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CHAPTER 1: INTRODUCTION 

1.1.  BACKGROUND AND SIGNIFICANCE 

As everyday impacts of anthropogenic climate change are increasingly felt 

throughout the world, the conversation about how humans have altered the planet, 

climate, and environments has become ubiquitous. The impacts, however, are not 

unidirectional. Climate change has always shaped, and will continue to shape, how 

organisms evolve and change (e.g., Matthew & Colbert, 1939; Axelrod, 1948; 

Darlington, 1959; Gienapp et al., 2008; Gillespie & Roderick, 2014). As such, 

humans have evolved, migrated, and adapted/structured societies in response to 

changing temperatures and humidities that influence subsistence and livelihood 

(e.g., Vrba, 1980; deMenocal, 1995; Potts, 1998; Wynn, 2004; Fagan, 2008; van der 

Leeuw, 2008; Evans et al., 2018; Rosenzweig & Marston, 2018).  

The impact of climate on humans is clearest in our dependence on water. From 

earliest life, to our early ancestors, to modern societies, water is a necessity. We 

need water – not just to sustain ourselves, but also for countless economic tasks 

such as food preparation, agriculture and livestock, washing, fishing, transport, 

energy, etc. (Lapworth et al., 2017). Water’s pivotal role in sustaining life has resulted 

in water/humidity argued as an important mechanism to explain changes in hominin 

evolution, migration, and technological innovation (e.g., Vrba, 1995; Potts, 1998; 

deMenocal, 2004; Carto et al., 2009; Trauth et al., 2009; Blome et al., 2012; Ziegler 

et al., 2013; Castañeda et al., 2016; d’Errico et al., 2017; Schaebitz et al., 2021; 

Foerster et al., 2022). Therefore, in order to better understand humans’ past and 

future connection with climate, understanding water’s role within and response to 

climate, or hydroclimate, is pertinent.  

1.1.1. Lakes as a Key to Understanding Environments 

The hydrosphere consists of the interaction between dynamic reservoirs including 

oceans, lakes, rivers, groundwater, the cryosphere, and the atmosphere (Eby, 2016). 
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Throughout the hydrological cycle, energy, nutrients, and mass are moved between 

reservoirs. The atmosphere, the most dynamic reservoir containing less than 0.001% 

of all water on Earth (Kump et al., 1999), hosts the evaporation, condensation, and 

precipitation of water. Changes in the atmosphere, such as temperature, have a 

consequential impact on how water moves across the planet. For many places on 

earth, particularly tropical ones, changes to atmospheric dynamics and hydroclimate 

quickly and profoundly impact ecological habitats and environments. The movement 

of water between reservoirs of the hydrosphere erodes regolith and rock, transports 

solutes and sediments, and deposits materials, creating the sediment routing system 

and distributing proxies into basins (Fig. 1; Robertson et al., 2022).  

Geological basins are important proxy reservoirs to understand geologic history 

and the climatological past. Over hominin timescales (i.e., within the last 8 Ma), 

ocean and lake basins provide the most complete climate records, with other 

records, such as Quade et al. (1992), providing glimpses into climate through less 

common records such as carbon isotopes of paleosols and tooth enamel. Marine 

records have a longer scientific history beginning in 1966 with the Deep Sea Drilling 

Project (which has become other organization through time) compared to the 

International Continental Drilling Program which began in 1996 (IODP, 2023), 

resulting in fewer long-term lacustrine versus marine records. Compared to 

continental basin records, however, marine basin records have lower resolution due 

 
Figure 1: Schematic from Brauer (2004) on how proxies like diatoms deposit into lake 
basins as layers. 
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To greater time-averaging and require more interpretation because oceans are large 

and represent depositional inputs from a greater area (deMenocal, 1995; Levin, 

2015). In addition, if the research goal is to better understand terrestrial climate’s 

impact on hominins, such reservoirs are far removed from the African interior where 

much of the early paleontological record derives with many of the earliest Eastern 

African archaeological and paleoanthropological finds associated with past water 

bodies (Gregory, 1921; Leakey, 1931). Lacustrine records, in comparison, provide 

more localized records that can indicate the complex patchwork of landscapes and 

often provide higher resolution environmental records. Data from lakes allows us to 

determine environmental response to global climate phenomenon. Closed basins, 

though often fragmented, are particularly responsive to climate change and contain 

diverse sedimentary records (Trauth et al., 2010). With a modern understanding of 

the mechanisms that control lake deposition and regional climate, we can use past 

archives from these basins to understand how hydroclimate has changed through 

time.  

1.1.2. Grand Challenges 

The motivating questions of this dissertation come from these grand challenges: 

(a) How can we use geochemical and micropaleontological lake proxies to better 

understand current and past climate change? (b) What are the time scales and rates 

of environmental change across global climate phenomena at different times in 

Africa? (c) Which mechanisms of global climate change influence African 

environments? (d) How do changes in hydroclimate impact hominin evolution and 

innovation across Africa? While these questions cannot be answered within this 

dissertation, the case studies to be presented use these questions as a focal point to 

better provide context for understanding the complex, uncertain, and highly debated 

relationships between global climate, regional African hydroclimates, and hominin 

evolution and innovation.  
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1.2. THEORETICAL FRAMEWORKS 

1.2.1. Human Evolution, Migration, and Innovation in Africa 

Since the Plio-Pleistocene, African lake basins and their sediments have 

preserved evidence of hominin migration, evolution (e.g., Brown et al., 1985; Prat et 

al., 2005; Spoor et al., 2007; Caley et al., 2018; Sanchez Goñi, 2020, Gosling et al 

2022), and technological adaptation (e.g., Leakey, 1931; Robertshaw, 1984; 

Robbins, 2006; Tryon et al., 2014; Brooks et al., 2018) (Fig. 2). While evidence 

supports a relationship between climate change and migration out of Africa (Carto et 

al., 2009; Carotenuto et al., 2016; deMenocal & Springer, 2016; Hosfield & Cole, 

2018), overly simplified models do not reflect the complex environmental change 

across Africa during the Pleistocene (Scerri et al., 2019) and require further data. 

Numerous studies relating paleoanthropological and paleoenvironmental evidence 

suggest causal links between climates, environments, and hominin evolution. Two 

 
Figure 2: Taken from Maslin et al. (2014) showing the relationship between changes in a. 
eccentricity (Berger & Loutre, 1991), b. known global climate transitions, c. lacustrine 
phases in Eastern Africa (Trauth et al., 2005, 2007; Shultz & Maslin, 2013), d. Mediterranean 
dust flux (Larrasoaña et al., 2003), e. Eastern African soil carbonate d13C levels, and f. 
hominin evolution, migration, and technological innovation (Shultz et al., 2012). 
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frameworks dominate current discussions on climate change and hominin evolution: 

(1) turnover pulse (Vrba, 1980; Vrba, 1995; deMenocal, 2004; Bonnefille, 2010; 

DiMaggio et al., 2015; Joordens et al., 2019; Lupien et al., 2020) and (2) variable 

selection (Potts, 1998; Potts & Faith, 2015; Potts et al., 2020), including the related 

pulsed climate variable selection (Maslin & Trauth 2009; Trauth et al., 2010; Maslin 

et al., 2014). (1) The turnover pulse hypothesis states that the extinction, 

replacement, and migration of species is a result of major, global climate change. As 

climate changes, environments are disrupted, forcing generalists and specialists to 

compete, resulting in speciation (Vrba, 1995). The main driver proposed for hominin 

evolution is the intensification of Northern Hemisphere Glaciation ~2.8 Ma, resulting 

in aridity in Africa, although the evidence for such intensification controlling hominin 

evolution has been scrutinized (Behrensmeyer et al., 1997; Larrasoaña et al., 2003; 

Trauth et al., 2007; deMenocal, 2011; Bibi & Kiessling, 2015; Trauth et al., 2021). (2) 

The variable selection hypothesis states that hominin adaptations evolved due to 

increased climatic variability, creating dynamic environments that influenced 

speciation and population spread (Potts, 1998). Pulsed climate variable selection 

highlights that wet and variable climates occur in “pulses” along eccentricity 

timescales (Trauth et al., 2010; Maslin et al., 2015). Both variable selection 

arguments have been called into question in a recent macroevolutionary study 

(Cohen et al., 2022). Like the evolutionary record, the relationship between climate 

and technological innovation is complicated, due to difficulties comparing sporadic 

and localized archaeological evidence with continuous, regional climatological and 

environmental records (Faith et al., 2021). Complex relationships between 

technological changes and mosaic African environments since the Pleistocene 

(Roberts et al., 2016) result in diverse results as to whether or not hominin 

technological advances are related to environmental change (e.g., Blome et al., 

2012; Mackay et al., 2014; Tryon et al., 2014; Conard & Will, 2015; Wilkins et al., 

2017; Will et al., 2019; Potts et al., 2020; Mackay et al., 2022; Carr et al., 2023). 



 6  
 

Overall, long-term, high-resolution lacustrine records can help constrain 

environmental variability to begin to resolve some of these discussions. 

1.2.2. Quaternary Climate Variability in Africa 

Global, long-term climate is driven by changes in solar insolation (Ruddiman, 

2001). Most changes in insolation and its distribution across the planet over long 

timescales are determined by the astronomical Milankovitch cycles including (a) 

eccentricity (the shape of Earth’s orbit); (b) obliquity (the axial tilt relative to Earth’s 

plane of orbit around the sun); and (c) precession (Earth’s wobble as it spins on its 

axis)(Milankovitch, 1941). These cycles have periodicities of 100,000, 41,000, and 

23,000 years, respectively, that influence global climatic trends. Eccentricity changes 

the amount of insolation to reach the planet, impacting general warming and cooling 

trends. Obliquity determines seasonality and creates periodic glacial/interglacial 

cycles at high latitudes which in turn affect global climate, sea level, and sea surface 

temperatures (SST) (Imbrie & Imbrie, 1980). Eccentricity amplifies the effect of the 

precession cycle by creating low latitude forcing called “eccentricity-modulated 

precession” which is responsible for variations in tropical monsoon intensity and 

timing (Bergner & Loutre, 1991; Trauth et al., 2009). Eccentricity-modulated 

precession affects the intensity of monsoons along the equator and is responsible for 

periods of “Green Sahara” (Kutzbach et al., 1997; Liu et al., 2004). Different cycles 

along different time scales affect locations uniquely (Lupien et al., 2022), requiring 

investigation as to how these cycles impact regional African climates. 

Small-scale climate signals are entangled within the fluctuating Milankovitch 

cycles, adding spatial complexity at each location which experiences large-scale 

signals uniquely based on local changes in the hydrological cycle (Peixóto & Oort, 

1984). These local signals include (a) ocean currents and SST; (b) air masses; and 

(c) monsoons.  

(a) The major currents around Africa, including the Benguela in the southwest, 

the Agulhas in the southeast, the Antarctic Circumpolar in the south, and the 
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Canary in the northwest, dictate rainfall patterns along African coastlines by 

affecting air mass boundaries and moisture availability/transport (Tyson, 1986; 

Tyson & Preston-Whyte, 2000). Generally, colder currents inhibit precipitation 

whereas warmer currents promote precipitation. Global SST are also 

important in their role in atmospheric moisture transport (Paeth & Friederichs, 

2004), including the El Niño Southern Oscillation (ENSO) and the Indian 

Ocean Dipole (IOD) (Koroly & Vincent, 1998). Positive ENSO years result in 

warm waters in the eastern Pacific and cool waters in the western Pacific, 

increasing rainfall in Eastern Africa and decreasing rainfall in the southwest 

(Ntale & Gan, 2004; Nicholson, 2017). Walker Circulation weakens during 

positive IOD years due to SST warming in the western Indian Ocean and 

cooling in the eastern Indian Ocean, resulting in wetter conditions in Eastern 

Africa two to three times higher than long-term means (Marchant et al., 2007; 

Hirons & Turner, 2018; Lüdecke et al., 2021; Palmer et al., 2023). The 

teleconnection between global SST and African rainfall is an incredibly active 

realm of research, with other global SST phenomenon like North Atlantic 

Oscillation and Atlantic Multidecadal Oscillation, considered less important or 

understood (Lüdecke et al., 2021). 

