.2 Eastern Mediterranean  
The climate history of Anatolia and its surrounding regions is not only influenced 
by global climate changes, but also by more regional events, such as regional-
scale tectonic uplift, which affects paleotopography, land-sea distributions, and, 
as a consequence, local climatic response. Semiquantitative Miocene 
paleotemperature and paleoprecipitation reconstructions in Western and 
Central Anatolia were established from the paleobotanical record (e.g., Akgün 
et al. 2007; Akkiraz et al. 2011; Utescher et al. 2011). These results indicate a 
warm subtropical climate in Central Anatolia during the latest Chattian (ca. 24 
Ma), with mean annual temperature between 16.5 and 21.1 °C, coldest month 
temperature (CMT) between 5.5 and 13.3 °C, warmest month temperature 
(WMT) between 27.3 to 28.2 °C, and mean annual precipitation that reached 
1100-1400 mm/ year. Subsequently, early Aquitanian (23-22 Ma) CMT and 
WMT remained largely constant with the potential presence of slightly lower 
(cold season?) temperatures. These results are in agreement with the 
palynological record (Nagy 1990; Planderová 1991; Yavuz-Işık and Demirci 
2009) and the widespread occurrence of reefal limestones in Turkey and 
neighboring regions that also indicate warm conditions (Görür et al. 1995). 
During the latest Burdigalian (ca. 16 Ma), palynomorph data still suggest warm 
subtropical conditions, yet with lower temperatures than during the Chattian and 
Aquitanian periods. Even cooler but still subtropical conditions persisted during 
the Langhian (16-14 Ma), yet the impact of the Middle Miocene Climatic 
Optimum on CAP temperature and rainfall patterns is still largely elusive. 
Collectively, these data suggest a persistent subtropical climate with alternating 
warmer and cooler periods in Central Anatolia. Starting in the middle to late 
Serravallian (12-11 Ma), the climate changed from subtropical to warm 
temperate. This cooling trend continued in the Tortonian, where a warm 
temperate climate dominated with seasonally dry conditions (Görür and Tüysüz 
2001). Mediterranean coral records indicate the presence of seasonal climate 
variability as reflected by changes in temperature and composition of Eastern 
Mediterranean seawater during the Tortonian (ca. 10-8 Ma) when North Atlantic 
atmospheric circulation dynamics may have had similar impact on temperature 
and rainfall seasonality as today (Brachert et al. 2006). For the Late Miocene 
and Early Pliocene, interpretation of palynological proxy data is still 
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controversial, including warm and dry, warm and humid, or cold and humid 
conditions (Bertini 2006; Yavuz-Işık and Toprak 2010). Mammal chronofauna 
data indicate a decrease in precipitation starting in the latest Middle Miocene 
with a climax in the middle Late Miocene (Eronen et al. 2009). Thus, Messinian 
climate conditions in the Eastern Mediterranean are far from being understood, 
yet significant changes in temperature and aridity compared to the Tortonian 
are likely (Schneck et al. 2010).  

6.5.3 Paleogeography of Turkey  
Many aspects of the paleotopographic history of Anatolia are still elusive. There 
is limited evidence for the presence of significant relief already during the 
Oligocene and Miocene, such as apatite fission-track data reflecting Late 
Paleogene exhumation in the Pontides (Zattin et al. 2005; Okay et al. 2008; 
Cavazza et al. 2011) or the presence of palynofloral elements that prefer higher 
altitudes such as pines (Akkiraz and Akgün 2005). In addition, the widespread 
occurrence of thick, coarse-grained red continental clastic sediments of 
Oligocene age as well as the mere presence of lakes, which require a 
topographic isolation from the Paratethyan and Mediterranean seaways, 
strongly suggest that some paleorelief was present within Anatolia. Along the 
SE margin of the plateau, marine sediments onlapping the Tauride basement 
units (Cosentino et al. 2012) and coarse Oligocene postalpidic conglomerates 
along the northern flank of the margin (Clark and Robertson 2002, 2005) imply 
pre-Late Miocene paleorelief. Rich species diversification in mountainous 
forests in Central Anatolia suggests that its paleotopography was higher 
compared to that of western Anatolia (Akgün et al. 2007). A potential scenario 
depicts central Turkey as an erosional highland in the Miocene, which 
decreased in elevation towards the surrounding shallow seas in the north, east, 
and south (Görür and Tüysüz 2001). The Bitlis Ocean still existed in the Early 
Miocene between the Anatolian highland and the Arabian platform, although it 
might have been reduced to a narrow seaway (Görür and Tüysüz 2001). 
Sedimentary evidence implies the existence of the Kırkkavak ridge along the 
southwest plateau margin since at least the Middle Miocene (Deynoux et al. 
2005; Çiner et al. 2008).  

The onset of uplift of the Taurides bordering the present-day CAP to the south 
is dated at post-8 Ma (Cosentino et al. 2012); the northern Pontide orogenic belt 
was uplifted largely synchronously in the Late Miocene (Yıldırım et al. 2011). It 
is very likely that much of the Central Taurides did not yet exist as a prominent 
topographic entity during the evolution of the paleolakes studied here, although 
some paleorelief was present pre-Late Miocene in the area (Clark and 
Robertson 2002, 2005; Cosentino et al. 2012; Schildgen et al. 2012b). Marine 
sediments uplifted 1.5 to 2 km on the southern margin together with regional 
lithostratigraphic correlations indicate an important period of surface uplift 
between ca. 7 and 5.45 Ma, most likely due to the dynamics of the subducting 
African slab and upper mantle upwelling beneath Central Anatolia (Cosentino et 
al. 2012; Schildgen et al. 2012b).  
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6.6 Geologic setting of the studied sections and sampling strategy  
This study focuses on Upper Oligocene to Early Miocene lacustrine sequences 
and examines how combined climatic and lake fill histories are recorded in their  
δ13Ccarb and δ18Ocarb records. Stratigraphic sections presented here cover a 
large portion of the present-day CAP, including the Ilgın Basin near Konya, the 
Ecemiş Corridor, and Mut Basin in the south, as well as the Gökler and 
Kasımlar (sub)basins in the north, near Ankara (Fig. 6.1).  
Table 6.2: List of each sampled formation in the studied basins showing age, time span covered by 
the sampled section with an assumed sedimentation rate 1) of 100 m/Ma (Einsele 2000); 2) 
of 11.7m/Ma, as derived from two geochronological tie-points in the section; and 3) of 50 m/Ma, as 
derived from magnetostratigraphic data (Krijgsman et al. 1996). The most probable age range is 
provided by a) Fortelius (2012); b) this work; c) Krijgsman et al. (1996); d) Blumenthal (1956); Yetis 
(1968); Nazik and Göken (1992); Ünlügenç et al. (1993). 

Basin 
(section) 

Ankara 
(Kasımlar) 

Ankara 
(Gökler) Ilgın Mut Ecemiş 

Latitude [N] 40°39'46.8” 39°57'12.9” 38°27'37.2” 36°30'24.1” 37°54'4.4" 

Longitude [E] 32°40'48.6” 32°25'22.4” 31°49'19.7” 33°9'19.9” 35°7'14.9” 

Age Burdigalian Aquitanian Aquitanian Chattian Oligocene to 
Early Miocene 

Age constrained 
by Mammalsa Geo-

chronologyb 
Magneto-

stratigraphyc 
Geo-

chronologyb 
Non-marine 

fossilsd 

Thickness of 
sampled 

carbonates [m] 
6.0 17.5 38.5 8.9 44.0 

Timespan 
covered [Ma] 0.061 1.52 0.773 0.091 0.441 

Age range 
covered [Ma] 20.0-18.0 23.0-16.0 22.3-20.7 28.4-23.0 33.9-16.0 

 

6.6.1 Timing of deposition and sedimentation rates  
To better evaluate the paleoenvironmental proxy data, it is important to estimate 
the amount of time represented by each sedimentary section studied by means 
of sedimentation rates. Based on the high carbonate proportion of the mainly 
fine-grained sediments, we uniformly assume a sedimentation rate of ca. 100 
m/Ma (Einsele 2000) for all sections where stratigraphic tie-points are lacking. 
We are fully aware that such an approach is likely to be compromised by 
discontinuous sedimentation histories, change in basin subsidence, or sediment 
delivery and compaction, but given the overall limited age constraints currently 
represents a first-order framework within which we correlate our δ18O and δ13C 
lake records. 
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Figure 6.2: Field characteristics of the studied Oligocene to Lower Miocene sediments. a) Dense 
sampling of the Çukurbağ Formation in the Ecemiş Corridor near Pınarbaşı. b) Laminated silty 
marls of the Fakırca Formation in the Mut Basin near Gezende. c) Close-up view of the Fakırca 
marls showing well-developed lamination. d) Organic-bearing marls in the Ankara region near 
Kasımlar. 

In the Gökler section, our new argon geochronological data derive from the 
basal and the topmost beds of the sampled interval, which therefore precisely 
bracket a time span of 1.5 ± 0.4 Ma covered by the section. Here, the possibly 
fastest calculated sedimentation rate is 15.9 m/Ma (Tab. 6.2). Krijgsman et al. 
(1996) suggested a sedimentation rate of 50 m/Ma for the lacustrine sediments 
in the Ilgın Basin, derived from magnetostratigraphic and radiometric data. 
Therefore, the 38.5-m-thick succession could cover a time span of ca. 0.8 Ma, 
which is in good agreement with the relatively low sedimentation rates of <100 
m/Ma for large, long-lived, carbonate-dominated lakes (Einsele 2000. pp. 92 
and 389).  

Lignite beds occur in some of the examined sections. Their accumulation and 
preservation depend on the depositional environment and on the maintenance 
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of a sufficiently high groundwater level (Bohacs 1999). Due to the sum of 
uncertainties, all sedimentation rates are only considered to be first-order 
estimates.  

6.6.2 Ecemiş Corridor  
In the south of the CAP, the Ecemiş Fault Zone developed in concert with 
Neogene-to-recent regional exhumation and surface uplift of the Central 
Taurides (Jaffey and Robertson 2001, 2005). Oligocene to Miocene nonmarine 
sedimentary environments were dominated by braided rivers flowing from the 
Niğde metamorphic massif in the N feeding large inward draining lakes; the 
clastic fluvial deposits (Çukurbağ Formation) unconformably overlie Upper 
Eocene shallow marine carbonates (Yetiş 1968). Age constraints on the timing 
and rates of sedimentation are rather poor. For the sampled Çukurbağ 
Formation we rely on published nonmarine fossil assemblages such as 
gastropods and ostracods that were correlated in the Ecemiş Corridor with 
adjacent nonmarine basins (Blumenthal 1955; Yetiş 1968; Nazik and Gökçen 
1992). Early Oligocene planktic foraminifera (Ünlügenç et al. 1993) are 
indicative for marine conditions during deposition of the lower part of the 
Çukurbağ Formation (Karsantı Basin), which places the overlying continental 
deposits into the Oligocene (Yetiş 1968) or Oligocene to Early Miocene (Jaffey 
and Robertson 2001). Sedimentological characteristics, such as horizontally or 
trough-cross bedded sandstones with poorly sorted rounded grains, suggest 
that some of the coarser-grained parts of the Çukurbağ Formation must have 
been reworked material deposited in both alluvial fan and braided river 
environments, whereas the gray-green massive silty mud units are considered 
to have formed in lacustrine and flood-plain environments (Gürel et al. 2007). 
About 40 km east of Niğde, and ca. 2.5 km north of the village of Pınarbaşı 
(37°54′4.4′′N, 35°7′14.9′′E), we sampled subvertically dipping NNE-SSW striking 
strata (Fig. 6.2a). The logged profile has a thickness of 44.4 m, and we 
analyzed 40 gray-to-green and red-to-black marls collected from an alternating 
sequence of coarsening-upward silty marls with rare intercalations of thin-
bedded, medium to very coarse grained sandstones and pebble horizons.  

6.6.3 Mut Basin  
The Mut Basin at the southern margin of the CAP is situated in the central part 
of the Taurides. A mixed siliciclastic- carbonate succession of up to 1600 m 
thick makes up the Oligocene and Miocene basin fill, which overlies deformed 
Paleozoic and Mesozoic marine platform carbonates and dismembered 
ophiolites (Şafak et al. 2005). The lithologically diverse succession of the Mut 
Basin is divided into 5 main lithostratigraphic units: (1) the deep- water, deltaic 
to lacustrine Yenimahalle Formation; (2) lacustrine siltstones and marls of the 
Fakırca Formation, overlain by (3) red beds of the Derinçay Formation and (4) 
upper Burdigalian-upper Tortonian marls and limestones of the Köselerli 
Formation that already form part of a marine transgressive succession, mainly 
represented by (5) the Mut Formation (upper Serravallian-upper Tortonian), that 
completely overlies the continental series (Gedik et al. 1979; Tanar and Gökçen 
1990; Şafak and Gökçen 1991; Ilgar and Nemec 2005; Şafak et al. 2005; 
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Cosentino et al. 2012; Cipollari et al. 2013). We sampled laminated silty marls 
of the Fakırca Formation (Fig. 2b and 6.2c). Ostracod microfaunas from various 
levels define an age range that encompasses the Late Oligocene to basal 
Miocene (Tanar and Gökçen 1990), which is in very good agreement with an 
40Ar/39Ar age of 25.5 ± 0.2 Ma obtained from an approximately 5-mm-thin 
biotite-rich ash intercalated within the sampled section (sample V-01-05; see 
below).  

