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Tectonically active regions are characterized by complex landscapes comprising soils with
heterogeneous physicochemical properties. Spatial variability of nutrient sources enhances
landscape biodiversity and creates heterogeneous habitats potentially attractive for animals
and humans. In this study, we analyze the role of geological processes in the distributions of
soil nutrients in the southern Kenya Rift, a key region in the interpretation of early human-
landscape interactions. Our aim is to determine how spatial variations in rock chemistry, as
well as topographic gradients and localized zones of rock fracturing from tectonic faulting
determine the distributions of plant-available soil nutrients in soils. We hypothesize that
present-day soil nutrient levels reflect the long-term chemical and geomorphological
characteristics of the landscape and underlying parent material, and that regions with
high nutrient availability occur along pathways correlating with locations of hominin fossil
sites. Analyses of 91 topsoil samples from the main geological units show that Calcium (Ca)
deficiencies predominately occur in shallow soils developed on trachytic volcanic rocks and
granitic gneisses, while high Ca levels are associated with basaltic parent material and
sedimentary deposits of mixed sources. XRF analysis of rock samples confirms that CaO
levels in trachyte rocks are significantly lower than those in basalts, and Ca mobilization in
basalt is more effective than in trachyte. Along two toposequences in densely faulted basaltic
and trachytic rocks, we observed slope dependent soil nutritional gradients and a systematic
increase of the concentrations of Ca, Mg and SOC in topsoils of colluvial sediments
downslope of active normal faults. Known hominin sites in the region are located either
along corridors of long-termCa availability or at short-termnutrient hotspots potentially related
to active CO2 degassing along active fault zones. This implies a strategic advantage of Ca-rich
regions for hominin subsistence strategies, such as provision of predictable constraints on the
distribution andmobility of grazing animals in complex tectonic landscapes. Our study implies
that geological processes impact nutrient distributions in the southern Kenya Rift. Results of
this study have further implications for understanding the role of soils in the interpretation of
hominin-landscape interactions in the early stages of human evolution.
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INTRODUCTION

Soils in landscapes characterized by tectonic and volcanic activity
can exhibit a large variability in the distribution and availability of
nutrients vital for plant growth and animal nutrition.
Topographic complexity and lithological diversity leads to
catchment-to-landscape-scale variations in soil nutritional
characteristics. Knowledge on the long-term status of soil
chemical properties can be gained by detailed and quantitative
analysis of geological factors and processes at the rock-soil
interface influencing the release and distribution of soil
nutrients. While short-term variations in soil properties and
vegetation dynamics are often associated with climatic factors,
recent studies have shown that geological factors such as bedrock
chemistry (Hahm et al., 2014) and topographic gradients
(Weintraub et al., 2015; Chadwick and Asner, 2016; Calitri
et al., 2019) play an important role in influencing the long-
term nutritional fate of soils.

From a geological point of view, the morphological
characteristics of a landscape, particularly hillslope steepness
and related erosional and depositional processes, are important
drivers in soils that can counteract the effect of nutrient depletion
through chemical weathering, as enhanced erosion along steep
slopes locally rejuvenates the soil parent material in downslope
deposits through provision of freshly eroded rocks (Li and
Lindstrom, 2001; Porder et al., 2005). This is of particular
importance in high rainfall tropical and equatorial regions
where long-term exposure (105–106 years) of stable land
surfaces are prone to deep-seated weathering processes and
the formation of nutrient-depleted lateritic soils (Tardy, 1997).

Stark contrasts between geochemical properties of
neighboring rock units, e.g., the occurrence of ultramafic rocks
in regions of magmatic rocks of intermediate geochemical
characteristics, can lead to the formation of azonal vegetation
cover and barren landscapes (Kruckeberg, 2004). But also more
subtle geochemical variations can lead to noticeable changes in
the soil nutritional status of a region, sometimes severe enough to
impact the health of grazing animals (Maskall and Thornton,
1996).

In the East African Rift, volcanism has influenced greatly the
nature of soils and the geochemistry of ground and surface waters
(Maskall and Thornton, 1996; Davies, 2008). Strong
heterogeneities in rock chemistry and intense tropical
weathering result in variations in the availability of soil
nutrients, with zones of severe nutrient deficiencies in contrast
to zones of excessive nutrient levels that can both be critical for
human and animal health. A general lack of rock-derived calcium
in soils developed on acidic and intermediate volcanic rocks of the
East African Rift restricts plant growth and leads to widespread
deficiencies of this macronutrient in wildlife and livestock (Abate,
1988; Gachuiri et al., 2012). Long-term Ca-deficiencies manifest
as nutritional diseases such as hypocalcemia or rickets in grazing
animals (Maskall and Thornton, 1996; Davies, 2013). Deficiency
of plant available phosphorus is also a widespread issue in East
African soils, leading to limited plant growth and reduced
reproductive rates in grazing animals (Howard, 1963; Abate,
1988; Margenot et al., 2016). The Lake Nakuru region in the

central Kenya Rift Valley is located about 50 km north of our
study region, and is well known for geochemically induced cattle
diseases. In the ground and surface waters of this region, as well as
in the Lake Baringo region, the Kerio river valley and in northern
and central Tanzania, fluoride levels are up to 20 times higher
than the upper levels defined by the World Health Organization
(Gaciri and Davies, 1993; D’Alessandro, 2006; Ghiglieri et al.,
2012; Gevera et al., 2019). As a result, dental and skeletal fluorosis
are a widespread problem for humans and animals (Gaciri and
Davies, 1993; Moturi et al., 2002; Davies, 2008). Also, cattle
diseases related to nutrient deficiencies are reported for the
Nakuru region (Maskall and Thornton, 1996). Low levels of
copper and cobalt cause a cattle disease locally known as
nakuruitis, that eventually leads to starvation of ruminants
because their enteric bacteria need cobalt to process food (e.g.,
Howard, 1963). Indications of mineral deficiencies in East
African pastures can indirectly be observed by the widespread
phenomena of wildlife and livestock practising geophagia (eating
of soils and sediments), particularly along exposed salt-rich
lakebeds and volcanic ash deposits in the East African Rift
(Davies, 2013).

Understanding the factors that determine variations in soil
nutrient levels is important, not only for agricultural and livestock
research, but also for other disciplines including ecology and
paleoanthropology, which can exploit knowledge of the long-
term distribution and availability of soil nutrients. This helps to
better understand paleoecological conditions in regions of early
human presence, and deduce regional-scale mobility patterns of
animals and humans in past and present (Sturdy and Webley,
1988; McNaughton, 1990; Murray, 1995; Sturdy et al., 1997;
Devès et al., 2014; Devès et al., 2015; Kübler et al., 2015;
Kübler et al., 2016; Kübler et al., 2019; Eckmeier et al., 2020;
Junginger and Kübler, 2020; Kübler et al., 2020).

Interactions between geological, topographic and pedological
processes have rarely been considered, especially regarding the
long-term soil nutritional status of soils at a regional scale.
Further, the implementation of knowledge on local-to-regional
scale variations on soil nutrients in archeological and
paleoanthropological studies is lacking in most regions.
Considering results of pedological and CRITICAL ZONE
studies on the long-term influence of geological factors on
soils in paleoanthropological research can improve
interpretations related to how our ancestors have strategically
exploited beneficial landscape elements and may further lead to
new methods in discovering hominin fossil sites in other regions
in the world.

The main objective in this study was to provide a geological
perspective on the various drivers of soil nutrient distributions in
a complex, tectonically active landscape with special focus on: 1)
identifying spatial variations in soil chemical properties in the
southern Kenya Rift, with emphasis on soil organic carbon
(SOC), calcium (Ca), magnesium (Mg) and plant available
phosphorus (P); 2) correlating soil nutrient levels with the
chemistry of underlying volcanic and metamorphic rocks, and
different sedimentary deposits; 3) correlating soil nutrient levels
with topographic gradients and regions of erosion and deposition
created by active extensional tectonics; 4) correlating potential
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soil nutritional corridors with the location of hominin sites in the
study region.

SETTING OF THE STUDY REGION

Geology and Soils
The study region is located in the southern sector of the Kenya
Rift, an integral part of the eastern part of the East African Rift
System (Figure 1A), and extends from the Magadi trachyte
plateau in the north to the southern shores of Lake Magadi in
the south (Figure 1B). The region is characterized by extensive
volcanism and associated tectonic activity from late Miocene to
present. Pleistocene extensional tectonics have formed a complex
system of grid faults in the rift center that hosts a series of
tectonically controlled lake basins.