(b) The mid-latitude Westerlies in northern and southern Africa and the 

Intertropical Convergence Zone (ITCZ, which is related to the moist tropical 

rainbelt) near the equator are responsible for the movement of moist air 

across Africa (Tyson, 1986; Koroly & Vincent, 1998; Tyson & Preston-Whyte, 

2000). The Westerlies are frontal boundaries where cool, dry polar air collides 

with warm, moist tropical air (Tyson & Preston-Whyte, 2000), causing 

instability, convection, and precipitation (Tyson, 1986). During globally warm 

periods, the Westerlies strengthen and move poleward, decreasing 

precipitation in the extreme northern and southern regions of Africa and 

increasing rainfall in the interior, whereas during cold periods, they weaken, 
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move equatorward, increasing rainfall at the extremes and decreasing rainfall 

in the interior (Tyson, 1986; Toggweiler & Russell, 2008; Figure 3). The ITCZ 

reflects the amount of solar insolation received by Earth’s atmosphere and 

surface, creating a low-pressure zone that draws in moisture and creates 

heavy rainfall between the ITCZ and equator (Tyson, 1986; Tyson & Preston-

Whyte, 1998). Throughout the year, the ITCZ moves between the Tropics of 

Cancer and Capricorn, but also fluctuates on longer timescales due to 

eccentricity-modulated precession with periodicity of 19-23,000 years (Gasse 

et al., 2008). Another important air mass is the Congo Air Boundary (CAB) 

which is the area of convergence between the Atlantic and Indian Ocean 

airstreams which, like the ITCZ, brings significant rain and annually oscillates 

north and south (Nicholson, 2000; Tyson & Preston-Whyte, 2000). Changing 

insolation over thousands of years has resulted in the CAB’s movement, 

including north-eastward expansions (Junginger et al., 2014).  

(c) The West African and Indian Monsoons are most influential on African 

climate. Summer differential heating between the land and ocean causes air 

over the land to rise, creates an area of low pressure, draws in moist air from 

 
Figure 3: Taken from Blome et al. (2012) showing the theoretical movement of the 
westerlies (black arrows) and that theoretical movement’s impact on rainfall in the African 
interior. Schematic 1 represents equator-ward movement of the Westerlies bringing 
precipitation to North and South Africa, and cutting off Agulhas current around the continent 
and schematic 2 represents the Westerlies more pole-ward, with the opposite effect. 
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over the ocean, and produces monsoonal rainfall on land (Liu et al., 2004). 

The West African Monsoon impacts latitudes between 9-20° N, with 

decreasing strength eastward but impacts regions as east as Ethiopia and 

South Sudan (Nicholson, 2017).  The Indian Monsoon impacts the moisture 

availability for northern and eastern Africa where stronger Indian Monsoons 

result in drier conditions during the monsoon season (July to September and 

December to February), but wetter conditions off-season (Nicholson, 2017). 

The strength of monsoons through time is dependent on the location of the 

ITCZ and therefore related to changes in precession (e.g., Sikka & Gadgil, 

1980; Fleitmann et al., 2007; Geen et al., 2020).  

1.2.3. Chemistry as Climate Proxy 

Chemistry within lake basins is dependent upon various factors such as lithology, 

climate, productivity/biological activity, catchment processes, pollution/human 

activities, etc. (Boyle et al., 2001; Eby, 2016). How exactly these components impact 

one another and influence lake chemistry depends on the physical and chemical 

weathering processes within the basin. Physical weathering is the breakdown of 

materials through atmospheric conditions including heat, water, ice, and pressure 

(Macheyeti et al., 2020). Physical weathering occurs as a result of temperature, 

pressure, or biota, like freeze-thaw cycles, endolithic microbial action, and plant 

roots. Physical weathering does not include any chemical change, but instead, most 

often, abrasion, or the diminution of original material. Chemical weathering is the 

process of atmospheric, hydrospheric, and biologic agents reacting with the mineral 

constituents of rocks (Loughnan, 1969). Chemical weathering occurs when minerals 

dissolve and/or alter due to exposure to precipitation; acidic soils from bacteria, 

fungi, and plant root discharge; or gaseous oxygen and carbon dioxide (Loughnan, 

1969; Kump et al., 1999). The chemical weathering rate is influenced by 

precipitation, temperature, topography, and parent material (Loughnan, 1969). 

Chemical weathering is often gradual and results in the formation of secondary 
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minerals through oxidation and hydrolysis (Macheyeti et al., 2020). Weathered 

material is transported into reservoirs through wind, landslides, and, most often, 

water through rivers, groundwater, and surface runoff. Water leading into basins acts 

as an effective transporter of suspended inorganic matter (Al, Fe, Si, Ca, K, Mg, Na, 

P), dissolved major species (HCO3-, Ca2+, SO42-, H4SiO4, Cl-, Na+, Mg2+, and K+), 

dissolved nutrient elements (N and P), suspended and dissolved organic matter, and 

suspended and dissolved trace metals (Berner, 1996). Other chemical components 

within lake basins are authigenic, forming within the basin, and include the alteration 

or precipitation of minerals. With an understanding of how components are brought 

into, altered within, and precipitated out of systems, workers use grain size and 

sedimentation; certain elements and elemental ratios; stable isotopes; and other 

geochemical parameters like loss on ignition, total organic carbon, etc. to reconstruct 

past climates and environments from lake sediments.  

1.2.4. Diatoms as Environmental Proxy 

Diatoms, which are most thoroughly described by Round et al. (1990), are 

unicellular eukaryotes, most of which vary in size from 5-200 µm. Diatoms create 

siliceous, ornamented cell walls called frustules that are extremely diverse in size 

and shape. It is estimated that there are well over a million species that can live in 

the plankton/benthos of oceanic, coastal, or freshwaters and even surfaces of moist 

habitats like soils or mosses (Falkowski & Knoll, 2007), making them incredibly well-

dispersed. Diatoms have been used to reconstruct lake chemistry and water quality 

in historic and modern contexts: whether to reconstruct past changes in hydroclimate 

(e.g., Gasse et al., 1995; Gasse et al., 1997; Battarbee et al., 2001; Fritz et al., 2010) 

or to monitor modern pollution cheaply and reliably (e.g., Lange-Bertalot, 1979; 

Sladecek, 1996). Diatoms, like other primary producers, require sufficient light, 

inorganic nitrogen, phosphorus, and trace elements to survive, with each diatom 

taxon responding to certain biological requirements which allows for reconstruction 

of certain controlling variables. Diatoms provide information on their various 
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ecologies; each taxon has a specific preference for certain physical (temperature, 

light, turbulence, etc.) and chemical (pH, dissolved organic carbon, nutrients, salinity, 

etc.) parameters (Battarbee et al., 2001). Diatoms are preferable indicators due to 

their (1) sensitivity to changes in water chemistry, (2) abundance in both past and 

modern sediments, (3) siliceous frustules which can withstand some dissolution 

post-deposition, and (4) large geographic (cosmopolitan) ranges (Gasse et al., 

1995). Despite concerns that cosmopolitan diatom ecological preferences may not 

be universal (Vanormelingen et al., 2008; Soinenen & Teittinen, 2019), when used 

with other proxies, diatoms provide information about water’s physical and chemical 

controls within a basin. Through statistical techniques, including but not limited to 

transfer functions, Canonical Correspondence Analysis, hierarchical cluster analysis, 

and weighted averaging regression (e.g., Gasse et al., 1995; Bergner & Trauth, 

2004, Birks et al., 2010; Juggins, 2013; Owen et al., 2014), paleoclimatologists can 

create quantitative reconstructions of past conditions, providing valuable insights into 

past ecologies and hydroclimates.  

1.3. DISSERTATION OVERVIEW 

1.3.1. Chapter 2: Hydrochemistry and Diatom Assemblages on the Humpata 

Plateau, Southwestern Angola 

The second chapter, published in Geosciences, is a modern study of 

hydrochemistry on the Humpata Plateau in southwestern Angola in southwestern 

Africa (Robakiewicz et al., 2021). Diatoms are effective and inexpensive 

paleoclimate and pollution indicators for modern water systems. They have been 

used in northern, eastern, and southern Africa as such because of their well-

documented ecologies in those regions, but, with a large gap of modern assemblage 

studies in Angola, this inexpensive method for water quality studies is less reliable. 

To close this gap, modern diatoms were sampled across four water bodies on the 

Humpata Plateau in southwestern Angola in the dry season of July 2019, with in-situ 

measurements of pH, conductivity, and total dissolved solids and laboratory analysis 
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of cations and anions to better understand modern diatom assemblages in 

southwestern Angola, the hydrochemical variables determining their communities, 

and potential human impact on local water. It was found that bedrock determines 

local hydrochemistry and that diatoms in southwestern Angola can provide insight 

into relative conductivities and trophic levels. Limited data hinder interpretations of 

diatom ecological preferences for pH, temperature, alkalinity, ions, and pollution, 

requiring further analyses. This research is beneficial for both African diatomists 

interested in using accurate transfer functions across Africa to reconstruct 

paleoclimates as well as local communities and hydrologists interested in 

understanding water chemistry and pollution, given that these studied sites are vital 

water resources for local communities on the Humpata Plateau. As such, this project 

involves the active participation and communication with local officials and 

community leaders to engage in dialogue to address concerns related to local 

hydrology. In addition, monitoring of diatom communities will allow for comparison in 

the future to better understand how anthropogenic climate change is impacting the 

hydrochemistry on the Humpata Plateau.  

1.3.2. Chapter 3: Hydroclimate Cycles over 35,000 years as Lake Nakuru, 

Kenya 

The third chapter, to be submitted to Quaternary Science Reviews, looks at Lake 

Nakuru, a shallow, highly alkaline lake in the Central Kenyan Rift, over the last 

35,000 years, encompassing both the Last Glacial Maximum (LGM) and the African 

Humid Period (AHP). While general trends about environments of the LGM and AHP 

are understood in Eastern Africa, the rate of environmental transition in and out of 

these phases and environmental variability within them is not well understood. 

Amplifier lakes (lakes that amplify climate signals like Lake Nakuru) are vital to 

understand the rate of environmental change in response to larger scale global 

climate change. This record includes high-resolution sampling from the upper ~11.5 

meters of two duplicate, 17-meter drill cores taken by the Lake Naivasha Coring 
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Project in 2004 with a chronology based on a newly developed age model and aims 

to answer a) how variable is chemistry, depth, and rate of change of Lake Nakuru 

across the LGM and into the AHP? and b) which aspects of global climate is Lake 

Nakuru responding to across this time period? Using lithological, geochemical, and 

micropaleontological techniques, it was found that Lake Nakuru underwent phases of 

oxic/anoxic conditions that may be related to changes in climate and/or volcanic 

activity. With evidence of long-term impacts from volcanic activity absent, such 

changes are hypothesized to be related to millennial-scale changes during the Late 

Pleistocene including the Dansgaard-Oeschger cycles and Heinrich Events. By 

reconstructing the paleolimnology of Lake Nakuru across dynamic global phases, 

this research aims to contribute to increased understanding of how large-scale 

systems impact small-scale systems. Reconstruction of the hydroclimate at Lake 

Nakuru can therefore be used as a relevant regional environmental reconstruction by 

archaeologists interested in technological transitions and population migrations from 

the Late Stone Age to the Neolithic 

1.3.3. Chapter 4: Hydroclimate reconstructions in the Suguta Valley, northern 

Kenya, during the Early-Middle Pleistocene Transition 

The fourth chapter of this dissertation, which has been accepted in 

Palaeogeography, Palaeoclimatology, Palaeoecology, explores lake levels at 

Paleolake Suguta located in the Northern Kenyan Rift across the Early/Mid-

Pleistocene Transition (EMPT) (Robakiewicz et al., 2023). The EMPT from 1,200–

700 ka represents a major global climate transition from glacial cycles dominated by 

41,000- to 100,000-year cycles, yet the mechanisms that caused this transition and 

how African lakes responded to it are not well understood. At Paleolake Suguta, a 

flood basalt has preserved rare lacustrine EMPT-aged sediments, preserving 

valuable paleoenvironmental proxies. This research presents a reconstruction of 

hydrological changes during the EMPT from a 41-m outcrop using diatom 

morphologies, sedimentology, and X-Ray Fluorescence data in order to answer how 
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variable EMPT hydroclimate is from ~931-831 ka. From these data, Paleolake 

Suguta appears to be fairly stable from ~931-905 ka followed by a period of dry 

conditions leading into a more variable stage from ~885-831 ka. During this volatile 

phase, paleolake Suguta ranged from a deep stratified lake, to a shallow, well-mixed 

lake, to a completely desiccated lake playa with incredibly rapid transitions. After 

~831 ka, the basin becomes drier with evidence for periods of a swampier floodplain. 

This record displays the intricacies of environmental and lake level change across 

the EMPT and will help provide context for understanding how the EMPT impacted 

regional environments as well as for potential hominin discoveries within these well-

preserved Middle Pleistocene Suguta strata in the future.  