Ostracod and foraminiferal assemblages as identified in the topmost Fakırca 
Formation range from Aquitanian to mid-Burdigalian and indicate a transition 
from Chattian freshwater conditions to a lagoonal to marine littoral setting 
(Şafak et al. 2005).  

The logged profile has a thickness of 8.9 m; 57 fine-grained, laminated marl 
samples and one sample from the ash layer were taken from a road cut ca. 0.5 
km south of the village of Gezende (36°30′24.1′′N; 33°9′19.9′′E), about 70 km 
northwest of Silifke.  

6.6.4 Ilgın Basin  
In the Ilgın Basin, in the western part of the CAP, a Neogene succession of 
conglomerates, sandstones, marls, mudstones, limestones, and lignites (Ilgın 
Formation) unconformably overlies Paleozoic metamorphic schists and 
Mesozoic crystalline limestones (Canik 1981; Karayiğit et al. 1999; Koçyiğit 
2000; Inaner 2005; Özdemir and İnce 2005). The Ilgın Formation has been 
subdivided into 3 members: the oldest, fluvial Tekeler Member is overlain by the 
lacustrine Harmanyazı Member, itself overlain by fluvial sediments of the 
Sebiller Member (Karayiğit et al. 1999). The studied Harmanyazı Member 
consists of light gray marls; partly laminated yellow, gray, and white siltstones; 
claystones; and limestones that collectively attain up to 180 m of thickness (Fig. 
6.3).  

The age assignment for the Ilgın lignites and the associated sediments is 
controversial. Based on limited ostracod fauna and palynological data, a Late 
Miocene age was proposed (Çağlar and Ayhan 1991) but later revised to Early 
Miocene according to ostracod faunal assemblages (Tunoğlu and Celik 1995). 
Rodent assemblages identified in the section directly above the lignite were 
attributed to the mammal zone MN1 or MN2 (Aquitanian; de Bruijn and Saraç 
1991) and correlation with paleomagnetic data placed the succession at ca. 
22.3 to 20.7 Ma (Krijgsman et al. 1996; using calibration of Gradstein et al. 
2005). Oligocene 40Ar/39Ar ages of 30.5 Ma in a volcanic horizon on the top of 
the section are in conflict with the magnetostratigraphic results and suggest that 
these biotite-bearing sediments are in fact reworked (Krijgsman et al. 1996). 
Subsequently, a Middle Miocene age was suggested for the Ilgın section on the 
basis of spores and pollen data (Karayiğit et al. 1999). 40Ar/39Ar ages of 
volcaniclastic horizons in the Upper Altınapa Group in the adjacent Altınapa 
Basin provide an age of 11.9 to 11.6 Ma (Koç et al. 2012). Field relations 
suggest that the Upper Altınapa Group is younger than the sampled 
Harmanyazı Member, yet to an unknown extent. Because of the excellent 
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correlation of the micromammal and paleomagnetic data, we consider an 
Aquitanian age (Krijgsman et al. 1996) to be most reliable for the sampled Ilgın 
section.  

We collected 67 carbonate samples from a 40-m-thick outcrop at the northern 
flank of an abandoned lignite quarry about 21 km north of Ilgın and ca. 2.6 km 
west of the village of Gölyaka (38°27′37.2′′N, 31°49′19.7′′E).  

 

Figure 6.3: a) Excellent outcrop conditions of the Aquitanian Ilgın Formation in an abandoned coal 
quarry near Gölyaka. b) Dewatering structures in mudrocks and overlying marls of the Ilgın 
Formation. 

6.6.5 Ankara region  
In the Ankara region we focused on two sections close to the villages of Gökler 
(SW of Kazan) and Kasımlar (N of Kızılcahamam).  

Here, an iron oxide hardground surface that developed on top of Middle Eocene 
(Lutetian) marine carbonates (Orhaniye, NW of Ankara) is overlain by Miocene 
red clastic sediment. These are overlain by light gray-green-beige mudrock 
successions, which consist of an alternation of clayey limestone, siltstone, 
sandstone, and marls with tuff and tuffite interbeds and lignite layers.  

6.6.5.1 Gökler section  
An abandoned quarry, formerly exploited for lignite, ca. 40 km west of Ankara 
and ca. 0.8 km south of the village of Gökler (39°57′12.9′′N, 32°25′22.4′′E) 
exposes an alternation of partly laminated light gray to green silty mudrocks, a 
few lignite horizons, and tuffite beds, overlain by white diatomites (Fig. 6.4). 
Fifty-three carbonate samples were analyzed from a section of ca. 17.5 m thick. 
In addition, two volcanic layers (samples 09-GK-13 and 10-GK-04) were 
sampled for 40Ar/39Ar geochronology and place the section within the Aquitanian 
(see below).  
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Figure 6.4: Outcrop conditions of the Lower Miocene Gökler sequence in the Ankara region. a) 
Overview of the sampled succession with laminated marls at the base, overlain by lignite (dark 
unit), volcanic intercalation and diatom rich sediments. Person (circle) for scale. b) Laminated 
marls and ca. 20 cm of ash layer (indicated with orange lines). c) Large shrinkage cracks in the 
upper part of the quarry indicate desiccation of wet sediment. Note that the shrinkage cracks occur 
slightly above the logged portion of the succession.  

6.6.5.2 Kasımlar section  
The Kasımlar section consists exclusively of monotonous, very finely laminated, 
dark gray organic-bearing marls (or “paper shales”; Fig. 6.2d). Thirteen marl 
samples were taken from a 6-m-thick section, exposed in an outcrop 85 km 
north of Ankara, ca. 0.8 km east of the village of Kasımlar (40°39′46.8′′N, 
32°40′48.6′′E). The Kasımlar marl succession is listed in the “Neogene of the 
Old World Database of Fossil Mammals” (NOW) with an age of 20 to 18 Ma 
(Fortelius 2012) based on micromammal chronology indicating mammal zone 
MN3 (de Bruijn and Saraç 1991; Rummel 1999; Saraç 2003; López-Antoñazas 
et al. 2004).  
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6.7 Results  
Table 6.1 summarizes the new 
40Ar/39Ar geochronological data. 
39Ar release spectra as derived 
from multigrain step-heating 
experiments are presented in 
Figure 6.5. A list of each 
sampled section with the most 
probable age range and time 
span is given in Table 6.2. Table 
6.3 provides an overview of the 
δ18O and δ13C data. Isotopic data 
of the individual samples are 
listed in the Supplementary 
Material 6.11.  

6.7.1 Ecemiş Corridor  
Oxygen isotope ratios of 
lacustrine carbonates (δ18Ocarb) 
in the Çukurbağ Formation vary 
between 22.1‰ and 25.6‰ with 
a median value of 24.7‰, 
whereas carbon isotope ratios 
(δ13Ccarb) range between -6.0‰ 
and -0.8‰ with a median value 
of -3.6‰ (n = 40; Fig. 6.6a; Tab. 
6.3). δ18Ocarb values decrease by 
about 1‰ in the lower 10 m from 
25.5‰ to 24.5‰, and then 
increase upsection to about 
25.0‰ at around 20 m. The 
upper half of the section (20 to 
40 m) is characterized by a 
larger (up to ca. 3‰) variability in 
the oxygen isotope data with 
δ18Ocarb values between 22.1‰ 
and 25.2‰.  

Generally, δ13Ccarb values show 
an inverse trend when compared 
to the δ18Ocarb values. In the 
lower 20 m of the section, δ13Ccarb increases from ca. -5.5‰ to -2.5‰. 
Upsection the δ13Ccarb values average at ca. -3.0‰, yet with an increased 
intrasample variability (up to 4.1‰). Most of the marl samples from the Ecemiş 
Corridor have carbonate contents between 30% and 60%; however, there is no 
significant correlation between the carbonate content and δ18O and δ13C values.  

Figure 6.5: Stepwise-heating 40Ar/39Ar degassing 
spectra with the derived plateau ages from a) a ca. 5 
mm thick, biotite-rich, moderately altered ash layer at 
7.0 m of the Fakırca Formation in the Mut Basin 
(sample V-01-05), b) a tuffite bed at the base of the 
Gökler profile (sample 09-GK-13), c) an ash layer 
(crystal tuff) at 7.4 m of the Gökler profile (sample 10-
GK-04).  



Chapter 6    Stable isotope-based reconstruction of Oligo-Miocene paleoenvironment and paleohydrology of Central 
Anatolian lake basins (Turkey) 

 

 140 

Table 6.3: List of the stable isotope results for each sampled unit, sorted by age, with δ18Ocarb and 
δ13Ccarb ranges, their average and 2σ standard deviation, number of analyzed carbonate samples, 
median δ18Omw,rec values of recent meteoric waters in the vicinity of the examined sections with 
the 2σ standard deviation and number of samples (Schemmel et al. 2013), calculated fossil 
meteoric water δ18O values for lake temperature of 20°C using the fractionation equation of Kim 
and O`Neil (1997), and the average difference between fossil and modern meteoric water δ18O. 

Basin 
(section) 

Median 
δ18Ocarb 

[‰] 

Median 
δ13Ccarb 

[‰] 

Nr. of 
carbonate 
samples 

δ18Omw,rec [‰] 
(Schemmel et al. 

2013) 

Fossil 
δ18Omw,cal 

[‰] 

Mean Δ 
δ18Omw.rec - 
δ18Omw,cal 

[‰] 

Ankara 
(Kasımlar) 

27.9 
± 3.0 7.7 

± 4.9 13 (-10.7) ± 1.2 
n = 9 (-1.2) 9.5 

Ankara 
(Gökler) 

29.2 
± 3.9 4.9 

± 3.4 53 (-9.0) ± 0.8 
n = 5 0.1 9.1 

Ilgın 
(Ilgın) 

30.0 
± 6.4 7.6 

± 12.5 67 (-9.6) ± 1.0 
n = 7 0.9 10.5 

Mut 
(Fakırca) 

24.2 
± 0.7 (-132) 

± 0.5 57 (-9.8) ± 0.6 
n = 4 (-4.9) 4.9 

Ecemiş 
(Çukurbağ) 

24.7 
± 1.6 (-3.6) 

± 2.0 40 (-11.7) ± 1.3 
n=15 (-4.4) 7.3 

 

6.7.2 Mut Basin  
Lithologically monotonous marls of the Fakırca Formation show very little 
variation in δ18Ocarb and δ13Ccarb values (Fig. 6.6b; Tab. 6.3). δ18Ocarb values vary 
between 23.8‰ and 25.1‰ with a median value of 24.2‰, whereas δ13Ccarb 
values range from -1.6‰ to -0.8‰ with a median of –1.3‰ (n = 57) and one 
outlier of -2.6‰ at around 4 m of the section. At the base of the section, δ18Ocarb 
values are generally uniform around 24.0‰, with a slight increase upsection, 
yet with a notably smaller variability than that observed in the older Çukurbağ 
Formation (Ecemiş Corridor). The δ18Ocarb values fall within the same range as 
those of these older sediments, but when compared to the Çukurbağ 
Formation, the δ13Ccarb values of the Fakırca Formation are about 2‰ less 
negative (Fig. 6.6).  

Radiometric dating of biotites from a thin ash layer in the upper part of the 
section yielded a 40Ar/39Ar plateau age of 25.5 ± 0.2 Ma (Tab. 6.1; Fig. 6.5a).  

6.7.3 Ilgın Basin  
δ18Ocarb values of lacustrine marls in the Ilgın Basin vary between 20.9‰ and 
34.5‰ with a median value of 30.0‰, whereas δ13Ccarb values are 
characterized by a remarkably large variability ranging from -7.9‰ to 26.1‰ 
with a median value of 7.6‰ (Fig. 6.7a). Overall, isotopic values in the Ilgın 
Basin display the most extreme variability of all analyzed sections (n = 67; Fig. 
6.7 and 9; Tab. 6.3). Between 10 and 22 m in the section, δ18Ocarb values 
increase from 22‰ to more than 31‰. Upsection δ18Ocarb values remain stable 
before they decrease again at the top of the section (44 to 48 m) to ca. 22‰.  

δ13Ccarb values co-vary with δ18Ocarb. Between 10 and 22 m in the section, 
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δ13Ccarb values increase from -7‰ to 10‰ and remain stable around 9‰ to 10‰ 
before they decrease again to values around 1‰ at the top of the section. We 
adopted the Aquitanian age of Krijgsman et al. (1996) of ca. 22.3 to 20.7 Ma for 
the succession.  