The oldest geological units are exposed at the uplifted rift
shoulders at the eastern and western parts of the study area,
comprising a series of Precambrian metamorphic basement rocks
including granitic gneiss, quartzites and schists (Baker et al.,
1971). Basement rocks are overlain by a series of Miocene basalt,
phonolite and nephelinite (Figure 1B). The rift shoulders are
characterized by the effects of long-term surface uplift and subtle
tilting perpendicular from the rift axes. The Athi Plain on the

eastern rift shoulder reflects long-term eastward tilt and forms a
complex dendritic fluvial network oriented eastwards.

Mt. Olorgesailie, a prominent topographic feature located in
the center of the rift valley, is a late Pliocene rift volcano (Baker
et al., 1971) comprising trachytic, basaltic and nephelinitic lavas
and pyroclastic deposits. The rift valley floor surrounding Mt
Olorgesailie is extensively covered with Early to Mid Pleistocene
lavas forming extensive plateaus, which resulted from widespread
fissure eruptions of the Magadi trachyte (1.4–0.7 Ma BP: Baker
et al. (1971); (Crossley, 1979)) in the north and west, as well as the
Tepesi-Singaraini basalt plateau, comprising the Ol Tepesi
(1.65–1.4 Ma BP), Ol Keju Nero (1.79–1.65) and Singaraini
(2.31–2.33 Ma BP) olivine basalts in the eastern and
southeastern segments of the study region (Baker and
Mitchell, 1976). Due to their mineralogical similarities and for
simplicity, we use in this study for the Pleistocene basalt series the
combined term “Tepesi-Singaraini basalts”. The Mid Pleistocene
volcanic units along with associated sedimentary deposits were
subjected to complex and densely spaced extensional tectonic
faulting in the Mid to Late Pleistocene (Figure 1B).

The most prominent sedimentary basins of the study area are
1) the Olorgesailie basin north of Mt. Olorgesailie comprising the
alkaline Legemunge plain to the west and the Oltepesi alluvial
plain to the east, 2) the Koora Graben west and south of Mt.

FIGURE 1 | Geological setting of the study region. (A) Geological frameworkof the Kenya Rift depicting the main lithological and tectonic features. (B) Geological
framework and sampling locations of the study region in the southern Kenya Rift (geological data from Guth et al., 2013). Black boxes depict locations of two
toposequences shown in Figure 5; yellow stars indicate locations of hominin fossil sites: (I) Isinya, (L) Lainyamok, (O) Olorgesaile.
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Olorgesailie, 3) the Lake Magadi basin, and 4) the Ewaso Ngiro
Plain (Figure 1B). Lake Magadi is characterized by high salinity,
widespread exposures of trona deposits, and frequent water
recharge by saline hot springs along the northwestern and
southern lake shores. Normal faults in the Lake Magadi region
are among the most active tectonic structures in the otherwise
seismically relatively quiescent Kenya rift. Present seismicity in
the region is characterized by high-frequency low-magnitude
seismic swarms (Ibs-von Seht et al., 2001), and individual
stronger events of magnitudes up to 4.2 accompanied by
extensional surface fissures in the epicentral region (Atmaoui
and Hollnack, 2003).

To describe soils in the study region (Supplementary Figure
S1), we use the soil classification provided by the World reference
base for Soil Resources (WRB, 2015). Playa deposits of the
Lengemunge playa and alluvial sediments of the Oltepesi plain,
are characterized by high soluble salt accumulations and are
dominated by soil types haplic solonchak and associated haplic
solonetz. Clay rich sediments in the Koora Graben comprise eutric
cambisols and eutric fluvisols and associated chromic and pellic
vertisols. Alluvial plain deposits in the EwasoNgiro plain and other
smaller alluvial plains comprise predominantly eutric fluvisols and
eutric cambisols. The densely faulted landscape of the Magadi
plateau is characterized by an alternation of shallow soils
comprising rhodic nitisols, and associated calcaric regosols and
chromic luvisols along the fault ridges and steep slopes, and eutric
cambisols on the alluvial deposits in the fault-bounded basins. The
Singaraini-Tepesi basalt plateau comprises haplic luvisols and
associated chromic luvisols along the fault ridges. Soils on
basaltic rocks and associated alluvial deposits at the western rift
shoulder predominately comprise gleyic solonchaks, eutric
planosols, haplic phaeozems and associated haplic calcisols. The
eastern rift shoulder is characterized by luvic phaeozem and
associated vertic luvisols developed on Pliocene volcanic rocks,
and eutric vertisols and chromic luvisols on metamorphic
basement rocks (Touber, 1977).

Besides extensive soda ash mining in the Lake Magadi region,
traditional Maasai livestock grazing is the main anthropogenic
and agricultural activity in this region, which is otherwise only
scarcely settled and influenced by human impact.

Topography, Climate and Vegetation
The landscape of the southern Kenya Rift is characterized by
steep topographic gradients from the eastern and western rift
shoulders situated above 1500 m asl to the rift center that lies at
600 m asl in the Lake Magadi basin. While the rift shoulders,
particularly in the east, are dominated by wide and gently sloping
plains and a generally low relief, the rift center is much more
complex and characterized by a low-topography high-relief
landscape as a result of densely spaced extensional faulting.

Climate in the study region can be classified between humid
climate in regions above 2000 m, semi-arid to sub-humid climate
in regions between 1000 and 2000 m asl, and arid climate in the
low lying parts of the rift center below 1000 m asl (Köppen, 1900;
Thornthwaite, 1948; Pratt et al., 1966). Major parts of the study
region are characterized by aridity and seasonal large-scale
rainfall patterns controlled by the East African monsoonal

system and locally modified by topography (Vincens and
Casanova, 1987). Lowest rainfall (<750 mm/yr) and highest
mean potential evaporation (>2400 mm/yr) in the study region
are observed in the Lake Magadi basin, leading to widespread
exposure of evaporites and very sparse vegetation cover.

Regional scale vegetation patterns in the study area closely
follow topographic and climatic gradients leading to widespread
distribution of semi-desert shrubland in the low lying lake basins
between 600–900 m asl, Acacia commiphora dominated woodland
in widespread regions below 1500m asl, andmosaic evergreen and
semi-evergreen bushland in regions above 1500m asl (Mworia
et al., 1988). On a local scale, vegetation varies most significantly
with hydrology and relief. In the densely faulted landscape of the
plateau-like landscape dominated by Magadi trachyte and Tepesi-
Singaraini basalt (Figure 1B), vegetation systematically varies with
hillslope, and the associated distribution of colluvial and alluvial
sediments. Uplifted surfaces on horst structures are dominated by
open Acacia commiphora woodland, while alluvial plains next to
active faults are dominated by open grassland frequently scattered
with bushes of different species including Acacia melifera and
Acacia tortilis. Vegetation density along colluvial deposits
downslope of active fault scarps is systematically higher than on
adjacent uplifted horst structures. Vegetation on colluvium
comprises Acacia commiphora, densely interspersed with other
shrubs and small trees including Grewia similis, Grewia bicolour,
Balanicis egyptiaca, and Maerua sp. Steep fault scarps are
dominated by bedrock exposure and scattered grass tussocks, as
well as sporadic occurrence of Acacia melifera and Acacia tortilis
(Mworia et al., 1988).

In recent years, the southern Kenya Rift is further affected by
rapid invasion of Prosopis juliflora (Kyuma et al., 2016), an
invasive subaerial plant species originating from Central and
South America, which predominately occupies extensive
regions on floodplain deposits in the Koora Graben, and along
hillslopes in the Lake Magadi basin and Ewaso Ngiro plain.

Fossil Sites
The southern Kenya rift is a key region for studying Pleistocene
hominin and archeological sites (Isaac, 1977; Potts, 1989;
Behrensmeyer et al., 2002; Behrensmeyer et al., 2018). The most
significant is Olorgesailie, located in diatomaceous lakebeds of the
Legemunge Plain north of Mt. Olorgesailie. It is famous for its
abundant Acheulean stone stools and fossil mammals spanning
1.2–0.5Ma (Potts, 1989; Potts et al., 1999; Potts et al., 2004) and
Middle StoneAge artifacts spanning 320 to ca. 36 ka–(Behrensmeyer
et al., 2018; Deino et al., 2018). Other sites bearing evidence for
Pleistocene hominins include the Isinya site (>0.98Ma) on the
eastern rift shoulder (Roche et al., 1988; Durkee and Brown,
2014), and Lainyamok (0.7–0.56Ma) located north of Lake
Magadi (Shipman et al., 1983). The latter site is interpreted as a
locality of minor hominin activity (Potts et al., 1988).