1.4. BROADER IMPACTS AND GOALS 

This dissertation provides an overview into how shifts in large scale climate can 

cause variability in lake levels and chemistry. Reconstructing paleolake dynamics 

offers insight into variable environments, especially in response to changes in global 

climate. These changes impact flora and fauna, from diatoms to humans and our 

hominin ancestors. By understanding limnological variability in the past, future 

workers can better understand how archaeological sites and paleolakes are related, 

potentially extrapolating on how hominins may have migrated throughout the 

landscape or why there may have been transitions in past cultures. In addition, by 

understanding modern changes in hydrochemistry, we can help prepare vulnerable 

communities to modern climate change to ensure the livelihood and safety of 

individuals. By understanding past and present limnological systems, we can better 

understand the planet, our history, and the climatological future.  
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CHAPTER 2: Hydrochemistry and Diatom Assemblages on the Humpata 

Plateau, Southwestern Angola3F3F0F

1 

2.1. INTRODUCTION 
Water is a valuable resource, particularly for populations in the dry subhumid 

Humpata Plateau in southwestern Angola. Beyond consumption and food 

preparation, daily economic tasks depend on water, including excremental waste 

management, agriculture, livestock production, washing, fishing, and other economic 

activities [1]. The use of water for these activities can lead to pollution, which 

reduces individuals’ access to clean, fresh water [2]. Although in recent years Angola 

has established policies to decrease water pollution (whether from heavy metals, 

agriculture, industry, or excremental waste) and increase water quality [2], in much of 

the country, little is known about local water chemistry, particularly beyond urban 

areas [1,3]. Studies of rural water sources are limited because many techniques 

used to manage and analyze water are time consuming and access to collection 

sites is limited due to a lack of roads in many rural communities across the country 

[4]. This emphasizes the importance for communities to have in-depth knowledge 

about their local water supplies and adopt practices that support community-based 

monitoring to keep waters clean [5]. 

In environments with variable annual precipitation such as the Humpata Plateau, 

water access is even more crucial. Most accessible and potable water comes from 

small, cold-water springs fed by groundwater during the rainy season. Because of 

climate change, drastic changes in annual African rainfall threaten many of these 

rural communities that depend on the replenishment of springs during the rainy 

season [6]. To begin to solve some issues that accompany limited access to fresh, 

clean water (poverty, malnourishment, water-borne disease, etc.), it is necessary to 

begin to record and analyze the water quality of rural water to empower local 

communities to retain high water quality [5]. This project combines water chemistry 

data and diatom assemblage analysis to understand water quality and pollution on 

 
1 ROBAKIEWICZ, E.; DE MATOS, D.; STONE, J.R.; & JUNGINGER, A., 2021. Hydrochemistry and Diatom 
Assemblages on the Humpata Plateau, Southwestern Angola: Geosciences. 11, 359. 
https://doi.org/10.3390/geosciences11090359 
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the Humpata Plateau in an effective and simple manner that can embolden 

communities to protect their water resources.  

Diatoms are siliceous microalga frequently used to identify and reconstruct 

changes in lake chemistry and water quality related to climate change or 

anthropogenic pollution [7–10]. Diatom ecology provides environmental information 

because each taxon has specific preferences for certain physical (temperature, light, 

turbulence, etc.) and chemical (pH, dissolved organic carbon, nutrients, salinity, etc.) 

parameters [8]. Physical parameters are often difficult to deduce as they impact 

chemical parameters and cannot be dissociated from other variables [8,11,12]. 

Diatom analyses, therefore, focus on the reconstruction and interpretation of 

chemical parameters (particularly pH, conductivity, and pollutants), which are more 

readily discernible. Diatoms are strong water-quality indicators because of (1) their 

sensitivity to changes in water chemistry, (2) their numerical abundance in both past 

and modern sediments, (3) their siliceous frustules, which can withstand some 

dissolution post-deposition, (4) their rapid response to changing variables as primary 

producers, and (5) the large geographic ranges of some taxa, although recent 

studies show that many species may not be as cosmopolitan as previously 

suspected and instead represent similar morphotypes [13–15]. Therefore, collecting 

diatoms with relevant water chemistry data can be extremely valuable in discerning 

water quality and environmental change.  

This research focuses on determining diatom taxa on the Humpata Plateau in 

southwestern Angola to understand how they relate to local hydrochemistry and 

anthropogenic pollution from agricultural and excremental waste. It aims to act as a 

guide for future studies in rural regions of Africa where resources are scarce, and 

travel is difficult, to continually monitor chemical changes. Specifically, the objectives 

of this study are to: 

1. Record modern diatom assemblages at five sites in southwestern Angola. 

2. Determine which hydrochemical variables diatom communities can estimate 

for local water bodies.  

3. Identify potential human impact on water through differences in water quality 

and diatom assemblages. 
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2.2. GEOLOGICAL AND CLIMATIC SETTING 

2.2.1. Geography and Geology 
As Africa’s seventh largest country, Angola, located in southwestern Africa 

(Figure 1A), displays drastically varied geologies, landscapes, and climates [16]. In 

southwestern Angola, the dry subhumid Humpata Plateau extends over 300 km east 

and west and reaches an elevation of 2,300 m [3,17] (Figure 1B). The Province of 

Huíla, where the Humpata Plateau is located, has an area of 78,879 km2 with a 

population of around 2.6 million people, with the majority of the population 

surrounding the province’s capital city, Lubango [18]. The Plateau is made of a 

Proterozoic craton overlain by the Chela Group, a 600 m thick volcanic sedimentary 

sequence deposited between 1.947 and 1.810 Ga (Figure 1C) [17–21]. The top layer 

of the Chela Group, called the Leba Formation, is composed of layers of greyish-

blue dolomitic limestone scattered with stromatolites, argillites (lightly 

metamorphosed mudstone), and chert (Figure 1D) [18]. The Leba Formation 

unconformably lies over the Cangalongue Formation, which is composed of 

interbedded red sandstones, red shales, limestones, and siltstones [21]. The calcite-

rich bedrock contains karst features including caves and springs which have been 

associated with paleontological and archaeological finds [22]. The soils on the 

Humpata Plateau consist mainly of leptosols (shallow, gravelly soils) and ferralsols 

(heavily weathered and iron and aluminum rich red/yellow soils), both of which have 

low fertility [16]. 

2.2.2. Seasonality and Climate 
The seasons in southwestern Angola are dominated by yearly fluctuations in 

precipitation rather than temperature, with a warmer/rainy season from the end of 

September until May and a cooler/dry season from the end of May until September 

[3]. Ninety-five percent of annual rainfall across Angola occurs during the wet season 

[23]. From the Humpata weather gauge located at 15.069° S and 13.251° E at an 

altitude of 1880 m, average monthly temperatures from 2015 to 2018 range, 

inclusively, from a dry season average of 15.5°C to a wet season average of 18.2°C, 

with a four-year annual average of 17.3°C [24]. In contrast, precipitation varies, 

inclusively, from a dry season average of 0.35 mm of rain per month to a wet season 

average of 136 mm of rain per month [24]. Annual precipitation varies slightly across 

the sampled sites. Based on data from the Climate Change Knowledge Portal, 
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across the sampling sites, average annual precipitation from 1910 to 1998 varies 

from Cascatinha da Zootécnica at 570 mm/year to Nandimba Tchivinguiro at 498 

mm/year [25]. Since the 1930s, this area has seen a decrease in rainfall, although 

data is fragmented [6,25]. The decadal averages for Cascatinha da Zootécnica and 

Nandimba Tchivinguiro from the 1930s to 1970s range from 609–812 mm/yr and 

523–680 mm/yr, respectively [25]. In contrast, the average for Cascatinha da 

Zootécnica and Nandimba Tchivinguiro, respectively, were 477 and 407 mm/yr in the 

1980s and 446 and 395 mm/yr in the 1990s [25]. Unfortunately, scarce data since 

1998 reduce the ability to further analyze how current rainfall patterns differ, although 

local communities stress that water availability has decreased in recent memory 

[Personal Communication, Field Season 2019].  

Rainfall in southwestern Angola is controlled by sea surface temperatures, 

specifically the Benguela Current, and air masses including high- and low-pressure 

systems that move seasonally over southern Africa. The cold Benguela Current, 

which moves northward along the western coast of southern Africa to about 15° S 

(shifting seasonally between 14° S and 16° S), dictates rainfall patterns along 

Angola’s coast by decreasing moisture availability and transport [26]. High-pressure 

systems lead to fair weather conditions and include the South Atlantic Anticyclone 

and the South Indian Anticyclone, which make landfall during the austral winter [27]. 

Low-pressure systems that create wet conditions include the Angola Low and 

Tropical Temperate Trough and develop over southern Angola during the austral 

summer. Larger low-pressure systems that affect southwestern Angolan rainfall 

include the Intertropical Convergence Zone and the Congo Air Boundary [26]. The 

Intertropical Convergence Zone reflects the amount of solar insolation received by 

the atmosphere and Earth’s surface, leading to a band of low pressure near the 

equator, which draws in moisture and rainfall [27]. The Congo Air Boundary is the 

area of convergence of airmasses derived from the South and the Congo Air 

Boundary [26]. The Intertropical Convergence Zone reflects the amount of solar 

insolation received by the atmosphere and Earth’s surface, leading to a band of low 

pressure near the equator, which draws in moisture and rainfall [27]. The Congo Air 

Boundary is the area of convergence of airmasses derived from the South Atlantic 

and Indian Oceans, bringing moisture over southern Africa and resulting in rainfall 

[27]. Larger global phenomenon including the Atlantic Walker Cell and El Niño
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Figure 1. (A) Topographic map of Africa with Angola outlined in white. (B) Topographic 
map of western Angola with the study area outlined with a black box. (C) A close-up of 
the bedrock at the edge of the Humpata Plateau (Modified from Lopes et al., 2019) [18]. 
Sites from this study are added to the map and are located on the Leba Formation, 
Chela Group, or metaluminous granitoid. (D) A cross-section of the Chela Group, 
including the Leba and Cangalongue Formations on the Humpata Plateau (From Pereira 
et al., 2011) [21]. Asterisks (*) denote the shading for red shales and red sandstones. 
 
events likely contribute to Angolan rainfall through time, although their impacts are 

not well understood [28]. 

2.2.3. Hydrological Setting 
The southwestern part of the Humpata Plateau is located within the Cunene (or 

Kunene) Basin. The Cunene River represents the confluence of water within the 

basin. The Cunene River starts within the highlands near Huambo at 12.8° S, 15.7° 

E, creates the border between Angola and Namibia, and drains into the Atlantic 

Ocean at Foz da Cunene where discharge is about 15 km³/yr [29]. Mean annual 

runoff of the Cunene Basin is 5500 million m3/yr [30]. With 60% of Angolan territory 

located at an altitude between 1000 and 2000 m [23], Angola acts as the “water 

tower” of southern and central Africa [16]. The Cunene Basin is located next to the 

Okavango Basin in the east and the Cuvelai Basin in the south, which both feed into 

two of Africa’s largest wetlands, the Kalahari and Etosha, respectively [16]. The 

current barrier between the Cunene and Cuvelai Basins is only a few meters in 

elevation, but sufficient to prevent Cunene flooding from flowing into the Cuvelai 

System [31,32]. Nonetheless, the three basins are likely connected hydraulically 

underground [31]. International disagreements related to use and control of the 
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Cunene River’s water have resulted because these systems provide access to 

potable water for populations throughout the region [29].  

2.3. MATERIALS AND METHODS 

2.3.1. Sample Collection 
Samples were collected during the dry season in July 2019 from four water 

bodies including  

cold springs (Umbutu and Nandimba Tchivinguiro), a river (Leba), and a waterfall 

pool (Cascatinha da Zootécnica) (Figure 2). Sites for sampling were found by 

searching for bodies of water on Google Earth and communicating with local people 

about small springs in the area. A Hanna multi-parameter probe HI98194 was used 

to collect data on temperature (°C), conductivity (µS/cm), pH, and Total Dissolved 

Solids (TDS; ppm) (Table 1). Alkalinity (mg/L solution as CaCO3) was estimated 

using alkalinity strips.  

Water samples were collected using a syringe with a 0.45 µm filter. Samples for 

cation and anion analyses were collected from 60 mL water samples. Additionally, 

cation samples were acidified with 0.6 mL of 65% HNO3 to ensure cations would not 

precipitate out of solution. Cation and anion samples were sent to the Petrology and 

Mineralogy Raw Materials lab at the Universität Tübingen for analysis where they 

were analyzed using ion chromatography compact IC Flex and Compact IC Plus 

from Metrohm.  

Diatom samples were collected from standing water, plants, sediments, and 

rocks, according to the recommendations of Kelly et al. (2001) [33]. Standing water 

samples were collected by retrieving 20 mL of surface water, although this did not 

yield enough diatoms and is therefore not considered further in this paper. Multiple 

macrophytes located in direct sunlight were selected for epiphytic sampling. 