6.7.4 Ankara region  

6.7.4.1 Gökler section  
δ18Ocarb values range between 24.3‰ and 30.9‰ with a median value of 
29.4‰; values range from 3.5‰ to 7.7‰ with a median value of 4.9‰ for 
δ13Ccarb (n = 53; Fig. 6.8a; Tab. 6.3). From 0 to 5 m, δ18Ocarb values scatter 
around ca. 27‰ and then decrease to values of ca. 25‰ at ca. 7 m, yet with 
large variability in both δ18Ocarb and δ13Ccarb. At 8 m, a very distinct shift of ca. 
4‰ occurs and δ18Ocarb values attain ca. 30‰, and then remain relatively 
uniform with a variability of mostly less than ±1‰. Between 0 and 3 m, δ13Ccarb 
values average at ca. 4.5‰ and show a positive correlation with δ18Ocarb. In a 
similar fashion to δ18Ocarb, the δ13Ccarb values also increase between 8 and 11 m 
before a good positive correlation between oxygen and carbon isotope ratios is 
observed again. Within the Gökler section, we dated two volcanic ashes: at the 
base of the succession biotites from a biotite-rich tuffite yielded a 40Ar/39Ar 
plateau age of 22.2 ± 0.2 Ma, whereas amphibole from a crystal tuff bed at the 
top of the section yielded a 40Ar/39Ar plateau age of 20.7 ± 0.2 Ma (Tab. 6.1; 
Fig. 6.5b, 6.5c, and 6.7a). Therefore, the timing of the deposition of the Gökler 
succession would largely overlap with that of the Ilgın succession.  

6.7.4.2 Kasımlar section  
Monotonous laminated marls in the northern Ankara region show δ18Ocarb 
values between 26.3‰ and 31.3‰ with a median value of 27.9‰, whereas 
δ13Ccarb values plot between 3.8‰ and 12.3‰ with a median value of 7.7‰ (n = 
13; Fig. 6.8b). An overall trend in either isotopic composition in this short section 
is not evident. A covariation of the oxygen and carbon isotopic values is, 
however, rather apparent. Oxygen isotope ratios tend to increase with 
decreasing carbonate content, which mostly ranges between 20% and 50%. 
Absence of volcanic interbeds prevents radiometric dating of this part of the 
section, but seven rodent and eight insectivore species place the sampled 
section within mammal zone MN3, corresponding to an early Burdigalian age 
(ca. 20–18 Ma; de Bruijn and Saraç 1991; Rummel 1999; Saraç 2003; López-
Antoñazas et al. 2004; Fortelius 2012).  

6.8 Discussion  
Oxygen and carbon isotope data of six paleolakes distributed over large 
distances on the CAP offer valuable insights into the hydrological and 
paleoenvironmental conditions in Central Anatolia during the Oligo-Miocene. 
Collectively, the data show an increase in aridity over time, interrupted by 
intervals of higher humidity.  
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6.8.1 Fossil and recent δ18Omw  
The oxygen isotopic composition of lacustrine carbonates reflects the 
composition of lake water (δ18Olw) during carbonate formation (e.g., Leng and 
Marshall 2004). δ18Olw can be reconstructed using carbonate-water fractionation 
equations (e.g., Kim and O’Neil 1997) and assuming lake water temperatures. 
Temperature is probably not the only important parameter, since a 20 °C 
change of lake water temperature changes δ18Ocarb values by only 4‰ to 5‰ 
(Kim and O’Neil 1997). For simplicity, only the values corresponding to a lake 
water temperature of 20 °C are given hereafter.  

The reconstructed oxygen isotope ratios for Oligo-Miocene lake waters plot 
between -4.9‰ and 0.9‰ (Tab. 6.3). Depending on the geographic position 
with respect to the modern orography of the CAP and its margins, oxygen 
isotope ratios of present-day meteoric waters (δ18Omw) on the plateau range 
from -12‰ to -8‰ with an isotopic lapse rate of ca. -3‰/km across the Taurides 
and Pontides (Schemmel et al. 2013). Hence, modern δ18Omw values are 
significantly more negative than the calculated fossil lake water oxygen isotope 
ratios (Tab. 6.3). This difference might arise from 2 scenarios: (1) protracted 
evaporation of Oligo-Miocene lake waters, and/or (2) an essentially flat 
topographic structure of Central Anatolia, which was fundamentally different 
from that of the present-day CAP, with no major orographic barriers developed 
at either margin.  

Indeed, all studied successions were deposited prior to the onset of Late 
Neogene major surface uplift of the southern and northern plateau margins 
(Yildirim et al. 2011; Cosentino et al. 2012; Schildgen et al. 2012a, 2012b) apart 
from parts of the Western Pontides, which were exhumed along a pre-Miocene 
ductile shear zone (Okay et al. 2008). Based on our data, however, this 
relatively small topographic relief had no large effect on oxygen isotopes in 
precipitation on the plateau. The Oligo-Miocene oxygen isotopic data presented 
here are, therefore, consistent with the lack of a marked orographic rainout at 
the margins of the CAP (and associated decrease in δ18O of precipitation within 
the plateau interior).   
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Figure 6.6: Stratigraphic columns of the sampled sediments of the Ecemiş a) and Mut b) Basins 
showing main sedimentological features, the position of the samples (open circles) as well as the 
oxygen and carbon stable isotopic ratios. For legend see Fig. 6.7b. a) Stratigraphic column of the 
Ecemiş sediments near Pınarbaşı. b) Stratigraphic column of the Mut sediments near Gezende. 
Red line indicates position of the 40Ar/39Ar-dated sample. Displayed thickness of the ash layer is 
not to scale, real thickness is 5 mm. 
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Figure 6.7: a) Stratigraphic column of the sampled sediments of the Ilgın Basin showing main 
sedimentological features, the position of the samples (open circles) as well as the oxygen and 
carbon stable isotopic compositions. b) legend for lithology, isotope plots, structures and fossils 
as shown in Fig. 6.6, 6.7 and 6.8. 

 
Lacustrine carbonates of the Chattian Ecemiş Corridor and Mut Basin show 5‰ 
to 7‰ less negative values in fossil δ18Omw than recent meteoric waters in this 
area (Tab. 6.3). This difference is in line with the magnitude of oxygen isotope 
fractionation related to present-day orographic rainout along the Pontide (ca. 
4‰ to 5‰) and Tauride (ca. 7‰ to 8‰) margins (Schemmel et al. 2013). We 
therefore tentatively attribute the fossil δ18Omw values to a paleotopography 
devoid of high-relief margins and hence predating the surface uplift of the 
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Taurides and Pontides. This interpretation is supported by the stable isotope 
geochemical features of the paleolakes close to the southern margin, which 
indicate humid subtropical conditions with extensive, hydrologically open 
basins. A rather flat topography is further indicated by marine sediments directly 
overlying the sampled section in the Mut Basin (Ilgar and Nemec 2005).  

Fossil δ18Omw,cal values from the Aquitanian to Burdigalian Ilgın and Ankara 
sections are about 4‰ to 6‰ more positive than those from the Oligocene 
sections (Tab. 6.3). We attribute this difference to a shift towards more arid 
climatic conditions, as well as changes in lake hydrology, which will be 
discussed below.  

 

 
Figure 6. 8: Stratigraphic columns of the sampled sediments within two successions of the Ankara 
region showing main sedimentological features, the position of the samples (open circles) as well 
as the oxygen and carbon stable isotopic compositions. For legend see Fig. 6.7b. a) Stratigraphic 
column of the Gökler locality. Red line indicates position of the 40Ar/39Ar-dated sample. b) 
Stratigraphic column of the sediments of the Kasımlar locality.  
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6.8.2 Oligo-Miocene paleoenvironmental conditions of the CAP  
Based on five detailed lacustrine δ18O and δ13C records that cover the precursor 
region of the CAP, we establish a first- order paleoenvironmental framework of 
Central Anatolia during the Late Oligocene and Early Miocene.  

6.8.2.1 Chattian (Ecemiş Corridor and Mut Basin)  
Field and stable isotope geochemical data of the Çukurbağ Formation in the 
Ecemiş Corridor indicate broadly similar paleoenvironmental conditions when 
compared to deposition of lacustrine marls of the Fakırca Formation in the 
neighboring Mut Basin (Fig. 6.6). It is therefore likely that the two basins share 
broadly similar paleoenvironmental histories. Such an interpretation is 
consistent with previous sedimentological studies (Şafak et al. 2005) and 
suggests a similar (Chattian) age for the Fakırca Formation and the analyzed 
part of the Çukurbağ Formation, and may hence refine previous age 
assignments that included a broader, Oligocene to Early Miocene time interval 
(Blumenthal 1955; Yetiş 1968; Nazik and Gökçen 1992; Ünlügenç et al. 1993; 
Jaffey and Robertson 2005). Palynological data indicate Early Oligocene humid 
subtropical conditions in southwest Anatolia with lowland slope, swamp, and 
freshwater aquatic elements (Akkiraz and Akgün 2005). Previous 
sedimentological studies describe Late Oligocene deposition in southern 
Anatolia as dominated by alluvial fans and large lakes, consistent with regional 
evidence for a (periodically?) humid climate during this time (Ilgar and Nemec 
2005; Jaffey and Robertson 2005), which agrees well with the observed δ18O 

lake water records in this study. Oligocene palynological data of the CAP also 
indicate humid subtropical climatic conditions and suggest a paleoenvironment 
with montane, lowland, slope swamp and water-edge palynofloral elements as 
well as freshwater lakes in the western part of the CAP during this time (Akkiraz 
and Akgün 2005; Akgün et al. 2007; Akkiraz et al. 2011; Utescher et al. 2011). 
Furthermore, our results agree with those of Şafak et al. (2005), who suggested 
that the lacustrine depositional environment of the Fakırca Formation was 
tranquil, with a very restricted supply of terrigenous detritus and with little 
evidence of sustained wave or current activity. The δ18Ocarb values from both the 
Mut and Ecemiş sections are relatively low (22‰ to 25‰). Together with the 
low δ13Ccarb values (–6‰ to –1‰), the overall restricted oxygen and carbon 
isotope variability, the published palynological data, and the lack of aridity 
indicators in the sedimentary facies, the combined Mut/Ecemiş record most 
likely reflects a hydrologically open lake system with large water volumes and 
stable lake levels developed under a relatively humid climate with a positive 
precipitation-evaporation balance (Fig. 6.9a; Leng and Marshall 2004; 
Deocampo 2010).  

6.8.2.2 Aquitanian to Burdigalian (Ilgın Basin and Ankara region)  
Sediments of the Gökler section have been precisely dated herein; deposition 
of the sampled interval took place between 22.2 ± 0.2 and 20.7 ± 0.2 Ma, 
corresponding to an Aquitanian age (Fig. 6.8a) and therefore possibly largely 
overlapping with the age of the Ilgın section. The overlying Kasımlar section has 
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Figure 6.9: Results of the stable oxygen and carbon isotope analysis. a) Plot of δ18Ocarb versus 
δ13Ccarb values of all 230 carbonate samples considered in this study. Hydrologically closed lakes 
often show δ18Ocarb vs. δ13Ccarb covariance, the high values reflect different degrees of equilibration 
of the TDIC with atmospheric CO2 and preferential evaporative loss of the light oxygen isotope 
(after Leng and Marshall 2004). b) Dot-chart of oxygen (left) and carbon (right) isotopic values of 
each sample site stratigraphically sorted by the most probable age. Red diamond indicates median 
of all individual sample values for each section. The spread of the data from the Ilgın section is 
extremely large. The median of all values is therefore displayed as a grey diamond. The black 
diamond indicates the median of δ18O median of samples with a negative δ13C (black circles) as the 
best estimate for least evaporative lake water conditions. Note that the timing of the deposition of 
the Ilgın and Gökler (Ankara region) sediments possibly largely overlap. 

been dated by micromammals (de Bruijn and Saraç 1991; Rummel 1999; Saraç 
2003; López- Antoñazas et al. 2004) and is listed in the NOW Database with an 
assigned age of 20 to 18 Ma (Fortelius 2012). Based on the above age 
constraints, we place the Kasımlar section stratigraphically above the Gökler 
section. The age control on the Ilgın section is provided by biostratigraphical 
and paleomagnetic data, which places the formation into the middle Aquitanian 
(22.3 to 20.7 Ma; Krijgsman et al. 1996). Collectively, these three sections cover 
parts of the Early Miocene time interval.  

The relatively sharp contact between the lignite seam at the base of the Ilgın 
section and the overlying sediments of the Ilgın Formation may reflect a 
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relatively rapid change in paleoenvironmental conditions from a (sub)humid 
climate that favored development and preservation of the lignite seam (Karayiğit 
et al. 1999) to a more arid, subtropical environment as indicated by increasing 
δ18O ratios from below 22‰ to ca. 30‰ in the lowermost 10 m of carbonates 
above the lignite.  