METHODS

We have carried out an integrated geopedological analysis in
order to decipher the influence of lithology and topography on
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the nutrient status of soils in the southern Kenya Rift. We have
used a combination of remote sensing and field-based analysis to
identify rock and soil sample locations along a lithosequence
comprising the main geological units exposed in the study area,
which covers a 70 × 40 km large region, as well as two
toposequences across the faulted Magadi trachyte and Tepesi-
Singaraini basalt plateaus (Figure 1B). The main objective of field
sampling and analysis was to determine the regional and local
variations in physicochemical soil properties and their
association with bedrock chemistry and topographic gradients
created by tectonic activity. Soil transects were chosen to be
located perpendicular to the strike of well-preserved normal faults
vertically displacing volcanic bedrock. Fault erosion along the
transects is dominated by gravity-driven slope processes forming
colluvial deposits downslope of the fault exposures. We have
mapped the geology and geomorphology in the vicinity of the
transects and carefully chosen sample sites to avoid locations
overprinted by the effects of local heterogeneities in sediment
transport and nutrient redistribution due to e.g. alluvial
processes, localized springs and groundwater seepage as well
as local soil disturbances from burrowing animals.

Remote Sensing and Topographic Analysis
We have performed detailed topographic and optical analyses of
satellite remote sensing datasets including high resolution digital
elevation models of the TanDEM-Xmission (Krieger et al., 2013),
and multispectral Sentinel-2 datasets. We combined our
observations with geological and pedological datasets of the
region (Touber, 1977; Sombroek et al., 1982; Guth and Wood,
2013). The aim of the remote sensing work was to identify
geological and geomorphological features that could potentially
influence soil formation processes, such as tectonic fault scarps
and volcanic deposits, as well as river networks, and local scale
erosional features. Based on this analysis, we selected preliminary
soil sampling sites on volcanic and meatamorphic bedrock, as
well as on different sedimentary deposits, and the locations of two
toposequences in Pleistocene volcanic rocks.

To analyze the relationship between vegetation growth and soil
nutrient levels, we have produced a one-year average Normalized
Differential Vegetation Index (NDVI) map of the study region from
January 2017 to January 2018. To do so, we have selected one
Sentinel-2 scene per month and calculated the mean NDVI using
ArcGIS Raster Calculator (D’Allestro and Parente, 2015).

Rock Analysis
The objective of rock analysis was to identify weathering
processes and related element mobilization in the volcanic
rocks of the study region, and to compare the results with
those of the analyzed soils developed on the selected rock
types. We collected rock samples from several locations in the
study region and along the Magadi and Tepesi-Singaraini
transects and produced thin sections for polarized microscopic
analysis as well as powder and glass beads for XRF analysis.

Polished thin sections were produced and analyzed by
polarized light microscopy and scanning electron microscope
(SEM). Microscopic pictures were taken by a Keyence
Microscope (Mineralogische Staatssammlung München,

SNSB), using a polarizing filter. Back scattered electron images
(BSE) were taken by a Zeiss scanning electron microscope at the
Department of Earth- and Environmental Sciences at the Ludwig
Maximilian University Munich (LMU). WD-XRF analysis of the
whole-rock composition were measured with a Philips, MagiX
Pro WD-XRF spectrometer at the LMU, Department of Earth-
and Environmental Sciences. Sample powders were dried at
110°C for more than 6 h and subsequently ignited at 1050°C
for more than 2 h to determine the loss on ignition (LOI). Major
and minor elements were measured using glass beads prepared by
fusion of 1 g ignited sample powder and 9 g SPECTROMELTA12
(66% di-lithium tetraborate, 34% lithium metaborate) in a
PANalytical Eagon 2 furnace fusion system. SO3 was measured
by XRF analysis of powder tablets; these were prepared by mixing
8 g of the sample powder with 2 g of Merck Hoechst wax C
micropowder (C38H76N2O2). Powder tablets were homogenized
and pressed with p � 15 bar for >1 min. The calibration was done
using international certified standards. Analytical quality was
ensured by analyzing reference materials by the US Geological
Survey as unknowns (Flanagan, 1969).

Soil Analysis
The main objective of soil analysis was to collect data on the
variability and distribution of key soil nutrients in soils developed
on the individual rock units and sedimentary deposits exposed in
the study region. A sampling location usually consists of three to
five soil samples. Composite topsoil samples were taken in a 5 ×
5 m square from the uppermost 25 cm of a soil profile, to capture
the portion of the soil profile most relevant for nutrient uptake by
grassroots. In regions of deep soils additional sampling was
carried out along depth profiles, and samples were taken from
the individual soil horizons. Along a ∼60-km-wide lithosequence
we sampled topsoil at 91 locations located on six different
bedrock units and three different sedimentary units. To
capture the effect of thermal activity and active CO2 degassing,
three sample locations are in the vicinity of active hot springs at
Nasikie Engida (Little Magadi: Figure 1B). We also sampled
depth profiles at three locations on the Legemunge Plain, Oltepesi
plain and a river terrace of the Ol Keju Nero river, respectively. To
analyze the effect of topography and tectonics, we sampled 51
topsoils at 17 locations across a 3 km long toposequence in
tectonically faulted Tepesi-Singaraini basalt, and 21 topsoils at
7 locations across a 750 m long toposequence in tectonically
faulted Magadi trachyte. Originally, we intended to take a similar
amount of samples along both toposequences, however, for
security reasons, we had to prematurely terminate field work
in the Magadi region.

Soil samples were tested for a wide range of macronutrients
and trace elements. We will show here only the results for Ca, Mg,
and plant available P, as previous studies carried out in the wider
vicinity of the study region have documented deficiencies and
related health problems for humans and animals in relation to
those nutrients (McNaughton, 1990; Maskall and Thornton,
1996; Davies, 2013; Kübler et al., 2015; Kübler et al., 2019).

Soil analysis was carried out by the soil chemistry laboratories
of the Kenyan National Agricultural and Livestock Research
Organization (KALRO-Kabete) and the National Museums of
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Kenya. Before analysis, samples were air dried and sieved through
a 2 mm sieve. Organic carbon was oxidized with concentrated
H2SO4 and K2CrO7 and determined calorimetrically (Anderson
and Ingram, 1993). Available P was determined using the method
by Olsen (1954); Exchangeable cations were extracted using 1N
ammonium acetate at pH 7.0, followed by flame photometry for
the determination of Na, K, Mg and Ca, using an A2 flow
analyser. Determinations of low, moderate and high nutrient
levels follow recommendations by Shand (2007) and Hengl et al.
(2017).

RESULTS

Tectonic Geomorphology of the Study
Region
The study region is characterized by the typical geomorphological
features of an asymmetric continental rift system with uplifted
and slightly tilted rift flanks away from the rift axes along the Athi
Plains to the east and Nguruman escarpment to the west
(Figure 1B) (Baker and Mitchell, 1976; Birt et al., 1997;
Chorowicz, 2005). Extensional tectonics are manifested in
large N-S trending border faults at the eastern and western rift
shoulder, and a more complex system of N-S and NNE-SSW
trending normal faults in the rift center. Mt. Olorgesailie in the
rift center is subject to strong fluvial erosion and incision by the
Ol Keju Nero river and its tributaries, forming the up to 6-km
wide Koora Graben and separating Mt. Olorgesailie from Mt.
Shanamu (Figure 1B). Fault scarps in the study region display
different stages of erosion suggesting preservation of faults of
different ages, as well as variations in the erosional behaviour of
the fault structures due to material differences. Faults developed
in trachytic volcanic rocks along the northern Magadi trachyte
plateau are typically characterized by a stronger degree of erosion
and fault scarp degradation than those exposed in the southern
Koora Graben and Lake Magadi region, suggesting a gradual N-S
shift in faulting activity over time (Owen et al., 2018b; Owen et al.,
2019).