Sediment samples were scooped from about a meter offshore, with muds (epipelon) 

and sands/small rocks (episammon) collected separately. Larger rocks (epilithic) 

were scrubbed with a clean toothbrush. Distilled water was used to clean the 

toothbrush onto a tray which was then transferred into a sample container. All diatom 

samples were treated in the field with Lugol’s solution. 
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Figure 2. Satellite image from Google Earth of the sampled sites. A field photo from each 
site is included. 

2.3.2. Diatom Preparation and Identification  
All samples not already suspended in water were washed with distilled water 

using a 210 µm sieve. The <210 µm samples were decanted using a centrifuge for 

five minutes at 2500 revolutions per minute (RPM) to decrease the volume to five 

mL. Samples were prepared using a modified hot H2O2 method [34]. Each sample 

was heated at 90 °C with 20 mL of 30% H2O2 until the majority had evaporated (four 

to five hours) to remove the organics. A few drops of 10% HCl (to remove 

carbonates) and a Lycopodium spore (to measure concentration for use in future 

studies) were added to sit for about 24 h. Samples were transferred to 15 mL 

centrifuge tubes using distilled water and centrifuged for five minutes at 2500 RPM 

and decanted—a process that was repeated four times to wash off remaining acids. 

Once this process was finished, one drop of ammonium hydroxide was added to 

separate the aggregates and remove clays. The sample was centrifuged and 

decanted a final time at 2500 RPM for five minutes. The sample was adjusted with 

an appropriate amount of deionized water (given the anticipated concentration of the 

sample) and added to the coverslip to dry in a dust-free shelf for 24 h. Once the 

coverslip was dry, Naphrax was used to adhere the cover slip to a glass slide and 
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heated at 125 °C until the Naphrax was cured (about 20 min). Prepared and 

unprepared samples are located at the University of Tübingen. 

Diatom Preparation and Identification  

All samples not already suspended in water were washed with distilled water using a 

210 µm sieve. The <210 µm samples were decanted using a centrifuge for five 

minutes at 2500 revolutions per minute (RPM) to decrease the volume to five mL. 

Samples were prepared using a modified hot H2O2 method [34]. Each sample was 

heated at 90 °C with 20 mL of 30% H2O2 until the majority had evaporated (four to 

five hours) to remove the organics. A few drops of 10% HCl (to remove carbonates) 

and a Lycopodium spore (to measure concentration for use in future studies) were 

added to sit for about 24 h. Samples were transferred to 15 mL centrifuge tubes 

using distilled water and centrifuged for five minutes at 2500 RPM and decanted—a 

process that was repeated four times to wash off remaining acids. Once this process 

was finished, one drop of ammonium hydroxide was added to separate the 

aggregates and remove clays. The sample was centrifuged and decanted a final 

time at 2500 RPM for five minutes. The sample was adjusted with an appropriate 

amount of deionized water (given the anticipated concentration of the sample) and 

added to the coverslip to dry in a dust-free shelf for 24 h. Once the coverslip was dry, 

Naphrax was used to adhere the cover slip to a glass slide and heated at 125 °C 

until the Naphrax was cured (about 20 min). Prepared and unprepared samples are 

located at the University of Tübingen. 

When possible, at least 400 diatom valves were counted on an Olympus BX50 

light microscope at 1000× magnification with a 700D Canon Camera attached to take 

photos of taxa (S1). The presence of extremely small taxa (<5 µm) indicates 

samples were not biased towards larger taxa during sample preparation. All 

planktonic and some epilithic samples could not be included because there were too 

few specimens in the sample. Identification was conducted using Gasse (1986), 

Cocquyt (1998), Taylor et al. (2007a), and Spaulding et al. (2020) [35–38]. A valve 

was counted as one if more than 50% of the valve was visible and identifiable. In all 

cases, specimens were identified to the highest taxonomic level as accurately as 

possible (Table 2; S2). Light microscope identification was supplemented with 

Scanning Electron Microscope photos taken at the Microfossils Laboratory in the 

Department of Geosciences of the Eberhard Karls Universität Tübingen with a 
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Table 1. Collected and calculated physical and chemical parameters of the sites 
including water temperature (Temp.), pH, conductivity (Cond.), alkalinity (Alk.), Total 
Dissolved Solids (TDS), and major cations and anions. Measurements with an asterisk 
(*) were calculated using Geochemist Workbench. 
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Phenom XL Scanning Electron Microscope (Figures 3 and 4). The electron source is 

a Cerium Hexaborit (CeB6) cathode. Samples were coated with 70 nm gold and 

analyzed with a Back Scatter Detector (BSD) with 15 kV acceleration voltage. 

2.3.3. Analytical Methods 
Hydrochemistry of the water bodies was analyzed using Geochemist Workbench 

(GWB). Given the remote location of this work, well-constrained alkalinity and HCO3− 

measurements were not possible. Alkalinity strips were used to estimate alkalinity in 

the field and reflect the trends calculated by GWB. GWB was used balance the ions 

using HCO3−. Given the abundance of Ca2+ in the bedrock, such assumptions are 

likely valid and provide reasonable results that allow for better analysis of the data 

[39]. Water body type was determined according to USGS water quality standards 

where a dominant ion represents 50% of total ions measured in mEq/L [40]. If no ion 

represented 50%, the top two ions were used in descending order. 
Correspondence analysis was used to determine the relationship between 

hydrochemistry and the composition of the diatom assemblage [41,42]. Angolan taxa 

were grouped by hydrochemical preferences based on data from Gasse (1986), Gasse 

et al. (1995), Sonneman et al. (2000), Taylor et al. (2007a), and Spaulding et al. (2020) 

[13,35,37,38,43], although many taxa were missing data in all or some categories of 

interest. Correspondence analysis for each hydrochemical parameter was run on the 

formed groups and the percentage of the groups at each site to determine whether the 

groupings can predict the measured and calculated parameters (conductivity, pH, 

temperature, alkalinity, and cations and anions). Because of the varied nature of the 

data presented in the literature, regional variability in diatom ecological preferences, and 

the possibility of misidentification or morphologically similar taxa with different ecological 

preferences, groupings do not represent specific, quantitative hydrochemical 

preferences. Rather, the typically quantitative parameters (conductivity, temperature, pH, 

and alkalinity) are clustered along a gradient (where Group 1 is low and Group 5 is high) 

based on observed preferences in the aforementioned literature to show general trends 

of inferred  hydrochemistry based on the observed diatom assemblages (S2). Thus, Chi-

square could not be used to confirm the significance of the data, as categorical 

correspondence cannot account for the quantitative gradient for each parameter. Chi-

square was used for categories that can be categorical and were not measured in the 

field, including pollution and trophic level. 
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Table 2. A list of all diatom percentages in relation to the total diatoms in each 
community of each water body. Percentages of taxa with an abundance of at least 2% 
within a habitat at a water body were used. Epilithic refers to diatoms on rock, epipelic 
are diatoms in muds, epiphytic are diatoms on plants, and episammic are diatoms on 
sands. Planktonic samples did not yield enough diatoms to reach the 400-valve 
minimum and are therefore not included in this study. Planktonic counts can be found in 
S2.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 (next page). SEM photographs of some of the most common diatoms found in 
the water bodies. Each black or white part of the scale bar is 5 µm. Identifications: (a) 
Achnanthidium exiguum (Grunow) Czarnecki; (b) Achnanthidium macrocephalum 
(Hustedt) Round & Bukhtiyarova; (c) Achnanthidium minitissimum (Kützing) Czarnecki; 
(d) Achnanthidium saprophilum (H.Kobayashi & Mayama) Round & Bukhtiyarova; (e) 
Grunowia solgensis (A.Cleve) Aboal; (f) Nitzschia frustulum (Kützing) Grunow; (g) 
Sellaphora pupula (Kützing) Mereschkovsky; (h) Sellaphora cf. nigri (De Notaris) Wetzel 
& Ector; (i) Geissleria sp. 2 Lange-Bertalot & Metzeltin; (j) Sellaphora cf. saugerresii 
(Desmazières) C.E.Wetzel & D.G.Mann; (k) Sellaphora cf. atomoides (Grunow) Wetzel 
& Van de Vijver; (l) Platessa hustedtii (Krasske) Lange-Bertalot (raphe and rapheless 
valve); (m) Amphora pediculus (Kützing) Grunow; (n) Geissleria sp. 1 Lange-Bertalot & 
Metzeltin; (o) Brachysira neoexilis Lange-Bertalot; (p) Fragilaria capucina Desmazières; 
(q) Nitzschia amphibia Grunow; (r) Nitzschia cf. palea (Kützing) W.Smith; (s) Ulnaria cf. 
unlabiseriata D.M.Williams & B.Liu; (t) Punctastriata cf. mimetica E.A.Morales; (u) 
Ulnaria cf. biceps (Kützing) Compère; (v) Ulnaria cf. contracta (Østrup) E.A.Morales & 
M.L.Vis. 
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Figure 4 (previous page). SEM photographs of some of the most common diatoms 
found in the water bodies. Each black or white part of the scale bar is 5 µm. 
Identifications: (a) Gomphonema gracile sl Ehrenberg; (b) Gomphonema acuminatum 
Ehrenberg; (c) Gomphonema pseudosphaerophorum H.Kobayasi; (d) Gomphonema cf. 
affine Kützing; (e) Eunotia rhomboidea Hustedt (girdle and valve view); (f) 
Gomphonema lagenula Kützing; (g) Cymbella affinis Kützing; (h) Eunotia pectinalis var. 
undulata (Ralfs) Rabenhorst (valve and girdle view); (i) Encyonema neogracile 
Krammer; (j) Eunotia cf. minor (Kützing) Grunow; (k) Gomphonema parvulum (Kützing) 
Kützing; (l) Gomphonema venusta Passy, Kociolek & Lowe (valve and girdle view); (m) 
Pinnularia gibba (Ehrenberg) Ehrenberg; (n) Cymbella aspera (Ehrenberg) Cleve; (o) 
Frustulia crassinervia (Brébisson ex W.Smith) Lange-Bertalot & Krammer; (p) Navicula 
cf. zanonii Hustedt; (q) Pinnularia divergens W.Smith; (r) Navicula cryptotenella Lange-
Bertalot; (s) Navicula radiosa Kützing. 

2.4. RESULTS 

2.4.1. Hydrochemical Results 
Four water bodies (Umbutu and Nandimba Tchivinguiro, cold springs; Leba, river; 

and Cascatinha da Zootécnica, waterfall pool) were sampled, with Leba River 

sampled from two locations along the reach of the river (Figure 2). Located on the 

Humpata Plateau, all water bodies have relatively high elevation, ranging from 

Cascatinha da Zootécnica at 1670 m to Umbutu at 1806 m. Conductivity, TDS, and 

pH vary between Umbutu with the highest conductivity and TDS (1035 µS/cm and 

520 ppm, respectively) and lowest pH (7.16) and Cascatinha da Zootécnica with the 

lowest conductivity and TDS (17 µS/cm and 8 ppm, respectively) and highest pH 

(8.26) (Table 1; Figure 5). Nearly all sites are of the HCO3− type with Umbutu of the 

Mg/Ca-HCO3 type, Nandimba Tchivinguiro of the Mg-HCO3 type, Leba 1 of the 

Ca/Mg-HCO3 type, and Leba 2 of the Na/Ca-HCO3/Cl type. Only Cascatinha da 

Zootécnica is not of the HCO3− type, instead being of the Na-Cl type. Alkalinity 

ranges from 1 mg/L at Cascatinha da Zootécnica to 147 mg/L at Nandimba 

Tchivinguiro. Of the cations, Na+, K+, Ca2+, and Mg2+ all have a concentration greater 

than 1.00 mg/L in at least one locality (Table 1). Ca2+ and Mg2+ both have the 

greatest range, which reflects the dolomitic nature of the Leba Formation. Of the 

anions, HCO3− has the highest molar concentration across the sites except at 

Cascatinha da Zootécnica where Cl− (the only other anion to have a concentration 

greater than 1.00 mg/L) is the dominant anion. NO3− and SO42− concentrations, 

common indicators of agricultural and excremental waste pollution, range from 0.01 

to 0.89 and 0.06 to 0.71 mg/L, respectively. PO43−, a common limiting nutrient for 

aquatic phytoplankton, ranges across the localities from 0.01 to 0.20 mg/L.  
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2.4.2. Diatom Assemblage Results 
Of the 91 diatom taxa identified, 44 taxa organized into 42 groups (four species, 

Geissleria sp. 1/Sellaphora cf. atomoides and Sellaphora cf. saugerressi/Geissleria 

sp. 2 are listed together as they were indistinguishable under the light microscope) 

are at least 2% abundant within a site’s community (epilithic, epiphytic, epipelic, or 

episammic) (Table 2; Figures 3& 4). The most abundant species in each water body 

with an abundance of at least 10% in a community are: 