The fossil spore-pollen assemblages of the Ilgın lignite indicate a warm and 
humid climate with lakes and extensive wetlands (Karayiğit et al. 1999). The 
relatively low δ18Ocarb values (22‰ to 24‰) of the sediments immediately 
overlying the lignite are in agreement with the inferred subtropical conditions; 
mean δ18Ocarb values, however, rapidly increase by ca. 8‰ (from 22‰ to 30‰) 
between 10 and 20 m of the sampled section. Similarly, we observe an increase 
in δ13C from ca. -5‰ to 4‰. Taken together, these data indicate a transition 
towards more arid conditions and the development of an increasingly closed 
lake system. This interpretation is supported by a decreasing grain-size trend 
and a statistically significant positive covariance of the oxygen and carbon 
isotopic ratios. Upsection (20 to 56 m) δ18O and δ13C values remain high and 
display a remarkable high-frequency variability.  

The extremely large but (quasi-)periodic fluctuations in δ18O and δ13C values of 
the Ilgın lacustrine carbonates indicate that the lake environment reacted 
rapidly to changing paleoenvironmental conditions including lake level, 
freshwater input, and biological productivity. Whereas the overall extremely high 
δ18O and δ13C values appear to be climatically controlled, their well- 
documented high-frequency, high-amplitude fluctuations are likely connected to 
local environmental factors.  

δ18O and δ13C data in the Gökler section suggest a shift in lake hydrology 
towards more restricted lake conditions at approximately around 21 Ma (4–6 m 
of section; Fig. 6.8a). At this time (middle Aquitanian) carbonate precipitation 
took place in a humid environment with a positive precipitation-to-evaporation 
ratio. This interpretation is supported by comparatively low δ18Ocarb values of ca. 
26‰ to 27‰ at the base of the section, which increase rapidly by about 5‰ 
(from ca. 25.5‰ to ca. 30.5‰) over the course of 1 to 2 m in the section. 
δ13Ccarb values are not as negative as in the Chattian (28.4 to 23 Ma) Ecemiş 
and Mut sections described above, but they do not attain such extremely 
positive values as those in the section in the stratigraphically similar Ilgın Basin 
(Fig. 6.7). The δ18Ocarb shift in Gökler section occurs roughly coeval to the 
deposition of the ca. 1-m-thick lignite deposits and is accompanied by a slightly 
sluggish shift in the δ13Ccarb values, amounting to about 2‰. Storm deposits, the 
presence of lignite, and desiccation cracks (ca. 5 m above the logged portion of 
the section) all indicate a relatively shallow littoral environment, with the stable 
isotope data strongly suggesting a changeover from hydrologically open to 
more restricted conditions shortly before the Aquitanian/Burdigalian transition. 
Whereas the elevated oxygen and carbon isotopic ratios most likely reflect a 
more arid climate compared to the Chattian, the fact that the major isotopic shift 
occurs coeval to lignite deposition (itself typically requiring humid conditions) 
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calls for additional processes affecting the hydrologic balance of the lake, such 
as, e.g., the separation of an ephemeral lagoon or regional forest-wetland 
environments.  

The Burdigalian Kasımlar sediments in the Ankara region show an increased 
variability in δ18O and δ13C values (Fig. 6.8b). First-order covariance between 
δ18O and δ13C values is consistent with fluctuating lake level, biological 
productivity in the lake, and a relatively low precipitation-to-evaporation ratio. 
Nevertheless, the homogeneous, laminated, organic-rich character of the marls 
suggests a relatively distal depositional environment. Paleovegetational climatic 
proxy data for the late Aquitanian to Burdigalian are in excellent agreement with 
our findings (Akgün et al. 2007). The taxonomic composition of middle 
Burdigalian silicified fossil wood from the Ankara region bears good 
resemblance with its present-day counterparts (Akkemik et al. 2009). 
Hypsodonty-based interpretation of precipitation rates indicates an east-west 
(continental-marine) humidity gradient, i.e. a shift of semiarid conditions in 
Europe from the east to the west, between ca. 11 and 7 Ma (Fortelius et al. 
2006).  

To complement the stable isotope records presented here, it would be 
beneficial to further distinguish the effects of regional and temporal climatic and 
hydrological variations and evaluate their influence on the stable isotopic 
compositions in lacustrine carbonates. In addition, further work should 
concentrate on determining the timing and rates of sedimentation in lacustrine 
environments covering the modern CAP.  

6.9 Conclusion 
We present a comprehensive long-term oxygen and carbon stable isotope 
study from five dated sedimentary sequences distributed over the CAP, ranging 
in age from Chattian to Burdigalian and encompassing 230 lacustrine carbonate 
samples. In addition to existing biostratigraphic and paleomagnetic data, we 
use new 40Ar/39Ar geochronological data from volcanic ashes to add new age 
constraints to the depositional ages of the individual basin successions.  

Field relationships and stable isotope geochemistry are consistent with a 
relatively humid climate in the Late Oligocene with landscapes characterized by 
large, hydrologically open freshwater lakes. In the Aquitanian, a phase of 
generally more arid conditions with frequent climatic fluctuations such as short-
lived humid periods, possibly recording the influence of seasonality, 
topography, and the waxing and waning of aridity, is reported. Roughly around 
21 Ma, the climatic evolution of the CAP led to increasingly arid conditions with 
a dominance of closed, freshwater to mildly saline lakes. The absence of 
significant orographic barriers along the plateau margin prior to 20 to 16 Ma, 
such as the Taurides and Pontides today, is consistent with the generally high 
fossil δ18O lake water values sampled within the modern plateau interior. 
Altogether, the paleoenvironment and paleohydrology of Central Anatolian lake 
basins was spatially and temporally highly variable in the Late Oligocene and 
Early Miocene.  
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6.11  Supplementary Material 
Table 6.4: List of all carbonate samples sorted according to sections, with sample ID, stratigraphic 
position within the section, isotopic values, and carbonate proportion 

Section Sample ID Depth [m] 
δ18OVSMOW  

[‰] 
 

δ13CVPDB  
[‰] 

 
Carbonate [%] 

Kasımlar 10-KR-13 6.0 28.5 8.1 15 
Kasımlar 10-KR-12 5.5 26.4 5.0 47 

Kasımlar 10-KR-11 5.0 26.3 5.7 44 

Kasımlar 10-KR-10 4.5 27.9 9.7 44 

Kasımlar 10-KR-09 4.0 29.5 10.4 38 

Kasımlar 10-KR-08 3.5 31.3 9.2 32 

Kasımlar 10-KR-07 3.0 28.4 7.7 33 

Kasımlar 10-KR-06 2.5 26.6 3.8 52 

Kasımlar 10-KR-05 2.0 26.6 4.9 64 

Kasımlar 10-KR-04 1.5 27.2 6.3 26 

Kasımlar 10-KR-03 1.0 26.8 7.0 49 

Kasımlar 10-KR-02 0.5 28.6 12.3 40 

Kasımlar 10-KR-01 0.0 29.6 8.7 25 

Gökler 09-GK-50 16.2 30.2 6.6 37 

Gökler 09-GK-49 15.9 29.9 5.9 15 

Gökler 09-GK-48 15.8 30.4 5.6 32 

Gökler 09-GK-47 15.0 30.0 6.1 28 

Gökler 09-GK-46 14.9 30.3 3.6 32 

Gökler 09-GK-44 14.7 27.0 5.2 16 

Gökler 09-GK-43 14.5 30.1 7.1 35 

Gökler 09-GK-42 13.9 30.3 6.9 18 

Gökler 09-GK-41 13.7 30.1 6.6 23 

Gökler 09-GK-40 13.6 29.7 6.9 24 

Gökler 09-GK-39 13.4 30.1 7.3 31 

Gökler 09-GK-38 13.3 26.9 3.5 17 

Gökler 09-GK-37 13.0 29.1 6.5 24 

Gökler 09-GK-53 12.9 30.7 7.7 43 

Gökler 09-GK-36 12.8 30.6 6.9 21 

Gökler 09-GK-31 12.1 29.9 7.1 38 

Gökler 09-GK-30 12.0 29.9 7.1 34 

Gökler 09-GK-29 12.0 29.7 6.8 29 

Gökler 09-GK-28 11.7 29.2 6.2 32 

Gökler 09-GK-27 11.6 29.7 5.1 22 

Gökler 09-GK-26 11.4 30.2 5.2 26 
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Table 6.4 (continued)     

Section Sample ID Depth [m] 
δ18OVSMOW  

[‰] 
 

δ13CVPDB  
[‰] 

 
Carbonate [%] 

Gökler 09-GK-25 11.3 29.3 4.6 38 

Gökler 09-GK-55 11.1 30.5 6.9 35 

Gökler 09-GK-54 10.7 30.9 6.3 23 

Gökler 09-GK-38 8.5 30.7 4.8 44 

Gökler 09-GK-37 8.4 30.9 4.9 47 

Gökler 09-GK-36 8.2 30.8 4.2 48 

Gökler 09-GK-35 7.9 29.7 4.5 39 

Gökler 09-GK-34 7.5 26.8 4.0 37 

Gökler 09-GK-12B 7.1 25.2 3.5 40 

Gökler 09-GK-12A 7.1 26.5 4.1 34 

Gökler 09-GK-11 6.8 25.2 5.0 24 

Gökler 09-GK-10 6.3 24.3 4.4 28 

Gökler 09-GK-09 5.9 25.4 4.9 35 

Gökler 09-GK-08 5.7 27.0 3.7 48 

Gökler 09-GK-07B 4.6 30.4 -3.5 47 

Gökler 09-GK-07A 4.6 25.6 4.0 38 

Gökler 09-GK-06 4.6 26.2 4.3 54 

Gökler 09-GK-05 4.5 26.2 4.1 50 

Gökler 09-GK-04 4.3 26.3 3.7 54 

Gökler 09-GK-03 4.1 26.8 4.2 53 

Gökler 09-GK-02 3.9 27.1 4.4 50 

Gökler 09-GK-01 3.7 26.4 4.1 48 

Gökler 09-GK-24B 2.9 27.0 4.2 24 

Gökler 09-GK-24A 2.9 26.5 4.0 43 

Gökler 09-GK-23 2.7 26.8 4.2 51 

Gökler 09-GK-22 2.5 26.6 4.3 50 

Gökler 09-GK-21 2.2 28.0 5.4 52 

Gökler 09-GK-20 2.0 27.5 4.8 48 

Gökler 09-GK-19 1.8 27.6 5.0 38 

Gökler 09-GK-18 1.5 26.8 4.1 41 

Gökler 09-GK-16 1.1 26.0 3.8 49 

Gökler 09-GK-15 0.8 26.6 3.7 47 

Ilgın 11-CS-98 38.5 22.4 -0.3 100 

Ilgın 11-CS-97 38.0 28.6 4.0 52 

Ilgın 11-CS-96 37.5 29.7 3.8 67 

Ilgın 11-CS-93 36.0 33.0 10.4 98 

Ilgın 11-CS-92 35.5 29.4 8.7 89 

Ilgın 11-CS-91 35.0 31.7 16.1 100 

Ilgın 11-CS-90 34.5 34.3 26.1 100 

Ilgın 11-CS-89 34.0 30.8 21.7 87 

Ilgın 11-CS-88 33.5 26.8 2.8 67 

Ilgın 11-CS-87 33.0 31.1 4.7 75 

Ilgın 11-CS-86 32.5 30.1 10.5 73 

Ilgın 11-CS-85 32.0 30.8 7.2 59 

Ilgın 11-CS-84 31.5 31.4 6.6 32 
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Table 6.4 (continued)     

Section Sample ID Depth [m] 
δ18OVSMOW  

[‰] 
 

δ13CVPDB  
[‰] 

 
Carbonate [%] 