The landscapes of the Magadi trachyte and Tepesi-Singaraini
basalt plateaus comprise a diverse suite of tectonic landforms
created by extensional faulting such as north-south trending
successions of horst and graben structures dissected by sub-
vertical fault scarps in volcanic bedrock dominated by lavas
and pyroclastic deposits. The uplifted fault ridges and horst
surfaces are subject to frequent surface runoff and pronounced
soil erosion leading to a patchwork of shallow and rocky soils and
exposed volcanic bedrock. Bedrock fault scarps are well preserved
as sub-vertical cliffs and commonly display strong coating by
desert varnish. Downslope of the steep fault cliffs the transition
from the uplifted footwall to the fault zone is expressed by an
increase of fracture density in the exposed bedrock (fault core).
Here, densely fractured fault breccias and clastic dykes are
exposed. Fault breccias are frequently cemented with light-
colored Ca and Na-rich carbonates. Colluvial deposits at the
footslope of the fault cliffs are commonly densely vegetated–with
the exception of the little vegetated faulted margins of Lake
Magadi and Nasikie Engida–and characterized by a large

range of grain sizes including meter-sized angular blocks of
volcanic rocks. Basin fill in the tectonic grabens are a wide
range of alluvial and lacustrine deposits. The Magadi transect
exposes gravelly fluvial terraces in the center, and fine fluvial
sands and playa deposits in the easternmost graben. The Tepesi-
Singaraini transect exposes clay-rich gravely alluvial plain
deposits at the westernmost graben, coarse sand and gravel-
rich alluvial and playa deposits in the center, and a mixture of
fine-grained sand-rich fluvial deposits and poorly sorted slope
wash deposits in the easternmost graben.

Results of XRF and Microscopic Rock
Analysis
Whole Rock Composition
The lithology in the study area consists of basaltic and trachytic
volcanic rocks and subordinate granitic gneiss. In this study,
five rock types were selected as representatives: the Tepesi-

FIGURE 2 | Results of XRF whole rock analysis of the representative
samples comprising basaltic, trachytic and subordinate granitic lithologies.
Different lithological units are represented by varying symbols and colors.
Dashed vertical line depicts separation between basic and acidic
geochemical compositions.
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Sagaraini basalt, Miocene basalt, the Magadi trachyte and Plio-
Pleistocene trachyte as well as a granitic gneiss. These rocks can
be divided chemically into two major groups. Primitive (basic),
mafic basalts with high concentrations of CaO, MgO and P2O5

and more evolved (acidic) and alkaline granitic gneiss and
trachyte with low concentrations of CaO, MgO and P2O5

(Figure 2). CaO is highest in the Tepesi-Singaraini basalt
with values ranging between 12.3 and 13.5 wt% and
intermediate values of 3.3–7.5 wt% in the Miocene basalts.
CaO concentration in Plio-Pleistocene trachyte is always
<1.2 wt% and it is slightly elevated in the Magadi trachyte
(1.6–2.7 wt%). MgO is also highest in the Tepesi-Singaraini
basalt with values ranging between 5.6 and 6.5 wt%. In Miocene
basalts, MgO concentrations are highly variable ranging
between 1.4 and 6.0 wt%, while in granitic gneiss the
contents are always <0.8 wt%. P2O5 concentrations are
highest in Pliocene basalt at 0.6–1.1 wt%, whereas

concentrations are moderate in Tepesi-Singaraini basalt at
about 0.4 wt%. P2O5 concentrations in trachyte and granitic
gneiss are always low, with maximal contents in Magadi
trachyte (0.2 wt%).

Mineralogy of the Rock Samples
The whole rock composition reflects the mineralogy of the
respective rocks (Figure 3). Basalt consist mainly of Ca-rich
plagioclase (50–60 vol%) and Mg-bearing olivine (20–30 vol%)
and minor proportions of melt blobs containing primary
(magmatic) Ca- and Mg carbonates. Trachytes consist mainly
of K-rich alkali feldspar (60–70 vol%) and only subordinate Ca-
containing mineral phases like carbonate and clinopyroxene.

Influence of Weathering
The basalt and trachyte rocks show significant differences in
weathering behavior (Figures 3A–C). The two basalt types in this

FIGURE 3 | (A–C) Photos of hand samples of (A) a bubble rich, completely weathered basalt, (B) a compact, strongly weathered basalt in top view (left) and along
a section (right), (C) a compact trachyte with a thin brown weathering crust. (D–H) Microscopic images of (D) a strongly weathered, bubble-rich basalt with a high
proportion of white needle-shaped feldspar in a reddish-brown altered matrix, (E) trachyte containing elongated feldspar crystals in a very fine-grained groundmass, with
a thin, near-surface, brown weathering crust (left) and in the middle a greenish-brown area indicating the course of a fluid path running from the left (surface of the
rock) into deeper (several mm) parts of the rock. Olivine within a moderately weathered basalt, (F) showing strong alteration (dark brown areas) along the grain
boundaries and along the cracks (thin section) and (G) a BSE-image of the same olivine crystal; the darker gray area represents the primary olivine with Mg-rich
composition and the brighter gray parts of the crystals indicates Fe-enrichment within the altered section of the mineral. (H) One large feldspar crystals within trachyte
with weak alteration specifically along the cracks.
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FIGURE 4 | SOC, NDVI and soil nutrient distributions; (A) variations in SOC and soil nutrient levels in topsoil samples of the study area, sample locations are
represented by colored circles, backroundmap shows distribution of healthy vegetation using a 1-year average NDVI dataset, derived from Sentinel 2 data. (B) diagrams
showing the relationship between SOC and soil nutrients vs. NDVI.
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region are always fine-grained and often show different degrees of
porosity, with some of the basalts being highly vesicular. As the
porosity of the basalts increases, the degree of weathering
generally increases. Accordingly, basalts are often coated with
thick (0.5 - > 1 cm) weathering crusts (denser varieties,
Figure 3B) up to completely weathered varieties (bubble-rich
varieties, Figures 3A,D). In contrast, trachyte exposed along the
toposequence is more compact and therefore more resistant to
weathering.Weathering crusts are thin (<1 mm) and present near
the surface (Figures 3C,E). Only occasionally, greenish-brown
areas were identified, representing fluid pathways (Figure 3E).
However, these fluid paths are always limited to a maximum of
several millimeters from the surface into the rock (Figure 3E).

Fresh Tepesi-Singaraini Basalts and Magadi trachyte with the
weathered samples were analyzed for rock chemistry and
mineralogy to determine the consequences of the weathering
process.

The weathered parts of Tepesi-Singaraini basalt are depleted in
Na, Mg and Ca, which reflect the alteration and dissolution of
strongly weathered olivine (releasing Mg) and in-situ
crystallization of Fe-rich varieties (Figures 3F,G) and
plagioclase (releasing Ca, Na). In contrast, P, Fe, Ti and K are
enriched in the weathered part. The newly formed minerals
consist mainly of Fe-Ti-rich mineral phases, such as Fe-Ti-
oxides or clay minerals among others (Figures 3D,F,G), which
dominate strongly altered rock specimens, in some cases up to
complete replacement of the primary feldspathic groundmass
(Figure 3D).

The comparison of the whole-rock composition of fresh and
weathered Magadi trachyte showed only a slight enrichment of
Mg, Ca, Na and P in the weathering crusts. Microscopic
investigations showed that the primary minerals, such as
feldspars, are only slightly altered along the grain boundaries
and cracks (Figure 3H). Primary carbonates have been observed
in both rock types and are believed to reflect carbonate melt blobs
(size range 100–500 μm). Microscopic observations showed that
in both rocks these carbonates are only weakly altered along the
grain boundaries. Fine-grained secondary carbonates within the
rocks indicate that they precipitated in situ. In general, the
enrichment of Mg, Ca, Na and P in the weathered parts
indicates a fixation of these elements in secondary minerals
within the weathered crust of trachytes, whereas the respective
elements in basalts are depleted in the weathered areas and
therefore released to the soils and groundwater.