• Cascatinha da Zootécnica, Achnanthidium macrocephalum (Hustedt) Round 

& Bukhtiyarova (all communities), Encyonema neogracile Krammer (epipelic), 

Eunotia cf. minor (Kützing) Grunow (epiphytic), E. rhomboidea Hustedt 

(epipelic and epiphytic), and Navicula cryptocephala Kützing (epilithic and 

epipelic) 

Nandimba Tchivinguiro, Achnanthidium minutissimum (Kützing) Czarnecki 

(epilithic and epiphytic), Grunowia solgensis (A. Cleve) Aboal (episammic), 

Geissleria sp. 1 and Sellaphora cf. atomoides (Grunow) Wetzel & Van de 

Vijver (episammic), Navicula erifuga (OF Müller) Bory (epilithic), Nitzschia 

amphibia Grunow (all communities), N. frustulum (Kützing) Grunow 

(episammic), and Platessa hustedtii (Krasske) Lange-Bertalot (epiphytic) 

 

Figure 5 (previous page). Piper diagram of sites made using Geochemist Workbench with 
total dissolved solids (TDS) represented by the size of the circle in the diamond. 
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• Umbutu, A. minutissimum (all communities), Gomphonema parvulum 

(Kützing) Kützing (all communities), Navicula cryptotenella Lange-Bertalot 

(epilithic), and Sellaphora pupula (Kützing) Mereschkowsky (epipelic and 

epiphytic) 

• Leba 1, A. minutissimum (all communities), Navicula radiosa Kützing (all 

communities), and Ulnaria cf. biceps (Kützing) Lange-Bertalot (epilithic) 

• Leba 2, A. macrocephalum (epililthic, epipelic, and episammic)), Ulnaria cf. 

contracta (GS West) (epiphytic), G. parvulum (epilithic), and Navicula cf. 

zanonii Hustedt (all communities) 

Taxa tend to be found in communities related to their life habits (i.e., Eunotia 

tend to be more present on epiphytic samples). It is uncommon for a species to be at 

least 10% abundant and not found, at least in trace amounts, in the other habitats. 

Therefore, to remove community bias based on each species’ life habits, 

correspondence analysis was run on lumped communities for each water body 

rather than separately.  

2.5. DISCUSSION 

2.5.1. Hydrochemistry 
Hydrochemistry is influenced by the source and chemistry of local precipitation, 

the residence time of water, local vegetation, anthropogenic pollution, and the 

lithological and hydrological properties of bedrock [40]. Given the proximity of the 

sites and similar historic annual rainfall records [24,25], differences in precipitation 

across the sites are likely minimal, meaning it is unlikely that precipitation is the main 

driver of local hydrochemistry. The residence time of the different water bodies is 

beyond the scope of this study and would require future sampling, although given the 

sedimentary nature of the bedrock and the high elevation, residence times are likely 

short. Because samples were collected during the dry season, local variation in 

vegetation is limited. Seasonally reduced vegetation and low fertility of local soils 

(which hinder deep root systems) likely lessen the impact macrophytes have on 

localized, seasonal fluctuations in water chemistry (such as pH) during the dry 

season. Therefore, vegetation is anticipated to have a minimal impact on 

hydrochemistry. To understand pollution, one can focus on high levels of SO42− 

unrelated to lithological chemistry (typically from gypsum), as well as on other 

measured potential pollutants such as NO3−. If local pollution drives hydrochemistry, 
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we anticipate that sites closer to Lubango, the second most populous city in Angola 

[44], would cluster together in Figure 5 and have higher concentrations of NO3− and 

SO42−, following the assumption that locations with higher populations have higher 

potential for pollution. Cascatinha da Zootécnica has the largest population, followed 

by Umbutu and Leba 1 [44]. Livestock can also increase pollution, given the 

assumption that larger livestock populations have higher pollution potential. Umbutu 

has the largest population of ruminants per area [45]. Therefore, if Cascatinha da 

Zootécnica, Umbutu, and Leba 1 plot together on the piper diagram, local pollution 

may be driving hydrochemistry. In contrast, bedrock would be a driver of 

hydrochemistry if Leba 1, Umbutu, and Nandimba Tchivinguiro cluster together in 

Figure 5, given their similar sedimentary bedrock. Cascatinha da Zootécnica, which 

is also located within the Chela Group but downstream of metaluminous granitoid 

bedrock, would plot separately. Leba 2 would plot between these clusters because it 

lies within the same Chela sedimentary group as Leba 1, Umbutu, and Nandimba 

Tchivinguiro, but is surrounded by mafic sills (Figure 1C).  

Based on these predictions, it appears that bedrock has the largest impact on 

local hydrochemistry (Figure 5). Umbutu and Nandimba Tchivinguiro cluster closely, 

with Leba 1 nearby, due to similar percentages of HCO3−, Ca2+, and Mg2+. Umbutu 

and Nandimba Tchivinguiro also have large TDS compared to the other water 

bodies, which are at least an order of magnitude smaller (Table 1). Leba 2 and 

Cascatinha da Zootécnica plot further away with higher percentages of Cl−, Na+, and 

K+. Umbutu, Leba 1, Leba 2, and Nandimba Tchivinguiro are all located within the 

Chela Group, either on the Cangalongue Formation of dolostones, siltstones, and 

Fe-rich sandstones, the Leba Formation of dolostones, or a combination of the two, 

given the uncertainty of local bedrock boundaries (Figure 1C,D). Input through the 

Leba and Cangalongue Formations likely leads to the high concentrations of HCO3−. 

In addition, both Nandimba Tchivinguiro and Umbutu are cold water springs. As 

waters move through the dolostones of the Leba Formation, high concentrations of 

HCO3−, Ca2+, and Mg2+ as well as high conductivity and TDS are expected. In 

contrast, Leba 1 and 2 likely have a larger input from surface waters. Input from 

surface runoff or smaller tributaries between Leba 1 and 2 may contribute to their 

variation and explain why they do not have similar hydrochemistries despite being 

only 4.6 km apart (Figure 2). In addition, Leba 2′s bedrock is also interspersed with 

mafic sills and has higher amounts of Na+ and K+ compared to other sites within the 
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Chela Group. Igneous input could explain why Leba 2 lies closest to Cascatinha da 

Zootécnica, which is influenced by granitoid bedrock, in Figure 5. The high 

concentrations of Cl−, Na+, and K+, compared to the other locations, could be due to 

more minerals such as hornblende, melilite, epidote, or biotite compared to the 

dolostone and siltstone bedrock of the other sites [46].  

Although bedrock appears to be most influential on hydrochemistry, 

anthropogenic pollution may also have a minor influence. At rural locations with no 

factories, pollution from agriculture as well as excremental waste are more probable 

than industrial or urban pollutants. Contamination from waste can be evident through 

high conductivity and TDS as well as high levels of NO3− and PO43− [1,3]. None of 

the sites has dangerous levels of NO3− or PO43−. While some sites have high 

conductivity and TDS, it is difficult to distinguish between anthropogenic and bedrock 

input. Given local land-use, agricultural pollution input is likely, such as at Umbutu 

where local cattle were herded into the spring during sample collection. Umbutu has 

the highest PO43− at 0.6 mg/L, meaning some of this input could be related to waste 

pollution. In addition, Nandimba Tchivinguiro and Leba 2 are next to agricultural 

fields where fertilizer and/or manure could be used to aid production, affecting 

hydrochemistry. Therefore, although waste pollution does not appear to be a 

problem hydrochemically (aquatic bacteria have not been investigated), it still likely 

has an impact on the local water bodies based on observations. 

2.5.2. Diatoms as Indicators 
Of the 44 most abundant taxa, none are taxa that typically prefer saline/brackish 

waters such as Craticula, Mastogloia, or Anomoeoneis [47]. Achnanthidium and 

Navicula are present across all water bodies. Achnanthidium is a cosmopolitan and 

adaptive genus, particularly A. minutissimum, which is one of the most frequently 

occurring freshwater benthic diatoms globally [48]. Navicula s.l., which is 

represented by a different species in each water body, is a broad genus and 

occupies a wide range of hydrochemistries [49]. Cascatinha da Zootécnica is the 

only water body with a large percentage of Eunotia, which tend to live in the benthos 

of acidic, oligotrophic waters with low conductivity [49]. Nandimba Tchivinguiro has 

an abundance of small taxa, including varieties of Achnanthidium, Geissleria, 

Sellaphora, and small Nitzschia taxa, which tend to indicate highly oxygenated and 

meso- to eutrophic waters with moderate to high conductivities [49]. A lack of any 
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Stephanodiscus in the samples (although biased due to the lack of planktonic 

samples), but an abundance of Nitzschia with occasional Ulnaria, means that 

phosphorus is likely the limiting nutrient in these water bodies rather than silicon 

given the preferred ratios of phosphorus versus silicon for each genus [50,51]. This 

is also evidenced by the low amount of phosphate that was measured in the field 

(Table 1).  

Assessing diatom assemblages with water chemistry data provides information 

about which variables control the composition of local assemblages, which can later 

be used to determine hydrochemistry and pollution based on collected diatoms. It is 

important to recognize, however, that diatom communities can represent conditions 

across multiple seasons whereas collected water chemistry data represent a very 

short time frame. While this does not make analysis impossible, this bias could be 

the cause of inconsistencies between diatom-inferred chemistry data and measured 

data. Previous studies show that conductivity, pH, and ionic composition tend to 

have the strongest correlations with diatom assemblages [12,13]. Unfortunately, 

besides conductivity, much of the diatom hydrochemical data are scarce. Therefore, 

exploratory correspondence analysis results will lead to future questions about 

interactions between diatom assemblages and hydrochemistry on the Humpata 

Plateau. These results show that conductivity and trophic level are best inferred by 

the diatom assemblages (those parameters have a large impact on the composition 

of the communities), although a lack of data or possible errors for the other 

parameters limit their interpretation.  

Conductivity 

Conductivity data for diatom taxa are often collected and reported from northern, 

eastern, and southern Africa [35,37], although statistically robust data are not always 

collected [12]. In general, water bodies with low conductivity, such as Cascatinha da 

Zootécnica, tend to have higher abundance of taxa that prefer low conductivity such 

as Encyonema neogracile, Eunotia cf. minor, and Eunotia rhomboidea, whereas 

water bodies with high conductivity, such as Nandimba Tchivinguiro, tend to have 

higher abundance of taxa that prefer moderate/high conductivity water such as 

Grunowia solgensis, Navicula erifuga, and Nitzschia cf. frustulum (Table 2). Figure 6 

(which reflects the proportions of the groupings from S2 of the counted diatoms from 

each community) shows that all communities have a substantial proportion of 

diatoms located in the “low/medium” and/or “medium” conductivity categories. Water 
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bodies with lower conductivity, including Cascatinha da Zootécnica, Leba 1, and 

Leba 2, have substantial portions of their diatoms in the “low conductivity” category, 

with Leba 1′s spread also in the “low/medium” category and Cascatinha da 

Zootécnica’s and Leba 2′s spread more evenly split between “low”, “low/medium”, 

and “medium” (except for Cascatinha da Zootécnica’s epilithic community which is 

spread evenly across all groupings). Nandimba Tchivinguiro’s groupings reflect its 

higher conductivity with larger proportions of its diatoms in the “medium” and 

“medium/high conductivity” categories. Umbutu, despite having the highest 

measured conductivity, has diatoms spread evenly across all four groupings. 

Nonetheless, at Umbutu, the epipelic, and epiphytic communities have a larger 

proportion in the “medium/high” category compared to all sites with low conductivity 

(Cascatinha da Zootécnica, Leba 1, and Leba 2), except for Cascatinha da 

Zootécnica’s epilithic community (Figure 6). Correspondence analysis shows that 

Axis 1 is controlled by conductivity, with lower conductivities plotting negatively and 

higher conductivities plotting positively (Figure 7). While Umbutu does seem to be an 

outlier in this data, the diatom assemblages do appear to reliably decipher 

conductivity with Cascatinha da Zootécnica and Leba 2 plotting closest to the “low” 

grouping, Leba 1 closest to the “low/medium” grouping, and Nandimba Tchivinguiro 

closest to the “medium/high” grouping (Figure 7). 

pH 

Correspondence analysis shows diatom assemblages do not accurately infer pH, 

despite having the most available preference data besides conductivity. pH clusters 

show the largest proportion of all diatoms in the “medium” pH category, except for 

Nandimba Tchivinguiro where diatoms are mostly in the “medium/high” category, 

except for the episammic taxa which are spread across all categories (Figure 6). 

Given that the pH of the sites ranges from neutral at Umbutu to slightly alkaline at 

Cascatinha da Zootécnica and that the taxa observed are mostly circumneutral to 

slightly alkaliphilic in their preference, the large proportion in the “medium” pH group 

is not surprising. Cascatinha da Zootécnica evenly splits its diatoms between the 

“low,” “medium,” and “high” pH clusters despite having the highest measured pH. 