Ilgın 11-CS-83 31.0 27.8 2.5 45 

Ilgın 11-CS-82 30.5 33.6 6.2 72 

Ilgın 11-CS-81 30.0 30.2 6.9 53 

Ilgın 11-CS-80 29.5 30.6 7.5 44 

Ilgın 11-CS-79 29.0 31.2 11.1 68 

Ilgın 11-CS-78 28.5 32.4 12.3 91 

Ilgın 11-CS-77 28.0 30.3 9.6 78 

Ilgın 11-CS-76 27.5 31.0 9.1 86 

Ilgın 11-CS-75 27.0 33.4 12.2 88 

Ilgın 11-CS-74 26.5 29.9 15.4 58 

Ilgın 11-CS-72 25.5 31.9 16.2 93 

Ilgın 11-CS-71 25.0 30.2 11.4 84 

Ilgın 11-CS-70 24.5 27.1 3.7 93 

Ilgın 11-CS-69 24.0 30.8 7.5 98 

Ilgın 11-CS-68 23.5 29.5 4.7 53 

Ilgın 11-CS-67 22.1 32.4 10.4 96 

Ilgın 11-CS-66 21.6 30.1 8.2 62 

Ilgın 11-CS-65 21.1 31.8 10.5 81 

Ilgın 11-CS-64 20.6 29.0 4.5 56 

Ilgın 11-CS-63 20.1 24.1 0.7 88 

Ilgın 11-CS-62 19.6 23.0 -1.1 98 

Ilgın 11-CS-61 19.1 30.6 14.3 78 

Ilgın 11-CS-60 18.6 30.1 8.5 64 

Ilgın 11-CS-36 18.4 30.0 6.5 41 

Ilgın 11-CS-35 18.0 31.8 15.5 95 

Ilgın 11-CS-34 17.5 29.9 5.2 36 

Ilgın 11-CS-33 17.0 30.4 10.4 44 

Ilgın 11-CS-30 15.5 31.0 11.4 87 

Ilgın 11-CS-29 15.0 31.7 9.5 82 

Ilgın 11-CS-28 14.5 29.5 11.7 77 

Ilgın 11-CS-27 14.0 31.8 8.4 86 

Ilgın 11-CS-26 12.8 31.3 9.7 75 

Ilgın 11-CS-25 12.3 33.6 10.9 84 

Ilgın 11-CS-24 11.8 26.4 0.3 64 

Ilgın 11-CS-23 11.3 29.1 4.6 61 

Ilgın 11-CS-21 10.3 29.9 5.6 13 

Ilgın 11-CS-20 9.8 30.4 6.4 55 

Ilgın 11-CS-19 9.3 31.1 8.0 47 

Ilgın 11-CS-18 8.8 29.2 12.2 63 

Ilgın 11-CS-17 8.3 28.3 3.7 59 

Ilgın 11-CS-16 7.8 28.1 3.5 76 

Ilgın 11-CS-15 7.3 25.7 -0.7 50 

Ilgın 11-CS-14 6.8 29.6 8.6 68 

Ilgın 11-CS-13 6.3 27.1 7.6 86 

Ilgın 11-CS-12 5.8 27.8 9.4 83 
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Table 6.4 (continued)     

Section Sample ID Depth [m] 
δ18OVSMOW  

[‰] 
 

δ13CVPDB  
[‰] 

 
Carbonate [%] 

Ilgın 11-CS-11 5.3 24.7 0.8 63 

Ilgın 11-CS-09 4.3 27.9 9.9 81 

Ilgın 11-CS-08 3.8 22.4 -6.1 81 

Ilgın 11-CS-07 3.1 20.9 -3.9 80 

Ilgın 11-CS-06 2.6 29.5 11.3 49 

Ilgın 11-CS-05 2.1 28.8 7.2 91 

Ilgın 11-CS-04 1.6 21.5 -7.9 88 

Ilgın 11-CS-02 1.0 21.3 -7.3 33 

Ilgın 11-CS-01 0.0 22.1 -6.7 64 

Mut V-01-126B 8.9 24.6 -1.3 34 

Mut V-01-126A 8.9 25.1 -1.4 40 

Mut V-01-125 8.6 24.7 -0.8 58 

Mut V-01-124 8.0 24.8 -1.1 50 

Mut V-01-123 7.7 24.6 -0.9 60 

Mut V-01-122 7.3 24.9 -1.1 62 

Mut V-01-121 7.0 24.9 -0.9 67 

Mut V-01-120 6.7 25.1 -1.0 70 

Mut V-01-119 6.5 24.9 -1.0 65 

Mut V-01-118B 6.1 24.9 -0.8 71 

Mut V-01-118A 6.1 24.8 -0.9 64 

Mut V-01-117B 5.8 24.4 -1.4 35 

Mut V-01-117A 5.8 24.9 -1.6 30 

Mut V-01-116 5.6 24.4 -1.2 60 

Mut V-01-115 5.3 24.6 -1.0 67 

Mut V-01-114B 4.9 24.4 -1.0 62 

Mut V-01-114A 4.9 24.7 -1.2 52 

Mut V-01-113 4.6 24.5 -1.1 55 

Mut V-01-112 4.3 24.3 -1.2 56 

Mut V-01-111B 4.1 24.1 -1.0 60 

Mut V-01-111A 4.1 24.4 -2.6 19 

Mut V-01-110B 3.8 23.9 -1.4 51 

Mut V-01-110A 3.8 24.0 -1.3 52 

Mut V-01-109B 3.4 24.0 -1.1 56 

Mut V-01-109A 3.4 24.1 -1.2 60 

Mut V-01-108 3.1 24.1 -0.9 60 

Mut V-01-107 3.0 24.8 -1.5 42 

Mut V-01-106 2.9 23.9 -1.2 58 

Mut V-01-105B 2.8 24.3 -1.3 48 

Mut V-01-105A 2.7 24.5 -1.6 33 

Mut V-01-104 2.6 23.9 -1.4 56 

Mut V-01-103 2.5 24.0 -1.4 53 

Mut V-01-102 2.4 24.5 -1.5 48 

Mut V-01-101 2.3 24.0 -1.3 58 

Mut V-01-100 2.2 24.2 -1.4 47 

Mut V-01-99 2.1 23.8 -1.3 52 
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Table 6.4 (continued)     

Section Sample ID Depth [m] 
δ18OVSMOW  

[‰] 
 

δ13CVPDB  
[‰] 

 
Carbonate [%] 

Mut V-01-98 2.0 24.0 -1.2 53 

Mut V-01-97 1.9 24.5 -1.5 35 

Mut V-01-96B 1.8 23.9 -1.5 42 

Mut V-01-96A 1.7 24.1 -1.5 30 

Mut V-01-95 1.6 24.1 -1.4 46 

Mut V-01-94 1.5 24.1 -1.4 40 

Mut V-01-93 1.4 24.2 -1.4 50 

Mut V-01-92 1.3 24.1 -1.3 36 

Mut V-01-91 1.2 23.8 -1.3 57 

Mut V-01-90B 1.1 24.0 -1.1 53 

Mut V-01-90A 1.0 23.8 -1.3 53 

Mut V-01-89B 0.9 23.8 -1.1 56 

Mut V-01-89A 0.8 24.0 -1.3 48 

Mut V-01-88B 0.7 24.0 -1.2 52 

Mut V-01-88A 0.6 23.9 -1.3 52 

Mut V-01-87B 0.5 24.3 -1.1 52 

Mut V-01-87A 0.4 24.0 -1.4 48 

Mut V-01-86 0.3 24.2 -1.2 39 

Mut V-01-85B 0.2 24.3 -0.8 64 

Mut V-01-85A 0.1 24.0 -1.2 53 

Mut V-01-84 0.0 24.3 -1.4 44 

Ecemiş 10-BM-42 44.0 25.0 -2.4 41 

Ecemiş 10-BM-41 43.0 24.8 -3.4 43 

Ecemiş 10-BM-39 41.5 25.0 -3.9 44 

Ecemiş 10-BM-38 40.5 24.6 -2.1 52 

Ecemiş 10-BM-37 39.5 25.4 -2.5 40 

Ecemiş 10-BM-36 38.5 24.4 -3.5 40 

Ecemiş 10-BM-35 37.5 23.6 -3.7 41 

Ecemiş 10-BM-34 33.2 25.0 -3.1 37 

Ecemiş 10-BM-33 32.2 23.3 -3.5 63 

Ecemiş 10-BM-32 31.2 23.6 -3.6 45 

Ecemiş 10-BM-31 30.2 23.2 -2.9 54 

Ecemiş 10-BM-30 29.2 23.5 -3.4 53 

Ecemiş 10-BM-29 28.3 22.7 -2.6 49 

Ecemiş 10-BM-28 27.5 23.6 -3.0 56 

Ecemiş 10-BM-26 25.5 24.4 -4.9 42 

Ecemiş 10-BM-25 24.5 22.8 -0.8 67 

Ecemiş 10-BM-24 23.5 22.1 -2.8 54 

Ecemiş 10-BM-23 22.5 25.2 -2.2 37 

Ecemiş 10-BM-22 21.5 24.3 -2.8 36 

Ecemiş 10-BM-21 20.3 24.5 -2.7 41 

Ecemiş 10-BM-20 19.2 24.2 -2.5 44 

Ecemiş 10-BM-19 18.5 24.8 -3.1 37 

Ecemiş 10-BM-18 17.5 25.0 -3.6 31 

Ecemiş 10-BM-17 16.5 25.0 -4.5 35 
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Table 6.4 (continued)     

Section Sample ID Depth [m] 
δ18OVSMOW  

[‰] 
 

δ13CVPDB  
[‰] 

 
Carbonate [%] 

Ecemiş 10-BM-16 15.5 24.9 -3.8 30 

Ecemiş 10-BM-15 14.5 25.1 -3.8 35 

Ecemiş 10-BM-14 13.5 24.7 -3.8 37 

Ecemiş 10-BM-13 12.5 24.9 -3.7 39 

Ecemiş 10-BM-12 11.5 24.4 -4.4 40 

Ecemiş 10-BM-11 10.5 24.3 -4.2 43 

Ecemiş 10-BM-10 9.5 24.8 -3.9 36 

Ecemiş 10-BM-09 8.5 24.5 -4.2 41 

Ecemiş 10-BM-08 7.5 25.1 -4.5 46 

Ecemiş 10-BM-07 6.5 24.7 -4.6 38 

Ecemiş 10-BM-06 5.5 25.2 -4.8 45 

Ecemiş 10-BM-05 4.5 24.8 -5.0 47 

Ecemiş 10-BM-04 3.6 25.4 -4.9 37 

Ecemiş 10-BM-03 2.7 25.5 -4.8 34 

Ecemiş 10-BM-02 1.5 25.6 -6.0 54 

Ecemiş 10-BM-01 0.4 25.4 -5.1 48 
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Chapter 7 
Summary and Outlook 

 

7.1 Summary 

7.1.1 Karonga Basin  
The development of East African savannas is crucial for the evolution, migration 
and foraging strategies of early hominins. These ecosystems range from closed 
woodland to open grassland savannas and vary widely in fraction of woody 
cover, providing a large variation in the supply of food, water and shelter for 
their associated fauna.  

This thesis focuses on Plio-Pleistocene terrestrial deposits in the Karonga Basin 
(Malawi Rift), which are exposed along the northwestern shore of Lake Malawi 
in the southern part of the East African Rift (EAR). The sediments generally 
show pedogenic overprint and contain abundant soil carbonate nodules. 
Vertebrate fossils (ca. 4.3 Ma to 0.6 Ma) include some of the earliest remains 
(2.4 Ma) of the genera Homo (Schrenk et al., 1993; Bromage et al., 1995; 
Kullmer et al., 2011) and Paranthropus (Kullmer et al., 1999). The Uraha and 
Malema localities are situated between the well-studied early hominin bearing 
sites of what today is Somali-Masai savanna in the Eastern Rift, and the 
Highveld Grassland in southern Africa. These sites fill therefore an important 
geographical gap for hominin research in Africa. Data presented in this thesis 
represent the first long-term (4.3 Ma to today) southern hemisphere stable 
isotope record in the EAR, a region particularly interesting for reconstructing 
ecosystem patterns and correlating them across the Intertropical Convergence 
Zone (ITCZ) with data on the evolution and migration of early hominins.  

This thesis documents stable carbon and oxygen isotope analyses of 321 
paleosol carbonate samples spanning all five units, including several modern 
pedogenic nodules. These records provide the basis for reconstructions of the 
paleoenvironment in the vicinity of paleolake Malawi with emphasis of patterns 
in C3- and C4-vegetation regimes. Additionally, analyzes of δ13C and δ18O 
values of 122 fossil tooth enamel samples from 14 different large-bodied 
herbivores (suid, equid, bovid, elephant and hippopotamid) were performed to 
extend our understanding of the habitat with respect to migration ranges and 
dietary preferences of individual taxa. Finally, this thesis presents a correlation 
of δ18O values from these fossil proxies to modern meteoric water by analyzing 
a total of 111 samples of precipitation, river, lake and groundwater, to relate 
Plio-Pleistocene paleohydrological parameters with today’s conditions. For 
summary of the stable isotope data see Fig. 7.1. 

Average δ13C values of pedogenic carbonate plot persistently around -9‰ while 
their δ18O values are <26‰, both records experience no significant short-term 
excursions or long-term trends throughout the analyzed time intervals (Fig. 
7.1a, b). The very negative carbon isotope values indicate a C3-dominated 
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environment with a high fraction of woody cover (60% to 70%) near paleolake 
Malawi throughout the last ca. 4.3 Ma (Fig. 7.1a). The oxygen isotopic 
signatures of paleosol carbonate are low (compared to other subtropical African 
ecosystems) and therefore reflect only minor influences of evaporation on soils 
during time of carbonate formation (Fig. 7.1b). While overall low δ18O values of 
pedogenic nodules correspond to generally low δ13C values, the small variation 
within the two datasets do not exhibit a co-variance, which supports the theory 
of persistent climate settings. 