Results of Soil Analysis
Soil Organic Carbon and Normalized Differential
Vegetation Index
SOC values vary significantly in the study region (Figure 4A)
between 0.11% in soils developed on saline lakebeds at the Lake
Magadi shore and 2.76% on the Pliocene Narok Agglomerate at
higher elevations on the eastern rift shoulder. NDVI values vary
between 0.12 and 0.97 in the study area, with lowest NDVI
values found on soils derived from volcanic ash exposures south
of Mt Suswa in the northern segment of the study region, as well
as on exposed lacustrine sediments of Lake Magadi. Highest
values were observed on swampy and densely vegetated fluvial

deposits in the Koora Graben to the north and east of Kamukuru
village (Figure 1B). NDVI strongly correlates with SOC
(Figure 4B), indicating that plant biomass production plays
an important role in the accumulation of carbon stocks across
the entire study region. SOC and NDVI values do not show a
clear correlation with particular lithologies, but correlate
positively with altitude, as values are on average higher on
the uplifted rift flanks (Athi Plain, Ol Eyaseti, Narok,
Nguruman). In the densely faulted landscape of the rift
center, SOC and NDVI values are systematically higher on
the hanging wall sediments compared to lower values on
uplifted fault ridges. Generally, high SOC and NDVI values
occur in regions that are characterized by the presence of
groundwater and/or surface water.

Soil Nutrient Levels
Calcium
Variations in Ca concentrations were driven by both topographic
location and chemistry of parent material. Ca levels vary
significantly between 0.54 ppt on granitic gneiss and 24.6 ppt
on fluvial sediments in the Koora Graben (Figure 4A). Highest
Ca levels (>25 ppt) occur in alkaline soils developed on lacustrine
sediments of the Legemunge Playa and on fluvial sediments of the
Koora Graben. Soils on alluvial plains display more
heterogeneous Ca levels, potentially reflecting differences in
sedimentary composition or catchment sizes and lithologies;
the highest Ca levels are found on soils of the Ol Tepesi plain,
lowest levels are found on alluvial deposits dominated by
quartzite and granitoid clasts south of Nguruman, in the
western sector of the study region.

Soils developed on Limuru Trachyte, Eyasi Phonolite, and
Narok Agglomerate have systematically low to very low Ca levels.
Shallow soils on Magadi trachyte generally contain low to very
low amounts, with the exception of soils sampled in the vicinity of
the Magadi hot springs at Little Magadi Lake, which have
adequate to high Ca levels. Soils on hanging wall sediments in
the faulted landscape of the Magadi trachyte display slightly
higher Ca levels than the shallow and rocky soils developed on
top of the fault scarps. Ca levels in soils developed on the Athi
plain on metamorphic basement rocks are generally low to very
low, lowest values are found in shallow rocky soils developed on
granitic gneiss south of Kaijado, an area characterized by
widespread sheet erosion negatively affecting soil productivity
(Sindiga, 1984). Shallow basaltic soils North of Mt Olorgesailie
are characterized by adequate to high Ca levels, shallow soils on
basalts northeast of Mt Olorgesailie display low Ca levels. Highest
amounts of Ca in shallow soils are found on basaltic rocks in the
western sector of the study area at Nguruman.

Soils developed on the sedimentary deposits surrounding Mt
Olorgesailie contain adequate to high amounts of Ca. Highest levels
are found in soils on lakebeds of the Legemunge Plain and in the
Koora Graben on river sediments of Ol KejuNero River. Ca levels in
Fluvisols on river deposits in the western sector of the study area are
adequate to high, whereas soils on alluvial fan deposits sourced from
metamorphic basement rocks (phyllites and granites) have low to
very low Ca levels. Unlike SOC, Ca contents in the study region do
not show a clear correlation with NDVI values (Figure 4B).
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Soils along the Tepesi-Singaraini basalt toposequence
(Figure 5A) have consistently moderate to high Ca levels;
highest Ca levels are found in playa sediments in the middle
of the transect, lowest in alluvial soils east of the playa. Ca
distribution shows a systematic correlation with hillslope
location, and proximity to steep fault ridges, respectively. In

colluvial deposits Ca levels in soils are systematically higher
compared to those located upslope on fault ridges and
plateaus. Highest Ca variations are in soils developed on
alluvial plains and fluvial deposits.

Compared to soils along the Tepesi-Singaraini transect, Ca
levels are on average lower along the Magadi trachyte

FIGURE 5 | Soil nutrient and SOC variations along two toposequnces crossing (A) the Tepesi-Singaraini basalt plateau, and (B) the Magadi trachyte plateau. Red
lines depict the locations of topographic profiles; numbers represent locations of a soil sampling site that usually consists of 3-5 individual soil samples; colored bars
represent differences in parent material.
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toposequence (Figure 5B). However, the 5 to 7-fold increase of
Ca in soils on colluvial deposits at the base of fault scarps vs. those
in shallow soils on fault ridges and the uplifted plateau is much
more distinct in trachytic soils compared to that observed in
basaltic soils (1.5 to 2-fold increase).

Magnesium
Mg levels in the study region vary relatively little between and
only weakly correlate with the different lithologies (Figure 4A).
Low levels are found in a few soils developed on granitic gneiss
and at one sample location on the Legemunge playa. At all other
sample locations the soils contained moderate (0.25–0.6 ppt) to
high (>0.6 ppt) amounts. Mg is highest in soils developed on
trachytic and phonolitic parent material and thus negatively
correlates with Ca, which is lowest in these soils. Mg levels
along the Tepesi-Singaraini and Magadi toposequences vary in
a similar pattern to Ca (Figure 5). Soils on fault colluvium are
systematically higher inMg than those on ridges and plateaus. Mg
levels on the uplifted Magadi plateau negatively correlate with Ca,
a pattern we have also observed in other soils on trachytic and
phonolitic parent material. Mg levels in the study region do not
show a clear correlation with NDVI values (Figure 4B).

Plant-Available Phosphorus
Available P levels in the study area vary significantly between
1 ppm on granitic gneiss and 155 ppm on Narok agglomerate.
Highest P levels occur in soils located on the eastern rift shoulder
(Figure 4A) that has been subjected to agricultural use, which is
why the use of phosphate fertilizer cannot be excluded as an
explanation for high P values. Soils with high P that were not
affected by cropping occur on sediments in the footwall of fault
ridges on Tepesi-Singaraini basalt, as well as basaltic soils in the
vicinity of Nguruman. P levels of soils in the Koora Graben and
Legemunge playa vary significantly and correlate negatively with
Ca levels. Variations in P across the study area show a weak
positive correlation with NDVI (Figure 4B), and regions with
high P (>50 ppm) are located in regions with NDVI >0.6; P levels
<50 ppm are less clearly correlated with NDVI. This suggests that
biochemical processes such as root-soil interactions or the
presence of grazing animals may play a dominant role in the
release of plant available P levels in such regions (Mathews et al.,
1994; Richardson et al., 2009).

P levels along the Tepesi-Singaraini and Magadi
toposequences vary strongly with proximity to hillslopes and
show a trend opposite to Ca and Mg. P levels are systematically
higher on flat terrain compared to steep slopes. Highest P values
occur in regions subject to intensive animal grazing on playa
deposits and the top of the westernmost fault plateau, which
suggests additional P input from biological sources.

DISCUSSION

Geological Factors in Soil Nutrient
Distributions
The availability of soil nutrients in ecosystems and natural
landscapes depends on a combination of climate, topography,

parent material, biota and time, and the interplay of these
factors can be very complex and our understanding of their
relative significance remains limited (Mage and Porder, 2013).
While climatic and biological activity can vary drastically over
short time scales and may change some soil properties on time
scales of a few decades, factors like the chemistry of parent
material and the topographic setting of a tectonically quiescent
region can potentially control soil properties for much longer
time scales of 103–106 years. However, in dynamic landscapes
controlled by e.g., volcanism and earthquake activity and

FIGURE 6 | Distributions of soil nutrient levels and SOC attributed to the
main lithological and sedimentological units of the study area; SOC: low <1%,
moderate <2%, high >2%; Mg: low <0.25 ppt, moderate 0.25–0.6 ppt, high
>0.6 ppt; Ca: very low <1 ppt, low 1–3 ppt, moderate > 3–10 ppt, high
>10 ppt; available P: very low <20 ppm, low 20–30 ppm, moderate
>30–50 ppm, high >50 ppm.
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associated hillslope processes, both topographic and
lithological factors can change drastically during single
events, as well as continuously over long time periods.
Single events can include: 1) volcanic eruptions and related
widespread deposition of volcanic ash over several days or
weeks as recently and historically documented for the
Serengeti plains in northern Tanzania (Murray, 1995;
Quigley et al., 2017; Eckmeier et al., 2020); 2) surface
rupturing by large earthquakes and related dissection and
uplift of the landscape leading to drastic readjustments of
the landscape such as transient river damming (e.g., King and
Vita-Finzi, 1981), as well as enhanced erosion and slope failure
processes along uplifted fault escarpments (e.g., Hermanns
et al., 2001). Long-term processes may include drainage
rearrangement by river capture and river gorge
development in steadily uplifting regions (Bishop, 1995;
Stokes et al., 2008). To understand how soil nutrient
variations determine ecosystem processes and human-
landscape interactions over long periods of time, we need to
carefully consider the whole range of processes influencing the
availability and distributions of soil nutrients, as well as the
temporal variability of such processes in our studied region.