Nonetheless, Cascatinha da Zootécnica does have more diatoms in the “high” 

category compared to most other communities besides Nandimba Tchivinguiro 

episammic and Leba 2′s epilithic, epipelic, and episammic communities (Figure 6). 

Axis 1 of Figure 7 is not exclusively controlled by pH and has less predictive power 
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compared to Axis 1 in the conductivity biplot. The most obvious inconsistency is the 

placement of the “high” pH category between the “low” and “low/medium” groupings. 

This pattern makes sense given that both Cascatinha da Zootécnica and Leba 2 had 

larger proportions of taxa that prefer “high” pH in the balloon plot but confuses the 

interpretation of how pH might determine diatom assemblages. These results may 

be biased by the similar measured pH across the water bodies (Table 1) or by errors 

in reported pH preferences causing errors in the pH diatom groupings (S2). It is also 

larger proportions of taxa that prefer “high” pH in the balloon plot but confuses the 

interpretation of how pH might determine diatom assemblages. These results may 

be biased by the similar measured pH across the water bodies (Table 1) or by errors 

in reported pH preferences causing errors in the pH diatom groupings (S2). It is also 

possible that there could have been equipment failure at Cascatinha da Zootécnica 

in collecting the appropriate pH measurements, seeing as the rest of the sites plot 

near reasonable “medium” groups in the biplot (Figure 7). 

Temperature 

Despite sparse and sometimes unreliable data regarding how diatoms are 

impacted by temperature [12], diatom assemblages may weakly infer accurate 

relative water temperatures on the Humpata Plateau. Waters with lower 

temperatures (Cascatinha da Zootécnica 14.22 °C and Leba 2 17.80 °C) have the 

majority of their diatoms in the “low/medium” temperature category (Figure 6). The 

outlier of this trend is Leba 1 which, despite having a recorded temperature of 14.84 

°C, has a balloon plot similar to the higher temperature sites (Nandimba Tchivinguiro 

22.12 °C and Umbutu 22.18 °C), with the majority of taxa plotting in the “medium” 

temperature category (besides Nandimba Tchivinguiro epilithic which has its majority 

in the “medium/high” category). Nonetheless, the warmer waters of Nandimba 

Tchivinguiro and Umbutu have more taxa in the “medium/high” and “high” categories 

than the other water bodies showing that temperature may have some predictive 

power in determining the diatom assemblages (Figure 6). This is less clear on the 

biplot where the axes are controlled by other variables, given that neither Axis 1 nor 

Axis 2 align the temperature gradient correctly (Figure 7). Despite this, Nandimba 

Tchivinguiro and Umbutu plot closest together and Cascatinha da Zootécnica and 

Leba 2 cluster near the “low/medium” temperature grouping, reflecting the measured 

patterns (Figure 7). One complication with temperature data, however, is that 

temperature was only taken on one day at one time at each site even though 
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Figure 6. Balloon plots, which represent the percentage of the diatoms of each grouping 
based on the available data for each parameter, at each site divided by community. The 
organization for the groups is indicated in S2. 
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Figure 7. Correspondence analysis of the groupings for the different variables at each 
site. Chi-square values are only relevant for trophic level and pollution because the rest 
of the data are not purely categorical and/or were measured in the field. Chi-square 
values for trophic level and pollution are 2,356 and 346, respectively. 

temperature of these sites likely changes throughout the day. Therefore, it is difficult 

to deduce how diatom assemblages and temperature may be related. These results 

indicate that diatom assemblages cannot infer temperature either due to data 

collection bias or that diatom assemblages are instead impacted by the influence of 

temperature on other variables such as ionic composition, pH, and conductivity as a 

physical parameter [12].  

Alkalinity and Ionic Species 
Alkalinity may be inferable using the diatom assemblages, although limited 

preference data hinder interpretations (S2). This is supported by the tails of the data 

which mimic the calculated trends, such as how Leba 2 and Cascatinha da 
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Zootécnica (besides Cascatinha da Zootécnica’s epilithic community) with low 

alkalinity are mostly split between “low” to “medium” alkalinity clusters or how 

Nandimba Tchivinguiro, as the location with the highest alkalinity, has more diatoms 

in the “medium/high” category compared to nearly all other communities (Figure 6). 

In contrast, an overrepresentation of taxa that prefer “low/medium” and “medium” 

alkalinity complicate the ability to see if diatom assemblages can infer alkalinity. The 

lack of data is evident in the alkalinity biplot where neither Axis 1 nor Axis 2 

represent alkalinity (Figure 7). Despite this, the sites are located near to other sites 

with similar alkalinity calculations, such as Cascatinha da Zootécnica and Leba 2 

plotting together, although closest to the “medium” cluster. It is therefore difficult to 

say much about whether or not alkalinity can be inferred by the diatom communities. 

The ionic species mirror the preferred alkalinity, as a measure of HCO3− in the 

system, of diatom taxa. Understanding the ionic data is complicated given the 

difficulty of organizing taxa with broad ionic preferences and the added complication 

that data include both optimal cations and anions. For example, while communities 

of the Ca- and/or Mg-HCO3 type waters such as Nandimba Tchivinguiro epipelic, 

Umbutu epipelic and epiphytic, and Leba 1 epiphytic are the only water bodies with 

taxa in the Ca/Mg-HCO3 grouping, the Na-HCO3 grouping includes taxa from each 

community, which is reasonable considering each water body is either of the Na- or 

HCO3-type (Figure 6). The inability to distinguish between the role of cations versus 

anions in diatom preference groupings therefore hinders interpretation of the 

correspondence analysis. Axis 1 of the biplot may relate to the presence of Cl− in the 

water with the Na+Ca/Mg-HCO3, Na-Cl and Na-HCO3, Na-Cl groups plotting more 

positively on Axis 1 (Figure 7). Axis 2 appears to be related to the presence of Na2+ 

in the water, with the Ca/Mg-HCO3 grouping plotting far more negatively than the 

others, although, the conflation of both anions and cations limits the ability to deduce 

patterns across these data (Figure 7). 

Trophic Levels and Pollution 
Understanding how assemblages might infer accurate trophic levels and 

pollution is extremely limited due to sparse preference data and no reference data 

collected in the field. Despite minimal preference data, trophic levels may be inferred 

by the diatom assemblages, with a Chi-square value of 2,356. Axis 1, which explains 

87.9% of the data’s variance, appears to be controlled by trophic level with negative 
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numbers corresponding to hyper- to eutrophic conditions and positive numbers 

corresponding to oligo- to mesotrophic conditions (Figure 7). Based on the biplot, 

Nandimba Tchivinguiro is hyper/eutrophic, Leba 2 is oligo/mesotrophic, and Leba 2, 

Cascatinha da Zootécnica, and Umbutu are all oligo to eutrophic (Figure 7). In 

contrast, the sampled water bodies do not cluster closely with pollution categories 

and have a Chi-Square value of 346, giving the appearance that diatom 

assemblages may be unable to infer pollution reliably. The biplot does appear to 

divide the pollution tolerance (although not directly along Axis 1 or 2) with the three 

groupings plotting in three distinct areas across the biplot (Figure 7). From this plot, 

we anticipate that Nandimba Tchivinguiro to be most polluted and Cascatinha da 

Zootécnica or Leba 2 to be least polluted (Figure 7). This may represent a bias in 

that water chemistry data is only a snapshot of the chemistry when the samples were 

collected, but that collected diatoms can represent multiple seasons and could have 

survived through varying degrees of pollution. One method to further explore this 

outcome includes using diatom indices for pollution and trophic levels [52]. While this 

could help interpret data, such indices, which are often created in Europe, they have 

mixed results in their effectiveness for African samples [53–55].  

2.6. CONCLUSIONS 
This research includes the first description of water chemistry and diatom 

communities on the Humpata Plateau in southwestern Angola. Water chemistry is 

most influenced by bedrock composition, although more research must be 

completed to determine the impact of other variables such as vegetation, residence 

time, and anthropogenic pollution. Diatom communities across the water bodies 

were documented and correspondence analysis was used to determine whether 

diatom communities can infer hydrochemical variables for future water-quality and 

paleoclimate studies. Diatoms appear to have predictive power for conductivity and 

trophic level, although sparse data on diatom chemistry preference limits 

understanding of their ability to infer pH, temperature, alkalinity, ionic species, and 

pollution.  

Diatom counts may be used for diatom indices on pollution or trophic levels to 

learn more about how diatoms can benefit hydrochemical studies in this region. Such 

indices, however, are untested in the region (as well as throughout most of Africa) 

and would need to be explored further before any definitive conclusions can be 
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made. During the next field season during the wet season, more water and diatom 

samples will be collected as well as samples from surrounding sediments and 

bedrock to learn more about the chemistries of these surfaces. Work conducted 

during the wet season will determine whether these observed patterns are visible at 

other points during the year. The second field season will provide more insight into 

bedrock/water interactions, trophic levels, pollution, and evaporation/precipitation 

budget, particularly related to comparisons between the wet and dry seasons. δ18O 

and δ2H will be used to classify the local meteoric water line. The persistent research 

in this area will provide more clarity about how diatoms and hydrochemistry data can 

be used to better understand local waters and pollution to benefit the livelihoods of 

local communities.  
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2.8. SUPPLEMENTAL DATA 

S1: Supplementary Diatom Plates for identification of taxa.  

S2: Tab1: Raw diatom count across the water bodies including the number of 
phytoliths and Lycopodium spores. Tab2: Diatom ecological groupings based on 
Gasse (1986), Gasse et al. (1995), Sonneman et al. (2000), Taylor et al. (2007a), 
and Spaulding et al. (2020).  
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CHAPTER 3: Hydroclimate Cycles over 35,000 years as Lake Nakuru, Kenya1F1F1F

2 

3.1. INTRODUCTION 

Over several decades, scientists have attempted to understand how the tropics 

respond to changes in global climate and the hydrological cycle. These studies 

indicate that the African Humid Period (AHP; 15-5 ka) was the result of precessional 

forcing (Kutzbach & Street-Perrott, 1985; Garcin et al., 2009; Foerster et al., 2012; 

Junginger & Trauth, 2013; Junginger et al., 2014), but the controls on other 

climatological changes through the Pleistocene are not as well understood 

(Singarayer & Burrough, 2015; Lupien et al., 2022). Knowledge during the Last 

Glacial Maximum (LGM; 26.5-19 ka) and the lead up to the AHP are far more limited, 

although records show that globally the LGM was dry (Barker et al, 2004; Gasse, 

2000; Gasse, 2008). While decreased insolation resulting in decreased latitudinal 

location in the mean annual position of the ITCZ (Kutzbach & Street-Perrott, 1985; 

Braconnot et al., 2008) and expansion of the Northern Hemisphere continental ice 

sheet (Arbuszewski et al., 2013; Broecker & Putname, 2013) would reduce Eastern 

African rainfall, these mechanisms cannot accommodate southeastern African LGM 

records (Tierney et al., 2008; Stager et al., 2011; Truc et al., 2013). Low amplitude 

precessional variability of the LGM decreases insolation’s control on Eastern African 

climate resulting in other forcing mechanisms increasing in importance (Tjallingii et 

al., 2008; Kuechler et al., 2013; Singarayer & Burrough, 2015). Controls like SST of 

the Indian Ocean (Tierney et al., 2008), Walker Circulation weakening the El Niño 

Southern Oscillation (ENSO) system (Tian & Jiang, 2020), or a reduction of 

meltwater suppressing Atlantic Meridional Overturning Circulation (such as during a 

Heinrich event) (Otto-Bliesner et al., 2014) have been proposed as controls to 

reduce rainfall in Eastern Africa, but limited Eastern African records muffle clarity on 

 
2 This work is currently in prep. ROBAKIEWICZ, E.; BERGNER, A.; ROSCA, C.; KÜBLER, S.; SCHÖTTLE, V.; 
MINGRAM, J.; TRAUTH, M.H.; & JUNGINGER, A., in prep, Hydroclimate Cycles over 35,000 years as Lake 
Nakuru, Kenya: Quaternary Science Reviews. 
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the LGM’s impact on the Eastern African tropics. Ultimately to understand how 

African hydroclimate responded to changes across the last glacial period equatorial 

records across this time period are vital. 