Stable isotope data from herbivore enamel show more complex habitat 
patterns. While stable isotope values of suid (Notochoerus, Metridiochoerus, 
Phacochoerus), elephant (Elephantidae) and hippo (Hippopotamus amphibius) 
enamel show very similar values to the pedogenic carbonate (indicating 
browsing on woodland structures near freshwater sources, Fig. 7.1c, d), some 
equids and bovids show more complex patterns. Karonga Basin equids 
(Eurygnathohippus sp.) - usually (C4-)grazers since 7 Ma in Eastern Africa - 
show a large range in δ13C (-9‰ to +1‰) and δ18O (23‰ to 31‰) values, 
indicating an extensive variation in foraging strategies. While some analyzed 
individuals reflect either a C3- or C4-dominated diet, the majority reflects mixed-
feeding with varying portions of C3- and C4-biomass intake. The water-source 
for equids was influenced by evaporation in variable degrees. The stable 
carbon isotope record of bovid tooth enamel displays similar complex patterns. 
While Antilopini had a pure C3-diet and Hippotragini mostly browsed, the δ13C 
values of Alcelaphini reflect diverse feeding behaviors with a preference for 
grazing, peaking in Alc. Connochates, which had a pure C4 diet.  

Generally, herbivore δ13C and δ18O values show a positive co-variance, 
indicating an enhancement in C4-biomass consumption accompanied by water 
intake from sources that experienced an increasing degree of evaporation. An 
exception is Antilopini, a browsing individual that obtained its drinking water 
from a highly evaporated source; this probably reflects foraging in the 
woodlands near evaporated lakes/paleolake Malawi as 18O-enriched drinking 
sources. 

To conclude, these results reconstruct a Plio-Pleistocene paleoenvironment in 
the Karonga Basin that is similar to the habitat today. Wooded savannas with a 
large portion of C3 biomes - the preferred habitat for omnivores and water 
dependent animals - were dominant near freshwater sources such as rivers 
along the rift flanks and paleolake Malawi. At drier locations, vegetation 
included a higher fraction of (C4-)grasslands, here specialized grazers were 
foraging in an ecosystem where (drinking) water was more evaporative. 

Complementing this interpretation, similar δ18O values of modern meteoric 
water and reconstructed fossil herbivore drinking water indicates Plio-
Pleistocene paleoclimatic patterns comparable to today, regarding especially 
seasonality and evaporation.  



Chapter 7    Summary and outlook 
 

 165 

 Fi
gu

re
 7

.1
: 

Su
m

m
ar

y 
of

 p
ed

og
en

ic
 c

ar
bo

na
te

 a
nd

 s
ui

d 
en

am
el

 δ
13

C
 a

nd
 δ

18
O

 a
na

ly
se

s 
pe

rf
or

m
ed

 f
or

 t
hi

s 
th

es
is

. C
om

po
si

te
 r

ec
or

d 
of

 p
al

eo
so

l δ
13

C
 (

a)
 a

nd
 δ

18
O

 (
b)

 v
al

ue
s 

fr
om

 t
he

 
K

ar
on

ga
 B

as
in

 (m
ar

ke
d 

in
 b

la
ck

) p
re

se
nt

ed
 a

s 
no

rm
al

iz
ed

 p
ro

ba
bi

lit
y 

de
ns

ity
 fu

nc
tio

n 
(δ

13
C

 v
al

ue
s 

ar
e 

pr
es

en
te

d 
in

 p
re

di
ct

ed
 w

oo
dy

 c
ov

er
). 

Li
ne

s 
pr

es
en

t t
he

 o
ve

ra
ll 

m
ed

ia
n 

of
 s

ta
bl

e 
is

ot
op

e 
va

lu
es

 o
f 

M
al

aw
i R

ift
 s

am
pl

es
 p

er
 u

ni
t 

(g
re

en
) 

an
d 

th
e 

7-
po

in
t 

m
ov

in
g 

av
er

ag
e 

fo
r 

pe
do

ge
ni

c 
ca

rb
on

at
e 

fr
om

 t
he

 E
as

te
rn

 R
ift

 (
or

an
ge

). 
M

ed
ia

n 
δ13

C
 (c

) a
nd

 δ
18

O
 (d

) v
al

ue
s 

fo
r 

su
id

 d
at

a 
of

 th
e 

M
al

aw
i R

ift
 (g

re
en

) a
nd

 th
e 

Ea
st

er
n 

R
ift

 (o
ra

ng
e)

 w
ith

 1
σ 

st
an

da
rd

 d
ev

ia
tio

n.
 N

ot
e 

th
at

 th
e 

sa
m

pl
e 

de
ns

ity
 fo

r 
ot

he
r m

am
m

al
 ta

xa
 is

 n
ot

 s
uf

fic
ie

nt
 fo

r p
lo

ts
 a

cr
os

s 
th

e 
tim

e 
in

te
rv

al
s.

 e
) 

D
iff

er
en

ce
s 

of
 a

ve
ra

ge
 δ

13
C

 a
nd

 δ
18

O
 v

al
ue

s 
be

tw
ee

n 
K

ar
on

ga
 B

as
in

 a
nd

 E
as

te
rn

 R
ift

 f
or

 p
ed

og
en

ic
 c

ar
bo

na
te

 (
br

ow
n)

 a
nd

 s
ui

d 
en

am
el

 (
bl

ue
). 

A
lth

ou
gh

 a
bs

ol
ut

e 
st

ab
le

 
is

ot
op

e 
va

lu
es

 c
ov

er
 a

 la
rg

e 
ra

ng
e 

es
pe

ci
al

ly
 in

 t
he

 E
as

te
rn

 R
ift

, t
he

 d
iff

er
en

ce
 in

 s
ta

bl
e 

is
ot

op
e 

va
lu

es
 b

et
w

ee
n 

th
e 

Ea
st

er
n 

R
ift

 a
nd

 t
he

 M
al

aw
i R

ift
 is

 d
is

tin
ct

 t
hr

ou
gh

ou
t 

tim
e 

an
d 

be
co

m
es

 m
or

e 
pr

on
ou

nc
ed

 d
ur

in
g 

th
e 

la
st

 c
a.

 2
.5

 M
a 

in
 b

ot
h 

pr
ox

y 
m

at
er

ia
ls

. f
) 

H
om

in
in

 e
vo

lu
tio

n 
tr

an
si

tio
ns

 a
fte

r 
Sh

ul
tz

 e
t a

l. 
(2

01
2)

 a
nd

 r
ef

er
en

ce
s 

th
er

ei
n.

 S
ta

rs
 in

di
ca

te
 K

ar
on

ga
 

B
as

in
 h

om
in

in
s.

 g
) S

ui
da

e 
ge

ne
ra

 a
ge

 d
is

tr
ib

ut
io

n 
af

te
r 

W
hi

te
 (1

99
5)

, K
ul

lm
er

 (2
00

8)
 a

nd
 B

is
ho

p 
(2

01
0)

. h
) S

te
p-

lik
e 

in
cr

ea
se

s 
in

 E
as

t A
fr

ic
an

 a
rid

ity
 a

nd
 v

ar
ia

bi
lit

y 
ar

ou
nd

 2
.8

, 1
.8

 a
nd

 1
 

M
a 

(d
eM

en
oc

al
, 1

99
5 

an
d 

20
04

). 
i) 

Ea
st

 A
fr

ic
an

 L
ak

e 
oc

cu
rr

en
ce

s 
do

 n
ot

 in
cl

ud
e 

da
ta

 fr
om

 th
e 

M
al

aw
i R

ift
 a

nd
 s

ho
w

 a
n 

in
cr

ea
se

 in
 a

rid
ity

 in
 th

e 
Ea

st
er

n 
R

ift
 V

al
le

y 
(T

ra
ut

h 
et

 a
l.,

 2
00

5,
 

20
07

, S
hu

ltz
 a

nd
 M

as
lin

, 2
01

3)
. (

Pa
le

o-
)L

ak
e 

M
al

aw
i w

as
 c

on
tin

uo
us

ly
 p

re
se

nt
 s

in
ce

 4
.5

 M
a 

(R
in

g 
an

d 
B

et
zl

er
, 1

99
5)

. 



Chapter 7    Summary and outlook 
 

 166 

The absence of long-term trends towards more positive δ13C values contrasts 
with the increasing role of C4-grasslands in the southern EAR valley, which is 
well documented for hominin localities in the Eastern Rift. Analyzed Karonga 
Basin herbivore enamel and soil carbonate δ13C and δ18O values are generally 
consistently lower than the ones recorded further north, with an increasing 
difference since 2.5 Ma, resulting in the largest discrepancy in modern samples 
(Fig. 7.1). My data hence point to regional divergence in climate and vegetation 
dynamics during the Plio-Pleistocene across the ITCZ in eastern Africa, in a 
similar manner to the difference between the ecosystems of the Zambezian 
Savanna (Malawi Rift) and Somali-Masai Endemic Zone (Eastern Rift) today. 
The boundary between these savanna types therefore did not move as far 
south as the northern shore of Lake Malawi since the Early Pliocene.  

The results of this thesis conclusively document persistence of 
paleoenvironmental dynamics in the southern branch of the EAR at times of 
early hominin evolution. This suggests that hominin adaptations are not 
necessarily directly linked to the emergence of open landscapes and indicates 
habitat versatility in the co-existing H. rudolfensis and P. boisei, as both were 
able to exist in predominantly closed (Malawi Rift) and open (Eastern Rift) 
savanna settings. This challenges current climate-evolution hypotheses, which 
are based on Eastern Rift data and generally link hominin evolution to variable 
patterns (e.g., ‘variability selection hypothesis’) or permanent changes (e.g., 
‘savanna hypothesis’) of ecosystems. 

7.1.2 Central Anatolian Plateau 
Another comprehensive long-term oxygen and carbon stable isotope study for 
this thesis was performed on Oligo-Miocene sedimentary sequences distributed 
over the Central Anatolian Plateau, which encompasses 230 lacustrine 
carbonate samples from five lake basins. Also, in addition to existing 
biostratigraphic and paleomagnetic data, this study presents new 40Ar/39Ar 
geochronological data from volcanic ashes to add new age constrains to the 
depositional ages of the individual basin successions.  

The reconstruction documents spatially and temporally highly variable 
paleoenvironmental and paleohydrological conditions of Central Anatolian lake 
basins in the Oligo-Miocene. In the Late Oligocene, large hydrologically open 
freshwater lakes were dominant in a preponderant humid climate. This setting 
became more arid during the Aquitanian (ca. 23 Ma to 20.4 Ma), a time of 
frequent climatic fluctuation and only short-lived humid periods, probably 
recording the influence of seasonality, topography, and the waxing and waning 
of aridity. At ca. 21 Ma, the aridity peaked, resulting in closed, freshwater to 
mildly saline lakes dominating the ecosystem of the CAP. 

The documented fossil δ18O values determined from lacustrine successions 
within the modern CAP interior are generally high and therefore support the 
proposed absence of significant orographic barriers along the plateau margins 
before at least 21 Ma.  
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7.2 Outlook 
Further (geochemical) analyses of materials implemented in this thesis, as well 
as and other proxies can be applied to amplify the reconstruction of the 
landscape early hominins thrived in.  

7.2.1 Clumped isotope paleothermometry of pedogenic carbonate 
Temperature is one of the biggest influences on climatic patterns. Although 
δ18O values are temperature-dependent, many other factors such as source 
water isotopic composition or evaporation influence the stable oxygen isotope 
values of carbonate. Δ47 measurements provide an estimation of the 
temperature at which carbonate formed, resulting in an independent 
paleothermometer. Clumped isotope fossil soil temperature from the Turkana 
Basin (Eastern Rift) shows the region was - similar to today - continually hot 
during the past 4 Ma, with soil temperatures during carbonate formation often 
exceeding 35°C (Passey et al., 2010). Compared to the Turkana Basin, the 
Karonga Basin Plio-Pleistocene vegetation has a higher fraction of woody cover 
due to C3-plants thriving in a more humid environment. Contrasting soil 
temperatures of these different savanna biomes provides further insights in the 
paleohabitat in which early hominins evolved.  