Rock Chemistry and Soil Properties
Base cation concentrations in soils have commonly been
attributed to in-situ mineral weathering, suggesting that high
levels of Ca, Mg, Na, and K can be directly attributed to the
mineralogical and sedimentological composition of the parent
material. Due to high solubility of these base cations in the soil
solution, frequent provision of freshly weathered minerals is
necessary to prevent leaching losses (Bern et al., 2005). In our
study area, we observed strong variations in Ca, available P and
SOC levels over the entire study area as well as across both
toposequences. While Ca, P and SOC levels all vary with
topography and relief, only Ca can systematically be correlated
with the composition of the parent material. Low Ca levels in soils
occur on trachyte, phonolite and granitic gneiss (Figure 6)–the
lithologies with the lowest amounts of CaO in the study region
(Figure 2).

Excessive Ca levels (>10 ppt) are found in soils on playa and
alluvial deposits characterized by high alkalinity (Figures 4, 5A),
which suggests an enrichment of Ca in the form of CaCO3 as a
component of calcretes, dust or lacustrine sediments. It can
accumulate in the topsoil through evapotranspiration (e.g.,
Alonso-Zarza, 2003) or deposition of carbonate rich materials
such as dust or volcanic ash. This hypothesis is supported by soil
profiles analyzed on the Legemunge and Oltepesi plains. Here, Ca
levels are highest in the topsoil and systematically decrease with
depth, while clay rich vertisols in the Koora Graben show an
increase of Ca with depth, potentially due to leaching processes in
near surface horizons (Figure 7). Our observations suggest that
while geological data in general can provide useful information
on the long-term availability of Ca in soils, locations of high
alkalinity may display drastic differences in near-surface Ca levels
under wetter climates.

In contrast to Ca, levels of available P are scattered over
different lithologies (Figure 6), suggesting minor influence of
mineral-bound P in the parent material on available P in soils. In
alkaline soils of the Legemunge playa and Lake Magadi basin
available P levels are consistently low and negatively correlated
with Ca levels (Figure 8). Calcium is known to cause P fixation in
high pH soils (Hemwall, 1957). We observe a threshold of Ca >
10 ppt above which available P is suppressed (Figure 8). This
observation suggests that under stable climatic conditions, the
studied soils in arid locations on playa deposits subjected to high
evaporation rates and excess soil Ca levels are likely to be
characterized by long-term deficient available P. This in turn
implies that present day P levels are not necessarily a reliable
proxy for the long term nutritional soil status, as P fixation might
have been drastically different under wetter climatic conditions as
reported for the study region in Pleistocene and early Holocene
times (Trauth et al., 2005; Owen et al., 2018a; Owen et al., 2019).

We did not observe a clear correlation between SOC and
lithology (Figure 6), which suggests that parent material does not
primarily influence biomass production, as reported from regions
interspersed with e.g. ultramafic rocks or in limestone landscapes
(Kruckeberg, 2004). However, SOC systematically follows
topographic gradients and related vegetation patterns, as

FIGURE 7 | Soil profiles and Ca variations with depth; (A) haplic Solonchak from soil pit on Oltepesi plain; (B) haplic Solonetz exhibiting strong salinification features
from soil pit on Legemunge playa north of Olorgesailie site; (C) chromic Vertisol from road cut in floodplain deposits of the Koora graben, SW of Mt. Olorgesailie.
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shown in the strong correlation between NDVI and SOC
(Figure 4A).

The major rock types occurring in the study area, trachyte and
basalt, show differences in weathering behavior. In comparison to
the fine-grained and often highly porous (vesicular) basalts,
trachyte is more resistant to weathering processes because it is
more compact and therefore resist better the penetration of fluids
into the rock. Macroscopic and microscopic observations showed
that trachyte shows predominately near-surface alteration rims of
millimeter to centimeter in size, whereas basalts are mostly
characterized by deep to complete alteration (Figure 3).

Microscopic examinations revealed a specific resistivity of
the minerals present in the assemblages, with olivine <
plagioclase < pyroxene; this trend corresponds to the
observations of Eggleton et al. (1987). Accordingly, olivine
and plagioclase, the main components of basalts, show strong
weathering effects and are replaced by secondary minerals, such
as Fe-Ti oxides. The observed enrichment of Fe and Ti and a
depletion of Mg, Ca and Na in the whole rock composition of
the weathered parts of basalt compared to fresh samples means
that Fe and Ti are mineralogically bound within the weathering
crusts of the rocks and Mg, Ca and Na are released into the soil,
and groundwater–if present. In contrast, weathering of trachyte
is limited to an alteration of clinopyroxene, which induces a
mobilization of Ca and Mg. However, the whole rock
composition shows an accumulation of these elements in the
weathered parts of the trachyte. This indicates limited
mobilization and mineralogical fixation of Mg and Ca in
secondary minerals, such as carbonates, within the rock.
Consequently, these elements are not available for
overlying soils.

Puzzling are high Ca concentrations of soils developed on
colluvial deposits in both basaltic and in trachytic areas, with
significant increase of Ca concentrations in soils on trachytic
colluvium in comparison to the original fresh rock. Primary
carbonates, which are present in trachytes and in basalts,
represent carbonatitic melt blobs, which can theoretically be a
source of Ca and Mg in soils. However, microscopic observations
showed that these carbonatite blobs are generally only slightly
altered along grain boundaries and are replaced in situ as fine-

grained secondary carbonates. Therefore, the availability of Ca
and Mg from these carbonates for soils is limited.

Petrological investigation of a soil-rock (basalt)-profile from
Sahand volcano (NW Iran), located in an area of active CO2

degassing, has shown a preferential mobilization of Ca from the
host rock and precipitation of carbonates along cracks and at the
interface between rock and soil (Aßbichler et al., in preparation).
Correspondingly, preliminary results of leaching experiments
carried out at the geological laboratories at the Department of
Earth and Environmental Sciences, LMU Munich, showed that
the addition of CO2 gas generally improves the leachability of Ca
from minerals and thus enhances the mobilization of divalent
elements such as Ca and Mg (Aßbichler et al., in preparation).
Previous studies carried out in the Lake Magadi and Lake Natron
regions (Lee et al., 2016; De Cort et al., 2019) have shown that
generally fault zones provide perfect pathways for mantle gases
such as CO2 (diffusive soil gas).

High Ca contents in trachytic soils can not only be found on
the colluvial deposits, but also at the northern shore of Nasikie
Engida in the vicinity of the Little Magadi hot springs (Figures
1B, 4A), suggesting an influence of CO2 degassing on Ca
mobilization. In this context, one would also expect travertine
or other secondary carbonate formations at the hot springs.
Thicker carbonate formations at the hot springs are, however,
only fossil (Pleistocene) calcretes (>30 cm) north of Nasikie
Engida (Renaut et al., 2020, in press). In addition, the recent
saline spring fluids are characterized by low dissolved Ca- and
Mg- concentration and precipitates are dominated by Na-
(hydro)-carbonates (Renaut et al., 2020, in press), indicating
that nowadays Ca mobilization by the fluids of the hot springs
does not play a major role. In this context, two things have to be
considered: 1) At the warm temperature of the hot springs fluids,
Ca-carbonate hardly dissolves in water. Even at room
temperature, Ca-bearing water immediately precipitates
carbonates in the presence of CO2 (e.g. Dodson and Standing,
1944). The carbonate solubility decreases with increasing
temperature, and in consequence water with low Ca (and Mg)
concentrations remains. In the Magadi basin, the effect of early
precipitation of calcite and Mg-calcite in subsurface flow paths
has been observed by (Owen et al., 2019) for the Lake Magadi

FIGURE 8 |Relationship between soil Ca and plant available P in the study region. Note the ∼10 ppt threshold of Ca concentrations supressing available P in topsoil
samples.
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brines. 2) At the presence of water, leaching of Ca is expected to
be enhanced due to the formation of carbonic acid compared to
“dry” (water-free) conditions, leading to a faster leaching of Ca
from the exposed trachytes. The occurrence of Pleistocene
carbonate precipitates and carbonates at the bedrock interface
indicates that Ca mobilization has occurred within a limited
period in the past. Trachytes in the Magadi area have low Ca
contents (<2.7 wt% CaO), while Na- and K- concentrations are
significantly higher (e.g. >5 wt%Na2O). It is therefore reasonable,
that after most of the Ca has already been leached from the
exposed trachytes, the conditions shifted to more Na- (and K-)
rich conditions, which are now present at the hot springs.
Correspondingly, a study of samples from Laacher See volcano
has shown that under CO2 rich conditions Ca is preferentially
leached, followed by the leaching of Na from the primary
minerals (Aßbichler, 2020).