As a closed basin at one of the highest points of East African Rift System (EARS) 

only 40 km south of the Equator, Lake Nakuru is a valuable site to study past rainfall 

patterns across the EARS. As a lake with one of the highest primary productivity 

rates in the world (Livingstone & Melack, 1984; Vareschi & Jacobs, 1985; Ballot et 

al., 2004), Lake Nakuru has been the focus of many studies related to Late 

Pleistocene paleolimnological and paleoclimatological change (Leakey, 1931; 

Nilsson, 1931; Nilsson, 1940; Gregory, 1968; Washbourn-Kamau, 1971; Butzer et 

al., 1972; Cohen et al., 1983; Hastenrath & Kutzbach, 1983; Cohen & Nielsen, 1986; 

Dühnforth et al., 2006). Early observations of paleoshorelines, lake deposits, and 

modern decadal-scale lake level changes (Nilsson, 1931; Flint, 1959a; McCall, 1967) 

indicated that as a closed basin with flat basin floor morphology and steep slopes, 

Lake Nakuru responds sensitively to changes in precipitation (Nilsson, 1931; Flint, 

1959b; Trauth et al. 2010; Olaka et al., 2010). The Nakuru record was instrumental in 

understanding African climate change through time based on Leakey’s (1931) and 

Nilsson’s (1931) glacial “Great Pluvial” or “Gamblian” hypothesis which dominated 

paleoanthropological and archaeological interpretations for decades (e.g., Leakey et 

al. ,1943; Leakey, 1950; Cole, 1963; Robson, 1967) but has since been discredited 

as summarized by Kingston & Hill (2005). Given the vast abundance of 

archaeological material in the region observed from the first European explorations 

(Gregory, 1921), an interest in the relationship between past climates and hominin 

evolution and archaeology drove and continues to drive research across the EARS 

(Ambrose, 1984; Ambrose & Sikes, 1991; deMenocal, 1995; Potts, 1998; Maslin & 

Trauth, 2009; Trauth et al., 2010; Griffith, 2020; Foerster et al., 2022).  

As understanding of the record progressed, “Gamblian” stratigraphic correlation 

became outdated (Flint, 1959a) as scientists were better able to calculate elevation 
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and absolute dates of paleoshorelines, gaining an understanding of past lake levels 

at Lake Nakuru and other soda lakes across the EARS (Washbourn-Kamau, 1971; 

Butzer et al., 1972). The near universal wet AHP in the central and northern part of 

the EARS became apparent through shoreline data that indicated a peak in lake 

levels ~11 ka2F2F2F

3 (Washbourn-Kamau, 1971; Butzer et al., 1972). Micropaleontological 

evidence (including ostracods and diatoms) from cores taken in 1969 from Lakes 

Nakuru, Elmenteita, and Naivasha indicated a potential peak in lake levels >24 ka, 

low lake levels until ~15.5 ka, and a huge increase in lake levels ~11.5 ka (Fig. 1) 

(Cohen et al., 1983; Cohen & Nielsen, 1986; Richardson & Dussinger, 1986). The 

calculated lake levels from paleoshorelines indicated that Paleolake Nakuru, which 

had been 180 m higher than present day (Washbourn-Kamau, 1971; Dühnforth et 

al., 2006), responded to precipitation change of ~65% during the ~11.5 ka highstand 

based on Butzer et al.’s (1972) and Richardson & Richardson’s (1972) estimations. 

Additional paleoprecipitation models indicated Lake Nakuru’s sensitivity to increased 

moisture, with estimations greater than the Naivasha Basin only ~60 km away: ~35% 

or 300 mm more per year over the Nakuru-Elmenteita basin, but ~15% over 

Naivasha (Hastenrath & Kutzbach, 1983); ~45% over Nakuru but 20 to 25% over 

Naivasha (Bergner et al., 2003; Dühnforth et al., 2006); although further, unpublished 

studies have indicated that modified parameters may bring both basins to ~23% 

increase (Kniess, 2006; Junginger & Trauth, 2013). Despite decades of studies, 

changes at Lake Nakuru before the AHP are unclear, requiring further evaluation to 

understand how local environments change in response to global climate. 

While Lake Nakuru has been studied as a data point for the AHP, its climate 

record is valuable to understand more about climate mechanisms, change, and 

variability across the last glacial, including the LGM. In this study, new findings from 

~11.5 m of 17-m cores taken by the Lake Naivasha Coring Project (LNCP) in 2004 

 
3 All ages from studies before 1998 in this paper are calibrated using the RCarbon package in R (Crema & 
Bevan, 2021) with INTCAL20 (Reimer et al., 2020). 
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highlight variability in Eastern African hydroclimate before the AHP (Fig. 2). Using a 

multi-proxy record from lithological, micropaleontological, and geochemical data, this 

paper presents high-resolution lake depth and hydroclimatic change from the past 35 

kyr at Lake Nakuru. With such high-resolution data, we aim to answer: (1) how 

variable is the chemistry, depth, and rate of change of Lake Nakuru at the end of the 

Pleistocene? and (2) which aspects of global climate is Lake Nakuru responding to 

over the past 35 ka? Through a review of other Eastern African lake records, we aim 

to better understand hydroclimate variability from ~35 ka until the AHP. By better 

understanding Lake Nakuru’s changing depth and productivity over the last 35 kyr, 

we provide an important overview into environmental changes and cycles across 

Late Pleistocene-Holocene climatological phases.  

3.2. GEOLOGICAL AND CLIMATOLOGICAL SETTING 

3.2.1. Geological Setting 

Lake Nakuru (00°22’S, 36°05’E) is located at the highest part of the Gregory Rift, 

the Eastern Branch of the EARS, at about 1,760 m above sea level in the 

northwestern corner of the Nakuru-Elmenteita basin (Fig. 3). The EARS began 

warping in the Miocene, although the Nakuru-Elmenteita basin was not impacted by 

faulting activity until ~7 Ma, with activity increasing across the Pliocene and into the 

Pleistocene (McCall, 1967; Baker & Wohlenberg, 1971; Strecker et al., 1990; Kanda, 

2010). By the mid-Pleistocene, Menengai, Lake Nakuru’s closest volcano, had 

formed, creating the basin’s northern boundary and separating it from the Baringo-

Bogoria basin (McCall, 1967; Leat, 1984). Eburru, a dissected volcanic massif, 

separates the Nakuru-Elmenteita basin from the Naivasha basin in the south 

(McCall, 1967). The Nakuru-Elmenteita basin lies between Kinangop-Bahati platform 

to the east and the Mau Escarpment to the west (McCall, 1967). The study site lies 

below a late Pleistocene trachytic hill called Sirrkon Hill (Fig. 3). The volcanic 

material of the Nakuru-Elmenteita Basin consists of peralkaline or metaluminous 

trachyte or sodium- and carbonate-rich pantellerite which, in addition to semi-arid 
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conditions, leads to the alkaline nature of modern-day Lake Nakuru (Table 1; Baker 

& Wohlenberg, 1971; Leat, 1984). Exposed rocks in the basin consist of either 

volcanics (including lavas, ashes, tuffs, and pumices) or sediments (including 

alluvial/colluvial sands and silts; diatomites and diatomaceous silts; and pebble 

beds) (Conti et al., 2021), highlighting previous phases in which the basin was far 

wetter. Given the high elevation of Lake Nakuru which limits outside input into the 

basin, local geology has an incredibly strong control on the hydrochemistry of the 

lake. 

3.2.2. Climatological Setting 

Lake Nakuru has a closed drainage system that covers 1,800 km2 with no 

surface outflow, meaning that outflow is mostly controlled by evaporation and 

subsurface seepage (McCall, 1967; Milbrink, 1977; Odada et al., 2006; Jirsa et al., 

2013). As a closed system, the water budget is controlled almost exclusively by local 

climate, with inflow controlled by precipitation and local ephemeral rivers (Odada et 

al., 2006; Kimaru et al., 2019). In contrast to other lakes within the EARS, Lake 

Nakuru does not have modern groundwater inflow from hot springs through local 

faults (Odada et al., 2006; Jirsa et al., 2013). With most of the inflow and outflow 

controlled by the ratio between precipitation and evaporation, Nakuru is an amplifier 

lake – a lake that responds sensitively to small changes in climate (Olaka et al., 

2010). This is evident over the past 100 years of recorded lake levels which show 

high variability that includes a fall from the 1920s to 1950s, a rise between 1961-

1962, a fall from 1973-1974, a fall from 1993-1997 (Washbourn-Kamau, 1971; 

Odada et al., 2006; Kimaru et al., 2019), and current increased intensity in flooding 

(2009-2020) likely linked to modern anthropogenic climate (Fig. 4; RCMRD, 2021).  

The amount of rainfall in Equatorial Eastern Africa is a result of a climatologically 

complex system with major convergence zones, oceans, and rifts that create 

complicated weather patterns through time (Nicholson, 1996). Important zones of 

convergence controlled by insolation include the Intertropical Convergence Zone 
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(ITCZ; which influences the location of the wet tropical rainbelt) and the Congo Air 

Boundary (CAB) which draw in moisture. While the CAB does not heavily influence 

rainfall in the Nakuru-Elmenteita basin today, changing solar insolation on a scale of 

thousands of years has resulted in the CAB’s north-eastward expansion (Junginger 

et al., 2014). Sea surface temperatures (SST) contribute a strong control over 

moisture conditions in Equatorial Eastern Africa as well (Nicholson, 2017; Hirons & 

Turner, 2018). During positive Indian Ocean Dipole years, SST warm in the western 

Indian Ocean and cool in the eastern Indian Ocean, weakening Walker Circulation 

and increasing Eastern African rainfall (Marchant et al., 2007; Hirons & Turner, 2018; 

Lüdecke et al., 2021). SST in the Pacific Ocean impact Eastern African rainfall 

through ENSO where warm SST in the eastern Pacific and cool SST in the western 

Pacific yield heavier rainfall over Eastern Africa, particularly during the short rains 

(Nicholson, 1996; Ntale & Gan, 2004; Nicholson, 2017). SST also impact the 

strength of the West African and Indian monsoons, which create dry conditions over 

Eastern Africa in-season, but wetter conditions off-season (Nicholson, 1996; 

Nicholson, 2017). Lastly, topography across the EARS causes local variation in 

rainfall as local highlands can block moist airflow (Nicholson, 1996). Beyond these 

factors, variability may also be dependent on North Atlantic Oscillation, Atlantic 

Multidecadal Oscillation, and volcanic activity, although these factors are less 

important or less understood (Lüdecke et al., 2021).  

Today, Lake Nakuru lies in a semi-arid environment where annual rainfall varies 

between 700 and 900 mm/year, with annual evaporation ~1,800 mm/year (Odada et 

al., 2006; Jirsa et al., 2013). The lake receives rainfall over two rainy seasons – the 

long rains from April to August and the short rains from October to November 

(Nicholson, 2017). Currently, the surface area of Lake Nakuru varies between 36 and 

65 km2, with an average depth between 0.5 and 3.5 m (Jirsa et al., 2013; RCMRD, 

2021). Because of its shallow depth, Lake Nakuru is only temporarily thermally 

stratified in the middle of the day, with winds mixing the lake in the afternoon, 
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resulting in high primary productivity and the largest population of lesser flamingos in 

the world (Vareschi & Jacobs, 1985). As a result of local peralkaline trachytes and 

high evaporation, the lake is highly alkaline and saline of the Na-HCO3-type (Table 

1). 

3.3. MATERIAL AND METHODS 

3.3.1. Core Collection and Composite 

Cores NAK-X and NAK-Y were collected by the LNCP in 2004 ~15 m apart in 

overlapping sections with a Usinger Coring System. The coring site is located on the 

eastern shore of Lake Nakuru in Kenya (-0.345925, 36.115342; Fig. 3) and was 

above water during collection. Sixteen meters were collected for NAK-X and 17 m for 

NAK-Y, although this study focuses on a ~11.5 m composite section (NAK) 

representing the first ~7 m of NAK-X and the overlapping 10.5 m of ~NAK-Y. The 

cores were transported to and split at the Geoforschungszentrum Potsdam (GFZ) in 

Germany and are currently located at Eberhard Karls Universität Tübingen. The NAK 

core composite was created using LacCore CoreWall programs based on original 

photographs, X-Ray Fluorescence (XRF) data, magnetic susceptibility (MagSus), 

and recent core photo scans. Data was then spliced and converted into the 

composite using CoreWall and Feldman. 

3.3.2. Chronology 

Organic samples, including paleoroots and charcoal, were collected from NAK-Y 

and NAK-X for radiocarbon dating and tephra samples for 40Ar/39Ar dating (Table 2). 

Radiocarbon samples were prepared through wet sieving with distilled water. The 

>250-μm fraction was then screened for charcoal which was picked and sent to Beta 

analytics, Kiel, and ETH Zürich dating laboratories. Tephra samples were sent to the 

Berkeley Geochronology Center for 40Ar/39Ar dating. A total of eight radiocarbon ages 

and two 40Ar/39Ar ages have been successful, although only one of the tephras was 

not reworked. 
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A Bayesian age model was created using the BACON package in R (Blaauw & 

Christen, 2011). Hiatuses were included in areas with visible pedogenesis (3.44 and 

6.13 m) and at the large gap at 7.78 m. Slumps were used in areas with thick in-situ 

tephras (2.88-2.90 and 5.07-5.16 m) which are deposited rapidly and do not 

represent the usual deposition rate (Lowe, 2011). Reworked tephras were not 

considered slumps as their deposition reflects normal depositional rates. The 

inputted, non-calibrated ages are listed in Table 2. 