7.2.2 Stable isotope data of fossil hominin enamel 
Some of the earliest remains (ca. 2.4 Ma) of the genera Paranthropus and 
Homo were collected from the Chiwondo sediments. To further reconstruct the 
environmental features and behavior of these early hominins, it is essential to 
analyze stable isotopes of their enamel, which is preserved on teeth of the 
mandible (Homo rudolfensis) as well as the maxilla fragment (Paranthropus 
boisei). δ13C and δ18O data of different hominin species from well-studied fossil 
sites in the Eastern Rift have already been analyzed (e.g., Sponheimer et al., 
2013 and references therein), allowing interpretations of early hominin foraging 
strategies. While the earliest species, Australopithecus anamensis (~4.2 Ma to 
4.0 Ma) rarely consumed C4 foods (Wynn et al., 2013), results indicate that 
Australopithecus africanus (~2.8 Ma to 2.1 Ma), Paranthropus robustus (~2 Ma 
to 2.1 Ma) and early Homo (~2 Ma) are to about the same extent enriched in 
13C, reflecting 30% to 35% C4 food intake, even if the primary diet is obtained 
from berries, nut, leaves or other C3 items (Cerling et al., 2013). However, δ13C 
values of enamel from P. boisei are much higher, indicating it obtained 75% to 
80% of its diet from C4 resources (Cerling et al., 2011). The large difference in 
P. boisei and P. robustus dietary behavior is unexpected, because the species 
are remarkably similar in skull and tooth morphology (Klein, 2013). It would be 
very revealing to a) evaluate the foraging patterns of the two Karonga Basin 
individuals, b) compare the diet of Malawi Rift hominins to taxa from the Eastern 
Rift which inhabited a much more open environment and were therefore 
exposed to a different variety in food supplies and c) gain information about the 
diets of these early hominin taxa in an early evolutionary stage. 
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7.2.3 High-resolution and continuous stable isotope analyses  
The more than 300 analyzed pedogenic carbonates cover almost 100 m of 
sediment, spanning over 4 Ma. For this thesis produced geochemical records 
give a general overview of medium- to large-scale paleoenvironmental 
fluctuations. High-resolution sampling (~2 cm) of soil carbonate within selected 
profiles of the Chiwondo Beds could deepen our understanding of the 
fluctuations of environmental parameters in the region.  

Additionally, if possible, continuous sampling throughout all subunits within the 
Chiwondo Beds should be performed to eliminate the gap in the pedogenic 
carbonate record of this thesis. Subunit 3B (~1.8 to 0.6 Ma) has not been 
sampled so far due to poor outcrop conditions. Prospective future fieldwork 
could therefore focus on exposed sediments of Subunit 3B at “Hut Hill” in the 
Uraha region. 

 7.2.4 Stable isotope data from Lake Malawi drill core material 
The Lake Malawi Drilling Project (http://malawidrilling.syr.edu/) completed a 
scientific drilling campaign on Lake Malawi in 2005, and the two recovered 
sediment cores are broadly used for paleoclimatic studies (e.g., Reinthal et al., 
2011; Scholz et al., 2011). Pedogenic carbonate is present in the sediments 
that are today in >350 m water depth, and stable isotope analyses would allow 
insights of climate patterns at lake level low stands during megadroughts. The 
maximum age of the retrieved material is 1.5 Ma and therefore roughly covers 
the timespan of Unit 3B and younger.  

7.2.5 Tooth morphology of Karonga Basin herbivores 
By combining isotope data with ecomorphological data, such as mesowear and 
hypsodonty, an estimation of local and regional environmental conditions can 
be made. With a focus on the fossil-rich (including P. boisei) Malema locality 
and further expansion of the temporal and spatial sequences, a reconstruction 
of ecological patterns through space and time is possible. Therefore, insights in 
the links between diets and environmental conditions can be gained. Again, a 
comparison to existing data from southern and eastern Africa would broaden 
the knowledge on the evolution of the different ecosystems of our early 
ancestors. 

 

  



Chapter 7    Summary and outlook 
 

 169 

7.3 References 
Bishop, L.C., 2010. Suoidea. In: Werdelin, L., Sanders, W.J. (Eds.), Cenozoic mammals of 

Africa. University of California Press, Berkeley, pp. 821-842. 

Bromage, T.G., Schrenk, F., Zonneveld, F.W., 1995. Paleoanthropology of the Malawi Rift: An 
Early Hominid Mandible from the Chiwondo Beds, Northern Malawi. Journal of Human 
Evolution 28, 71-108. 

Cerling, T.E., Mbua, E., Kirera, F.M., Manthi, F.K., Grine, F.E., Leakey, M.G., Sponheimer, M., 
Uno, K.T., 2011. Diet of Paranthropus beisei in the early Pleistocene of East Africa. . 
Proceedings of the National Academy of Sciences USA 108, 9337-9341. 

Cerling,T.E., Manthi, F.K., Mbua, E.N., Leakey, L.N., Leakey, M,G., Leakey, R.E., Brown, F.H., 
Grine, F.E., Hart, J.A., Kaleme, P., Roche, H., Uno, K.T., Wood, B.A., 2013. Stable isotope-
based diet reconstructions of Turkana Basin hominins. Proceedings of the National 
Academy of Sciences USA 110, 10501-10506. 

deMenocal, P.B., 1995. Plio-Pleistocene African climate. Science 270, 53-59. 

deMenocal, P.B., 2004. African climate change and faunal evolution during the Pliocene-
Pleistocene. Earth and Planetary Science Letters 220, 3-24. 

Klein, R.G., 2013. Stable carbon isotopes and human evolution. Proceedings of the National 
Academy of Sciences USA 110, 10470-10472. 

Kullmer, O., 2008. The fossil Suidea from the Plio-Pleistocene Chiwondo Beds of Northern 
Malawi, Africa. Journal of Vertebrate Paleontology 28, 208-216. 

Kullmer, O., Sandrock, O., Abel, R., Schrenk, F., Bromage, T.G., Juwayeyi, Y.M., 1999. The 
first Paranthropus from the Malawi Rift. Journal of Human Evolution 37, 121-127. 

Kullmer, O., Sandrock, O., Kupczik, K., Frost, S.R., Volpato, V., Bromage, T.G., Schrenk, F., 
2011. New primate remains from Mwenirondo, Chiwondo Beds in northern Malawi. Journal 
of Human Evolution 61, 617-623. 

Maslin, M.A., Brierley, C.M., Milner, A.M., Shultz, S., Trauth, M., Wilson, K.E., 2014. East 
African climate pulses and early human evolution. Quaternary Science Reviews 101, 1-17. 

Passey, B.H., Levin, N.E., Cerling, T.E., Brown, F.H., Eiler, J.M., 2010. High-temperature 
environments of human evolution in East Africa based on bond ordering in paleosol 
carbonates. Proceedings of the National Academy of Sciences USA 107, 11245-11249.  

Reinthal, P.N., Cohen, A.S., Dettman, D.L., 2011. Fish fossils as paleo-indicators of 
ichthyofauna composition and climatic change in Lake Malawi, Africa. Palaeogeography, 
Palaeoclimatology, Palaeoecology 202, 126-132. 

Ring, U., Betzler, C., 1995. Geology of the Malawi Rift: Kinematic and Tectonosedimentary 
Background to the Chiwondo Beds, Northern Malawi. Journal of Human Evolution 28, 15. 

Schrenk, F., Bromage, T.G., Betzler, C.G., Ring, U., Juwayeyi, Y.M., 1993. Oldest Homo and 
Pliocene Biogeography of the Malawi Rift. Nature 365, 833-836. 

Scholz, C.A., Cohen, A.S., Johnson, T.C., King, J., Talbot, M.R. and Brown, E.T., 2011 
Scientific Drilling in the Great Rift Valley: The 2005 Lake Malawi Scientific Drilling 
Hemisphere East Africa. Palaeogeography, Palaeoclimatology, Palaeoecology 303, 3-19. 

Shultz, S., Maslin, M.A., 2013. Early human specification brain expansion and dispersal 
influenced by African climate pulses. PLoS ONE 8, e76750 

Shultz, S., Nelson, E., Dunbar, R.I.M., 2012. Hominin cognitive evolution: identifying patterns 
and processes in the fossil and archaeological record. Philosophical transactions of the 
Royal Society of London. Series B, Biological sciences Royal Society. 367, 2130-2140. 

Sponheimer, M., Alemseged, Zeresenay, Cerling, T.E., Grine, F.E., Kimbel, W.H., Leakey, 
M.G., Lee-Thorp J.A., Manthi, F.K., Reed, K.E., Wood, B.A., Wynn, J.G., 2013. Isotopic 
evidence of early hominin diets, . Proceedings of the National Academy of Sciences USA 
110, 10513-10518. 

Trauth, M.H., Maslin, M.A., Deino, A.L., Strecker, M.R., 2005. Late Cenozoic moisture history of 
East Africa. Science 309, 2051-2053.  

  



Chapter 7    Summary and outlook 
 

 170 

Trauth, M.H., Maslin, M.A., Deino, A.L., Bergner, M.L., Strecker, M.R., Bergner, A.G.N., 
Dünforth, M., 2007. High- and low-latitude controls and East African forcing of Plio-
Pleistocene African climate and early hominid evolution. Journal of Human Evolution 53, 
475-486. 

White, T.D., 1995. African omnivores: global climatic change and Plio-Pleistocene hominids and 
suids. In: Vrba, E.S., Denton, G.H., Partridge, T.C., Burchle, L.H. (Eds.), Paleoclimate and 
Evolution, with Emphasis on Human Origins. Yale University Press, New Haven, pp. 369-
384. 

 



Zusammenfassung 

 171 

Zusammenfassung 
 
Kohlenstoff- (δ13C) und Sauerstoff- (δ18O) Isotopengeochemie verschiedener 
terrestrischer Materialien ist ein aussagekräftiges Werkzeug um 
paläoklimatische und paläoökologische Bedingungen zu rekonstruieren, 
insbesondere wenn Saisonalität eine wichtige Rolle in der Evolution von 
Ökosystemen spielt. Unser Verständnis von Landschaften und deren Bezug zu 
Klima, Vegetationsmustern, Evolution und Veränderung des Nahrungsbedarfs 
von Tieren, Geologie und Tektonik sind maßgeblich für die Rekonstruktion von 
fossilen Ökosystemen. Diese Arbeit besteht aus zwei umfangreichen 
Isotopenstudien im Karonga Becken (Malawi, Südostafrika) und im 
Zentralanatolischen Plateau (Türkei). 

 

Karonga Becken 

Geochemiker, Anthropologen, Paläontologen und Archäologen sind ebenso wie 
die breite Öffentlichkeit seit jeher fasziniert Einblicke in die Entwicklung unserer 
Vorfahren zu erhalten. Diese Dissertation studiert daher fossile afrikanische 
Savannen-Biome um die „Wiege der Menschheit“ zu rekonstruieren.  

Hauptfragen dieser Arbeit sind: 

• Wie haben sich die Paläoumwelt der Savannen des Karonga Beckens     
- insbesondere in Bezug auf Paläovegetation und Paläoklima - während 
der Evolution früher Hominini entwickelt? 

• Wie unterschiedlich entwickelten sich die fossilen Lebensräume der 
heutigen Sambesischen Savanne (Malawi) zu dem Ökosystem der 
Somali-Masai Endemischen Zone (Tansania, Kenia, Äthiopien) in den 
letzten ca. 4.3 Ma? 

Die Entwicklung der ostafrikanischen Savannen ist entscheidend für die 
Evolution, Migration und Ernährung von frühen Hominiden. Diese weitläufigen 
Ökosysteme reichen von bewaldeten Flächen zu offenen Grassavannen und 
variieren stark im Anteil der holzigen Bedeckung, wodurch unterschiedliche 
Angebote an Nahrung, Trinkwasser und Schutz für die dort lebende Fauna, 
einschließlich der Hominiden, existieren. Als Schlüsselelement zum Verständnis 
der menschlichen Evolution gilt die Entwicklung von offenen Grassavannen im 
subtropischen Afrika. Daher ist der Zeitpunkt des Auftretens von C4-Gräsern 
besonders wichtig, um großflächige Vegetationsveränderungen zu erfassen 
und den Einfluss auf die Evolution von Menschen nachzuvollziehen.  

Der Fokus dieser Dissertation liegt auf den am nordwestlichem Ufer des Lake 
Malawi aufgeschlossen Plio-Pleistozänen Chiwondo- und Chitimwe-
Sedimenten im Karonga Becken, Malawi Rift. Das ermittelte Alter dieser 
terrestrischen Ablagerungen beruht auf einer Korrelation von radiometrisch 
datierten Faunen (besonders Suiden) aus Formationen vom östlichen Bereich 
des Großen Afrikanischen Grabenbruchs. So sind die fluvialen, sumpfigen, 
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Delta- und Seeablagerungen in fünf stratigraphische Bereiche (Units) unterteilt 
(die anthropologisch wichtige Unit 3 hat ein Alter von ca. 3.75 bis 0.6 Ma und 
wird noch weiter in die Zonen 3A-I, 3A-II und 3B unterteilt).  

Im Allgemeinen beinhalten die Sedimente durch sekundäre Überprägung 
entstandenes pedogenes Karbonat in einer karbonatfreien Matrix. Unit 2 und 3 
sind fossilienführend und beherbergen unter anderem Fossilien von Homo 
rudolfensis und Paranthropus boisei. Diese Fundstellen (Uraha und Malema) 
der ungefähr 2.4 Ma alten Hominini dokumentieren die früheste Koexistenz der 
beiden Gattungen. Sie liegen zwischen den intensiv untersuchten 
Ausgrabungsorten früher Hominini im östlichen Teil des Großen Afrikanischen 
Grabenbruchs in der heutigen Somali-Masai Endemischen Zone und 
Fundstellen in dem Highveld Grasland im südlichen Afrika und füllen daher eine 
wichtige geographische Lücke im Bereich der Hominiden Forschung. Unsere 
Daten repräsentieren die erste langfristige stabile Isotopenanalyse zu dem sich 
auf der Südhalbkugel befindlichen Bereich des Grabensystems. Diese Region 
ist besonders interessant um Vegetationsmuster über die Innertropische 
Konvergenzzone (ITCZ) hinaus mit der Evolution und Migration der frühen 
Hominini zu korrelieren. 