The soil and rock samples in our study were taken from areas
in which water is likely to play only a subordinate role,
particularly along the Magadi toposequence (Figure 5), where
no groundwater influence on soil formation has been observed.
Assuming a “dry” diffusive CO2 soil degassing, in which water is
only a subordinate reaction partner, leaching and dissolution
reaction via CO2 is to be expected to be much slower, but
continuous. This contributes to a constant, low level-
mobilization of Ca from the rocks to the surface, and
consequently to a continuous enrichment of Ca in the soils,
and at the interface between rock and soil. We therefore assume
that ascending mantle gases may be an overlooked factor in
mobilizing Ca ±Mg from deeper parts of the rock profile andmay
contribute to the accumulation of Ca in the colluvial soil and
areas close to the hot springs.

Tectonic Faulting and Soil Nutrient Redistribution
Nutrient distributions in soils are controlled by two main factors
1) release and vertical transport through in situ mineral
weathering and soil profile development in residual soils 2)
lateral transport through mass flux along topographic
gradients or airborne accessions of dust and/or volcanic ash
(Simonson, 1995; Calitri et al., 2019).

Extensional tectonics led to a horst-and-graben landscape
characterized by a complex patchwork of uplifted and eroding
surfaces. This promoted the formation of residual soils, and
down-dropped basins constantly subjected to deposition of
freshly eroded material, as well as redeposition of soil cover
and sediments through slope failure and alluvial processes
(Tucker and Bras, 1998; Roering et al., 2001; Pelletier and
Rasmussen, 2009).

Along both toposequences, we observe a systematic increase of
Ca and Mg in soils from uplifted fault ridges, to colluvial deposits
downslope of active fault structures. This suggests that primary
weathering of freshly eroded minerals releases sufficient amounts
of Ca and Mg-bearing minerals to rejuvenate soils in these
locations. Alluvial soils in the valleys are often depleted in Ca
and Mg, either because of fast weathering and dissolution of Ca
and Mg-bearing minerals or lateral translocation of sediments
through alluvial processes. Systematic increase of Ca, as well as
other nutrients including Mg and K downslope along steep

convex hillslopes has already been reported in other studies
(e.g., Chadwick and Asner, 2016). Our field observations and
laboratory analyses suggest that Ca enrichment in downslope
deposits occurs through a combination of accumulation of freshly
eroded rocks in colluvial deposits and in-situ alteration of
rejuvenated soils, potentially enhanced by the effect of
diffusive CO2 degassing along the fault zones (Lee et al., 2016).

Levels of available P are lower in colluvial deposits than on flat
surfaces, suggesting that slope and topographic position
influences available P levels in a different way than Ca and
Mg. While earlier studies showed that parent material and
topographic position have a strong influence on the levels of
total P in soils (Mage and Porder, 2013; Chadwick and Asner,
2016), the controls on plant available P appear to be different. In
our study area along the Singaraini toposequence, flat terrain is
frequently visited by herds of grazing animals. This suggests that
the sources of plant available P might be related to other
biological P sources such as animal manure. Also, the effects
from burrowing animals or termites in soil redistribution and P
sorption and availability, as well as the role of eolian input by dust
or volcanic ash in providing extra amounts of various minerals
may play a role in this context and need further attention
(Chadwick et al., 1999; Seymour et al., 2014). Particularly the
potential role of carbonatitic volcanic ash on the distribution of
exchangeable cations could be of interest for future studies in the
area, as there are three volcanic centers of in the vicinity of the
study region (Pleistocene volcanos Suswa and Shombole and the
currently active Ol Doinyo Lengai) exposing carbonatitic
eruption phases. Studies in the Serengeti-Mara ecosystem have
shown that frequent input of Na- and Ca-rich carbonatitic ash
from recent eruptions of Ol Doinyo Lengai volcano has had a
strong effect on the distribution of Na and Ca in the topsoils of the
Serengeti Plains (Jager, 1982; Murray, 1995; Eckmeier et al.,
2020).

SOC variations along both toposequences correlate with
vegetation density suggesting coupling between soil carbon
storage and total biomass production. This observation is
consistent with SOC levels of the entire study area, which
strongly correlate with average annual NDVI values
(Figure 4A). In the southern Kenya Rift, stripes of dense
vegetation systematically occur along colluvial sediments
deposited adjacent to active normal faults, a phenomena
common for tectonic landscapes worldwide as fault zones
are often characterized by structurally controlled hydrology
and vegetation cover. Footwall sediments adjacent to active
fault ridges are likely situated in favorable hydrological
conditions as fault zones promote water infiltration and
storage, as well as zones of localized water discharge.
Therefore, wetlands and other regions of stable vegetation
cover are often associated with active fault zones (Forsberg
et al., 2000; Reynolds et al., 2011). The correlation between
SOC and average NDVI throughout the study area further
implies that topsoils in regions of seasonally stable vegetation
cover are significantly more effective in building up SOC
stocks than regions dominated by dry vegetation and short
green vegetation periods during the rainy seasons. Less
precipitation or even drought inhibit plant growth and soil
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biota activity, which results in lower production of soil organic
matter or SOC (e.g., McSherry and Ritchie, 2013).

Soil Nutrients and Hominin-Landscape
Interactions
While the importance of soils to influence the growth and annual
dynamics of vegetation is well studied in plant ecology and
evolution (Kruckeberg, 2004; Rajakaruna and Boyd, 2019), the
ability of soil parameters to drive other ecosystem dynamics such
animal grazing patterns and human subsistence strategies is less
well known. Studies on the mobility of present-day ungulate
herds in the Serengeti-Mara ecosystem, in northern Tanzania,
have provided first insights in the interplay between the nutrient
status of soils on a regional scale and related seasonal movements
(McNaughton, 1990; Murray, 1995; Eckmeier et al., 2020).
Results of these studies suggest that rock-soil interactions and
frequent input of weatherable minerals from volcanism,
particularly carbonatitic ash from nearby Ol Doinyo Lengai
volcano, as well as spatially limited tectonic activity play a role

in driving and maintaining the long-term movement of large
animal herds from one nutritional hot spot to another. Regions of
high soil nutrient availability represent seasonally stationary
grazing areas, while regions of low soil nutrient availability
serve as short-term or transitional grazing (Murray, 1995). In
contrast to the landscape in the Serengeti-Mara ecosystem,
characterized by relatively low relief and - with the exception
of the Utimbaru-Isuria fault system (Kabete et al., 2012)–little
tectonic activity, the Southern Kenya Rift is highly complex and
dominated by the long-term effects of extensional faulting
volcanic activity. Wildlife dynamics as responses to soil
nutritional gradients in a relatively flat Serengeti-type
landscape lead to wide corridors of animal movements
distributed over a large region. In complex tectonic landscapes
such as the southern Kenya Rift, animal movements are likely
channeled through narrow corridors along soil nutritional and/or
topographical pathways (King et al., 1994; King and Bailey, 2006;
Devès et al., 2014; Kübler et al., 2019). In our study region, during
Pleistocene lake-level high stands suchmigration corridors would
have likely lead along narrow strips of exposed lake sediments or

FIGURE 9 | Soil nutritional corridors and Pleistocene human-animal-landscape interactions. Regions colored in gray are characterized by low long-term soil nutrient
availability and/or poor accessibility due to topographic barriers such as fault scarps and complex terrain, purple regions represent possible soil nutritional corridors and paleo-
migration routes for animal herds that could have been exploited by early hominins. Purple regions with white cross patterns depict regions of moderate nutrient availability
(e.g., high Ca, but low P or SOC) potentially representing locations of transitional or short-term grazing. Steep slopes are potential migration barriers in regions of high
landscape complexity and are indicated by dark gray shading. Yellow stars indicate locations of hominin fossil sites: (I) Isinya, (L) Lainyamok, (O) Olorgesaile. Potential
paleolake extents (dashed white lines) are derived from geological and pealeoenvironmetal datasets (Guth and Wood, 2013; Muiruri, 2017; Owen et al., 2019).
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the northern or southern footslopes of Mt. Olorgesailie
(Figure 9).