Wir führen stabile Kohlenstoff- und Sauerstoffisotopenanalysen an 321 
pedogenen Karbonaten aus 14 Profilen durch, welche alle fünf Units der Plio-
Pleistozänen Sedimente umfassen und zusätzlich mehrere rezente 
Karbonatknollen beinhalten. Die Ergebnisse liefern eine Basis für 
Rekonstruktionen der Paläoumwelt in Ufernähe des Malawisees, mit dem 
Fokus auf das Verhältnis von C3- und C4-Pflanzen.  

Außerdem haben wir δ13C und δ18O Werte von 122 fossilen 
Zahnschmelzproben 14 verschiedener pflanzenfressender Großsäuger 
(Suiden, Equiden, Boviden, Flusspferden und Elefanten) gemessen, um die 
Rekonstruktionen der komplexen Umweltbedingungen auf den Migrationsradius 
der verschiedenen Taxa auszudehnen und ihr Nahrungsangebot zu ermitteln.  

Zusätzlich korrelieren wir die Sauerstoffisotopie dieser fossilen organischen und 
anorganischen Materialien mit der von rezentem meteorischen Wasser, indem 
wir insgesamt 111 Proben aus Seen und Flüssen sowie Grundwasser und 
Niederschlag analysieren. So können wir heutige hydrologische Bedingungen 
im Karonga Becken mit fossilen Parametern vergleichen. 

Die ermittelten δ13C Werte der pedogenen Karbonaten schwanken nur gering 
um einen Durchschnittswert von ca. -9‰, während die δ18O Werte um 24‰ 
ebenfalls kaum fluktuieren. Die Ergebnisse beider Isotopenanalysen weisen seit 
dem frühen Pliozän weder kurz- noch langfristige Veränderungen auf. Die 
niedrigen Kohlenstoffisotopenwerte reflektieren eine von C3-Pflanzen 
dominierte Vegetation in den letzten ca. 4.3 Ma. Die Sauerstoffisotopensignatur 
deutet auf einen Lebensraum mit einem relativ ausgeglichenen Wasserhaushalt 
mit nur geringem Einfluss von Evaporation hin und ergänzt daher diese 
Interpretation. Obwohl niedrige δ18O Werte generell mit sehr negativen δ13C 
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Werten korrelieren, zeigen die relativ kleinen Fluktuationen innerhalb der 
beiden Datensätze nur eine sehr geringe Kovarianz. Dies unterstützt die 
Theorie von weitgehend gleichbleibenden Klimabedingungen. 

Stabile Isotope aus Zahnschmelzproben von pflanzenfressenden Säugetieren 
ergänzen diese Interpretation mit komplexen Paläohabitatmustern. Kohlenstoff- 
und Sauerstoffisotopendaten von Suiden (Notochoerus, Metridiochoerus, 
Phacochoerus), Elefanten (Elephantidae) und Flusspferden (Hippopotamus 
amphibius) zeigen vergleichbare Werte zu denen pedogener Karbonate. Dies 
deutet auf eine Ernährung in einer von C3-Pflanzen dominierten, relativ 
feuchten Savanne mit Frischwasserreservoiren, die kaum von Verdunstung 
beeinflusst sind, hin. Einige Equiden und Boviden reflektieren ein vielseitigeres 
Muster. Ostafrikanische Pferde (Eurygnathohippus sp.) gelten seit ca. 7 Ma als 
spezialisierte C4-Grassfresser. Die im Karonga Becken lebenden Individuen 
weisen allerdings eine große Fluktuation in δ13C (-9‰ bis +1‰) und δ18O (23‰ 
bis 31‰) Werten auf, was auf eine Variabilität in der Nahrungsaufnahme 
hindeutet. Während sich einige Pflanzenfresser fast ausschließlich entweder 
von C4- oder C3-Pflanzen ernährten, nahmen die meisten Equiden beide 
Pflanzentypen und unterschiedlich stark von Evaporation beeinflusstes Wasser 
auf. Die stabilen Isotopenwerte im Zahnschmelz von Boviden (Alcelaphinae, 
Hippotragini, Antilopini) zeigen ein ähnlich breites Spektrum. Während Antilopini 
und Hippotragini hauptsächlich C3-Pflanzen aufnahmen, zeigen verschiedenen 
Arten von Alcelaphinae ein diverses Fressverhalten, das stark von C4-Pflanzen 
beeinflusst wird. Alc. Connochaetes ernährte sich sogar fast ausschließlich von 
C4-Gräsern. 

Generell zeigen δ13C und δ18O Werte von Zahnschmelz eine positive Kovarianz, 
dies deutet auf das Einhergehen von erhöhter C4-Pflanzenaufnahme mit stärker 
von Evaporation beeinflusstem Trinkwasser hin. Eine Ausnahme bildet hier 
Antilopini, dessen Nahrung fast ausschließlich aus C3-Pflanzen besteht aber 
dessen Trinkwasser stark evaporativ beeinflusst ist. Dies deutet auf eine 
Existenz in den bewaldeten Gebieten in der Nähe von Seen hin, die wie der 
heutige Malawisee eine hohe Verdunstungsrate besitzen.  

Zusammenfassend rekonstruieren diese Ergebnisse ein Plio-Pleistozänes 
Ökosystem welches ähnlich zum heutigen Lebensraum im Karonga Becken ist. 
Dominant sind Gebiete mit Baumsavannen (Feuchtere Sambesische Savanne), 
die sich großflächig um Frischwasserreservoire bilden und Nahrung und Schutz 
für omnivore und stark wasserabhängige Tiere bieten. In trockeneren und höher 
gelegenen Regionen entstehen offene (C4-)Savannen (Trockenere 
Sambesische Savanne), in der spezialisierte Herbivoren grasen. Die δ18O 
Werte von heutigen meteorischen Wässern bekräftigen diese Rekonstruktion 
und weisen auf ein beständiges hydrologisches Milieu seit dem Plio-Pleistozän 
hin. 

Die Werte der Kohlenstoff- und Sauerstoffanalysen des fossilen 
Zahnschmelzes, wie auch die der Bodenkarbonate aus dem Karonga Becken 
sind in der Regel kontinuierlich niedriger als die Werte aus den vergleichbaren 
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Plio-Pleistozänen Proxys von Hominini Fundstellen im östlichen Teil des 
Großen Grabenbruchs (Tansania, Kenia, Äthiopien). Die Werte nehmen hier 
seit ca. 2.5 Ma stetig zu und kulminieren in der größten Abweichung zwischen 
den beiden Habitaten in rezenten Proben. Die Abwesenheit von langfristigen 
Trends zu positiveren δ13C Werten in den analysierten Materialien aus dem 
Karonga Becken steht demnach im Kontrast zu dem zunehmenden Einfluss 
von C4-Gräsern im nördlichen Teil des Grabens; dieser wurde für Hominini 
Fundstellen mehrfach dokumentiert. Unsere Daten weisen also auf regionale 
Unterschiede zwischen den Gebieten nördlich und südlich der ITCZ, in Bezug 
auf Klima- und Vegetationsdynamik während des Plio-Pleistozäns, hin. Diese 
Differenzen sind vermutlich vergleichbar mit denen der Somali-Masai Savanne 
im Norden und der Sambesischen Savanne im Süden heute. Die Grenzen 
zwischen diesen beiden Ökosystemen haben sich daher seit dem frühen 
Pliozän nie weiter südlich als das nördliche Ufer des Lake Malawis bewegt.  

Unsere Ergebnisse dokumentieren dadurch beständige paläoökologische 
Bedingungen mit einer bewaldeten Savanne im südlichen Teil des 
Ostafrikanischen Grabenbruchs während der Zeit der Evolution des frühen 
Menschen. Dies suggeriert, dass die Anpassung der Hominiden nicht 
zwangsläufig an die Entstehung von offenen Grassavannenlandschaften 
gekoppelt ist. Demnach waren die koexistierenden H. rudolfensis und P. boisei 
jeweils anpassungsfähiger an unterschiedliche Habitate als bisher 
angenommen. 

 

Zentralanatolisches Plateau 

Diese Dissertation beinhaltet eine weitere umfassende Studie, um anhand von 
Sauerstoff- und Kohlenstoffisotopenanalysen eine zusätzliche Frage zu 
beantworten:  

• Wie haben sich die Paläoumweltfaktoren im späten Oligozän und frühen 
Miozän im Zentralanatolischen Plateau in Hinsicht auf Klima und der 
Abwesenheit orographischer Barrieren entwickelt? 

Hierzu wurden über das Zentralanatolische Plateau (CAP) verteilte Oligo-
Miozäne sedimentäre Abfolgen beprobt und über 200 Seekarbonate aus fünf 
verschiedenen datierten Lokalitäten geochemisch untersucht. Zusätzlich 
wurden geochronologische 40Ar/39Ar Alter vulkanischer Aschen gemessen um 
erstmals direkte Datierungen der Ablagerungsfolgen der individuellen Becken 
zu ermitteln. 

Meine Rekonstruktionen deuten auf eine sowohl räumlich als auch zeitlich 
variable Paläoumwelt und Paläohydrologie der zentralanatolischen Becken im 
Oligo-Miozän hin. Im späten Oligozän dominierten große exorheische 
Frischwasserseen in einem überwiegend feuchten Klima. Dieses Milieu wird im 
Aquitanium, einer Zeitspanne die von häufigen klimatischen Schwankungen 
beherrscht wurde, zunehmend arid. Kurzweilige feuchtere Perioden weisen 
vermutlich auf den Einfluss von Saisonalität, Topographie und der Ab- und 
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Zunahme von Aridität hin. Vor ca. 21 Ma nahm die Trockenheit weiter zu und 
führte auf dem Zentralanatolischen Plateau zu meist endorheischen Seen, 
welche zum Teil leicht salin waren.  

Die fossilen δ18O Werte der limnischen Becken die sich heute im inneren Teil 
des Plateaus befinden sind im Allgemeinen hoch und bestätigen daher die 
Abwesenheit von signifikanten orographischen Barrieren entlang der 
Plateaugrenzen während des Oligo-Miozäns. 
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Appendix 
 
This Appendix lists all stable isotope data* from pedogenic carbonate (Tab. 
Appendix 1) and fossil herbivore tooth enamel (Tab. Appendix 2) analyzed for 
this thesis with standard deviation, (sub-)unit, amount of sample material 
reacted with H3PO4, position within the profile (pedogenic material) or distance 
to the crown (tooth enamel), carbonate content (linear correlation of the IRMS 
signal intensity (2nd peak) and sample weight; normalized with Carrara; error ca. 
2%), year sampled (pedogenic material) and number of GasBench run for this 
thesis. Also, the taxa, locality, body part as well as the first and last appearance 
date are given for the tooth enamel samples.  

Additionally, a “calculated age” is given for paleosol samples. This is not a 
precise age assignment. Biostratigraphic age constraints (based mostly on 
surface finds) were established for sediments with an age range of ca. 4.3 Ma 
(Not. jaegeri) to 0.7 Ma (Met. compactus). Correlation of the fluvial, lacustrine 
and swamp successions is based on field relationships established during three 
field campaigns in 2011, 2012 and 2013, structural mapping, mammal fossil 
occurrence and the pattern of δ13C and δ18O values within individual sections. It 
is not possible to assign an absolute age for each profile and nodule, but the 
Plio-Pleistocene deposits were divided into five intervals used in this thesis: ca. 
4.3 to 3.75 Ma (Unit 1 & 2), 3.75 to 2.8 Ma (Unit 3A-1), 2.8 to 1.8 Ma (Unit 3A-
2), 1.8 to 0.6 Ma (Unit 3B) and <0.6 Ma (Unit 4 & 5). The stratigraphic order of 
each sampling profile within these intervals is accurate, however it is difficult to 
ascertain sediment accumulation rates in these erosional, mostly high-energy 
deposits that usually stretch only over a small lateral distance, rarely up to a few 
hundreds of meters. When compared to the total stratigraphic thickness of each 
unit, the data presented here commonly covers the entire unit and I tentatively 
assign the oldest (and youngest) age of the unit to the stratigraphically lowest 
(and highest) sample. Within each unit I assume constant accumulation rates 
(that range from 60 and 26 m/Ma), however, the overall results of this thesis are 
largely independent of this assumption.  

 

 

 

 

 

 

 

 

*Note that all information on meteoric water data is given in Chapter 5, on CAP 
data in Chapter 6. 
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