In a paleoanthropological context, the study of landscape
complexity and related heterogeneity on soil parameters
derived from long-term geological processes can serve as
proxy for long-term environmental variability–a factor that
has been identified as key element in human evolution studies
(Potts, 1996; Potts, 1998; Potts, 2013; Potts et al., 2018).
Geologically controlled and topographically accessible
corridors of reliable vegetation cover and soils high in vital
nutrients thus represent potential paleo-migration corridors of
grazing animal herds (Devès et al., 2014; Kübler et al., 2015;
Kübler et al., 2016) and regions of importance for hominin
subsistence strategies and enhanced hominin mobility over
long periods of time (Figure 9).

The Olorgesailie site is located at a narrow corridor, extending
from the Oltepesi plain to the southern Koora Graben,
characterized by spatially consistent high Ca-levels and variable
P-levels in a wider region deficient of these important
macronutrients. The possibility that such conditions can be
extended to paleoenvironmental settings depends on the supply
of rock-derived nutrients to the Olorgesailie basin and their
temporal and spatial variability. The extremely high Ca levels on
Legemunge playa and Oltepesi plain at present-day likely result
from superficial evapotranspiration processes under semi-arid
conditions, potentially combined with periodic eolian input of
Ca-rich dust and/or volcanic ash, and would have likely been
less pronounced during more humid climate periods. Higher soil
moisture contents in the past environment around Olorgesailie site
would have had two likely consequences: first, Ca levels in topsoils
would have overall been lower and likely closer to those observed at
present in the Koora Graben or at higher altitudes; second, fixation
of available P through excessive Ca would have been less
pronounced, and P levels would have likely been higher in soils.
Under moister conditions, the overall coverage of seasonally stable
green vegetation would likely be higher than today. Our results on
the correlation between SOC and NDVI (Figure 4) imply that
regions of short green vegetation periods are not well reflected in the
topsoil’s SOC stocks, we argue that the present-day distribution of
topsoil SOC is a not a suitable proxy for past vegetation patterns.

To better understand the changing sources of nutrients for the
Olorgesailie site and surrounding region from Mid Pleistocene to
present, it is important to take a closer look at the development of
the fluvial system supplying the Olorgesailie basin (Figure 1B).
The Ol Keju Nero river is characterized by a widespread network
of different tributaries draining through various different
lithological units and therefore provides a wide range of
nutrients from various mineral sources. Reconstructions of
Mid Pleistocene to recent depositional cycles show that from
∼1.2–0.5 Ma BP the Olorgesailie basin was characterized by an
extensive lake located north of Mt. Olorgesailie and south-
westward drainage by the ancestral Ol Keju Nero river (Isaac,
1977; Behrensmeyer et al., 2018). Sediment input was dominated
by transport of volcanic sediments from proximal sources,
primarily consisting of Ol Tepesi Basalt and Magadi trachyte
ridges surrounding the basin (Behrensmeyer et al., 2018). After
0.5 Ma, a series of tectonic and/or volcanic events (Kübler et al.,

2015) led to the disappearance of the extensive lake and incision
of Ol Keju Nero river in lacustrine sediments. A northern
tributary draining from the northern rift center and
northeastern rift shoulder into the basin was established after
∼320 ka BP and included sediments from carbonatitic lavas and
ash deposits derived from Mt Suswa after ∼240 ka BP. The
modern course of Ol Keju Nero river with main drainage
from the east was established after ∼45 ka BP.

Despite the modifications in river networks since the Middle
Pleistocene that lead to various changes of the catchment sizes
and tributaries draining into Olorgesailie basin (Behrensmeyer
et al., 2018), sediments were persistently characterized by a
mixture of different volcanic and metamorphic rock sources
likely providing a wide range of weatherable minerals to the
depositional system. Thus, it is reasonable to assume that soils in
the vicinity of Olorgesailie site would have had sufficient soil
nutrient levels under different paleoclimatic conditions since the
Mid Pleistocene. The location of Olorgesailie site proximal to the
lakeshores and reliable soil nutrient levels providing attractive
animal grazing grounds has likely promoted the long-term
attractiveness of this location for hominin subsistence strategies.

Isinya site is the first Acheulean site excavated in the highlands
on the eastern rift shoulder (Figures 1B, 9) and represents in
contrast to the long-lived Olorgesailie site a location where only
one time period of site inhabitance (>0.96 Ma BP) can be resolved
(Durkee and Brown, 2014). The site is located in fluvio-lacustrine
deposit at the transition between phonolitic rocks to the south
and basaltic rocks to the north (Roche et al., 1988; Guth and
Wood, 2013). Given the limited amount of artifacts and relatively
short time span of site occupation, reasons for hominin presence
at Isinya site is poorly understood. However, the proximity to
water as well as workable stones from phonolitic and basaltic
sources, and reliable nutrient provision from soils developed on
basaltic parent material have likely played a role in hominin
inhabitance around Isinya site.

Lainyamok site is located north of Lake Magadi in the densely
faulted Magadi trachyte plateau. Unlike at the other two sites, the
site likely represents a location of hominin bone deposition from
proximal sources through debris flows and redistribution from
carnivore activity (Potts et al., 1988). The poor soil nutrient status
of the surrounding region would support the interpretation that
Lainyamok represents a region promoting short-term or
transitional landuse and high hominin mobility between
several small-scale nutritional hot spots like the one identified
at Little Magadi hot springs (Figures 1B, 4A, 9) rather than long-
term occupation of one location.

In summary, our results show that integrating information
from pedological and geological analysis provided additional
information to interpret the long-term attractiveness for
grazing animals and human subsistence of the southern Kenya
Rift with regard to its soil nutritional status.

CONCLUSION

Soil chemical properties in the southern Kenya Rift are strongly
variable and controlled by geochemical as well as topographic
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factors. SOC is coupled with vegetation density, which in turn is
controlled by topography and tectonic activity. Stable vegetation
cover in the rift center is predominately fault controlled and
occurs along colluvial sediments downslope of active normal
faults.

Chemical properties of the parent material represent an
important constraint on the distribution of soil nutrients,
particularly of Ca, in topsoils. Granitic and trachytic rocks
are systematically lower in CaO compared to basaltic rocks
sampled in the study region, resulting in low Ca levels in regions
dominated by soils developed on felsic and intermediate parent
material. Locally enhanced Ca levels in soils proximal to the
Little Magadi hot springs represent a striking anomaly
compared to the surrounding region possibly results from
CO2 degassing, which suggests that localities of high
seismicity and related thermal activity may provide sufficient
nutrients for a limited amount of time. Ca levels correlate with
hillslope position and are consistently high on colluvial deposits
downslope of active faults, suggesting higher CO2-induced Ca
mobilization from the substrate rock through enhanced
weathering and/or tectonic degassing (Lee et al., 2016). The
potential role of CO2 in the precipitation of Ca is a novel aspect
of our analysis and requires additional systematic studies in the
future. Improved knowledge on this process may have
implications for other research fields such as ecosystem and
agricultural sciences. In contrast to Ca, correlation between
lithology, relief and plant available P is less obvious, which
implies that P availability is controlled by other factors such as P
fixation through Ca in alkaline soils and additional biological
and/or eolian P sources.

Known hominin sites in the region are located either along
corridors of long-term Ca availability (Olorgesailie, Isinya) or in
proximity to short-term nutrient hotspots (Lainyamok)
potentially related to active CO2 degassing along active fault
zones. The correlation between locations of hominin activity
and the long-term soil nutrient availability in the study region
suggests that knowledge of the long-term soil nutrient availability
of a region can improve paleoenvironmental and
paleoanthropological interpretations related to how hominins
have strategically exploited beneficial elements of complex
landscapes and provide important information on the
interpretation of hominin subsistence strategies. Further,
integrated geopedological studies in a paleoanthropological
context can become a new tool in discovering hominin fossil
sites in other tectonically active regions in the world.
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