3.3.3. Geochemical Analyses 

Magnetic Susceptibility 

MagSus was measured for NAK-X and NAK-Y using an automatic Bartington® 

point sensor with 1 mm point separation and 4 mm spatial resolution at the GFZ. 

Only 10 m of NAK-X and 9 m of NAK-Y were measured, as metal liners were used 

beginning at NAK-X8 and NAK-Y7. MagSus data is included in Suppl. 1. MagSus 

data was smoothed using a Triangular Moving Average (filter=10) using the Zoo 

Package (Zeileis & Grothendieck, 2005) and plotted using the Rioja Package 

(Juggins, 2022) in R.  

X-Ray Fluorescence  

µ-XRF scanning was performed at the Max-Planck Institute for Chemistry in 

Mainz in 2021. The cores were scanned with a nondestructive μ-XRF scanner from 

Avaatech using a rhodium tube and protocol from Richter et al. (2006). Elements 

were scanned along 1-mm intervals at 10 kV for Mg, Al, Si, P, S, Cl, Ar, K, Ca, Ti, V, 

Cr, Mn, Fe, Co, Ni, Cu, Ba, Coherence, and Incoherence and at 30 kV for K, Ca, Sc, 

Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Mo, Coherence, 

Incoherence, Pb, and U (Suppl. 1). Gaps and inconsistencies in the data were noted 

and removed using CoreWall. Smoothing using a Triangular Moving Average 

(filter=10) was conducted with the Zoo Package (Zeileis & Grothendieck, 2005) and 

plotted using the Rioja Package (Juggins, 2022) in R. 
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Total Carbon, Nitrogen, and Organic Carbon  

NAK-Y was sampled at ~10-cm resolution for Total Carbon (TC), Total Nitrogen 

(TN), and Total Organic Carbon (TOC) analysis. Samples were run two or three 

times and the mean, standard deviation, and relative standard deviation were 

calculated on runs within one order of magnitude from each other (Suppl. 2). 

3.3.4. Diatom Sampling and Counting 

Diatom samples (N = 216) were collected across the 11.5 m NAK composite 

approximately every ~5 cm. Samples were prepared using the Battarbee (1986) 

hot H2O2 method. Dry samples, weighed to approximately 0.1 grams, were treated 

with 30% H2O2 to remove organic matter and 10% HCl to remove carbonates. The 

samples were then centrifuged at 2,500 RPM for 5 minutes and repeatedly 

decanted. After decanting a third time, a drop of ammonia solution (30–33% NH3) 

was added to disaggregate sediments and colonial diatoms. The samples were 

then centrifuged and decanted twice more. Upon completion, Lycopodium 

microspores (Batch 3862; 9666 spores) were added to the solution and dissolved 

to quantify diatom concentration: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐶𝐶𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶 =  
(# 𝐷𝐷𝑜𝑜 𝑀𝑀𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝑀𝑀𝑀𝑀ℎ𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀 𝐼𝐼𝐶𝐶𝐷𝐷𝐶𝐶𝐷𝐷𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶𝐼𝐼 ∗ # 𝐷𝐷𝑜𝑜 𝐶𝐶𝐷𝐷𝐼𝐼𝐶𝐶𝐷𝐷𝐶𝐶𝐼𝐼 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀)

(1 + # 𝐷𝐷𝑜𝑜 𝑀𝑀𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝑀𝑀𝑀𝑀ℎ𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀 𝐶𝐶𝐷𝐷𝐼𝐼𝐶𝐶𝐷𝐷𝐶𝐶𝐼𝐼)
 

Slides were prepared by pipetting one drop of the prepared samples onto a 

clean coverslip which sat in a dry air ventilator for 24 hours. Coverslips were then 

adhered to slides using Naphrax and placed on a 125°C hot plate for 20 minutes 

until the Naphrax solidified. All counts were conducted using an Olympus BX50 

light microscope at 1000x magnification with a 700D Canon Camera. Samples 

were also observed using a Phenom XL Scanning Electron Microscope at the 

Microfossils Laboratory in the Department of Geosciences of Universität 

Tübingen. The electron source was a Cerium Hexaborit (CeB6) cathode. Samples 

were coated with 70 nm gold and analyzed with a Back Scatter Detector with 15 

kV acceleration voltage. Diatom taxa identification is based on Gasse (1986), 
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Cocquyt (1998), Taylor et al. (2007), Taylor & Cocquyt (2016), the US Diatom 

Database (Spaulding et al., 2022), and Cocquyt & Verschuren (2023). 

A minimum of 300 diatom valves were counted per slide. If one species was 

dominant, a minimum of 100 non-dominant valves were counted. Raw diatom 

counts are available in Suppl. 3. For analysis, percentages of each taxon relative 

to the total number of counted valves per sample were calculated. Stratigraphic 

zones based off of the diatom assemblages were calculated using constrained 

hierarchical clustering with Bray-Curtis dissimilarity within the Rioja Package in R 

(Juggins, 2022).  

3.3.5. Statistical Methods 

Principal Component Analysis   

Principal Component Analysis (PCA) was conducted on the XRF data to 

understand the trends across the cores. PCA is used to break down dimensionality 

and show more interpretable data (Jolliffe & Cadima, 2016). Elements not included in 

the PCA had medians below 50 counts per second (cps) including Mg, P, V, Cr, Cu, 

Ba, Sc, Ga, As, Br, and Ar. Other elements removed from the PCA include Cl, which 

indicated whether NAK-X or NAK-Y were used in the NAK splice, and Mn and Zn, 

which were flat along the core. For elements with XRF data from both the 10 kV and 

30 kV runs, 10 kV results were used as they resulted in higher eigenvalues for the 

PCA. 

Transfer Function 

Ecological interpretations are based on modern assemblage data from the East 

African Diatom Base within the European Diatom Database Index and can be used 

to interpret hydrochemical parameters throughout the core using the weighted 

averaging method (ter Braak & Looman, 1986; Gasse et al., 1995). The modern 

African training set includes each taxon’s optimum (the statistically derived value of 

an environmental parameter where each taxon reaches its maximum) and tolerance 

(the given range of each environmental parameter for each taxon) for each 



 

 70  
 

environmental parameter based on regression analysis. With these data, past 

environmental parameters for Nakuru are estimated using the total sum of the 

relative percentage of each fossil taxon, weighted by its optimum, and standardized 

to the total percentage of the diatom assemblage used in the transfer function 

(Chalié & Gasse, 2002). Statistical analyses were conducted in R and all 

stratigraphic plots were made with the package Rioja (Juggins, 2022). Based on 

Gasse et. al (1995), conductivity and pH were reconstructed.  

Other Diatom Proxies 

To better understand changes in the paleocommunities and system dynamics of 

Lake Nakuru, other diatom proxies were calculated. Species richness was calculated 

using the Vegan Package in R (Oksanen et al., 2022). A mixing proxy was calculated 

using Aulacoseira/(Cyclostephanos + Stephanodiscus + 1) (A/(C+S)), where an 

increase indicates greater mixing with a strong nutrient flux and high Si:P ratio in the 

euphotic zone (Gasse, 2002). Aerophilic and brackish taxa, based on Gasse (1986) 

and Taylor et al. (2007), were also plotted to show relative changes across the 

assemblages. Habitat classifications are included in Suppl. 3. Lastly, an index was 

created to highlight increasing freshness, Thalassiosira faurii/(T. faurii + T. rudolfi) (T. 

Index). Historically, T. faurii and T. rudolfi were highlighted as having the same 

salinity preferences (Gasse et al., 1995), but further studies have shown that past 

analyses of T. faurii overstated its salinity preference (Roubeix et al., 2014). In 

addition, workers have recognized that T. faurii and T. rudolfi may represent a 

species complex (Hasle, 1978; Brindle et al., 2018), indicating that this ratio between 

deeper water, lower salinity preference T. faurii and shallower water, higher salinity 

preference T. rudolfi should indicate depth and/or freshness for these Thalassiosira-

rich through NAK. All diatom plots were made with the Rioja Package in R (Juggins, 

2022). 
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3.4. RESULTS 

3.4.1. Composite Lithology and Correlation 

In general, the sediment cores are dominated by finely laminated silts and 

clays/muds of different colors and laminae thicknesses (<1-10 mm) with occasional 

fine sandy sections and three in-situ ash/tuff layers at 2.90, 5.11, and below 11.52 m 

(Fig. 2). The upper ~0.6 m of the NAK composite are densely rooted, dark-brown, 

organic-rich pedogenic muds. Below ~0.6 m, banded brown clays are interspersed 

with mm-thick white layers. After a reworked lapilli/sand layer from 1.49-1.54 m, the 

banded brown clays continue with a small 1-cm fault offset at a 60° angle to the 

horizontal plane until ~2.15 m. The white, diatom-rich bands become denser 

between 2.4 and 2.6 m. These layers, after being interrupted by an in-situ ash layer 

from 2.88-2.91 m, grade into coarser sands at ~3.09 m. These light gray, slightly 

greenish sands end at 3.44 m, where a sharp contact between the sands and mixed 

clays with plant remnants indicate pedogenesis and short-term desiccation. The 

clays after 3.44 m were green immediately after coring but have since turned brown. 

The green clays are well-laminated with white, diatom-rich layers up to a couple mm 

thick. Since core opening in 2004, yellow-orange sulfur aggregates have formed 

within the green clays. A thick yellowish-gray tephra from 5.07-5.16 m breaks up this 

section, with two dark layers at 5.49 and 5.65 m, which may be ~1-mm-thick ashes. 

Reworked sand-sized volcaniclastics from 6.06 to 6.13 m terminate this zone and 

were dated to 36.5 ± 1.9 ka (Table 2). Beneath this section are hard, brown, non-

laminated clays with vertical lines that indicate pedogenesis and, likely, a hiatus. At 

~7.30 m, unlaminated brown clays transition into softer, unlaminated, green clays. 

We indicate a hiatus from 7.78-8.00 m due to known core loss and an unclear 

lithological change, although it is unknown how much sediment was lost. Below this 

gap, clays are mostly unlaminated, soft, sticky, and brown. Alteration of this section 

has resulted in oxidized sediments after ~9.6 m. At 11.14 m, the brown clays become 

soft and green with potentially biologically-mediated nodules at the top of the section. 
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At 11.52 m until the end of the core, the sediments consist of volcaniclastics, the top 

8 cm of which were bulk dated to 38.9 ± 1.1 ka (Table 2). The similar age to  the 

Menengai Tuff (35.62 ± 0.26 ka), which originated 12 km north of the coring site and 

has been observed across numerous lakes across the EARS (Blegen et al., 2016), 

indicates these deposits likely represent the same period of volcanic activity, 

although this interpretation requires further exploration. 

Uncertainties in correlation occur in parts of the composite core. The unlaminated 

pedogenic muds from the top of the cores have few clear sedimentological features 

and low MagSus, causing complications in correlating NAK-X1 and NAK-Y1. The 

relationship between the cores is clearer between 1.54-6.13 m. NAK-X5I and NAK-

Y5I&II were correlated using MagSus and XRF data, but the correlation between 

NAK-X5II and NAK-Y5II is unclear. Due to limited sedimentological features, no 

MagSus data, post-collection oxygenation, and increased sedimentation for NAK-X 

than NAK-Y, correlation below this point was not possible. NAK-Y consists of several 

meters of tuffs after NAK-Y7II which are not visible in the NAK-X record until NAK-

X9I. It is hypothesized that below ~7 m NAK-X shifted and was not cored completely 

vertically given ~1.5 m more of brown clay at NAK-X before the deposition of the 

Menengai Tuff. Therefore, after the large hiatus and beginning at 8 m, only NAK-Y 

samples were used for this study. 

3.4.2. Age model 

Initial runs of the age model indicated that the first two carbon dates do not fit well  

with standard accumulation rates. It is believed that the first age (NAK-AJ-17; located 

at 0.75 m, 0.93 ± 40 ka) was likely moved through bioturbation from roots evident at 

the top of the core (Table 2). The second age (NAK-AJ-02; located at 1.25 m, 6.2 ± 

60 ka) is near the end of the AHP but indicates an unrealistically slow accumulation 

rate. It is therefore believed that there is a substantial hiatus or erosional event 

where several to tens of cm of sediment, representing several hundreds to 

thousands of years, were lost. It is unclear what may have caused this, but the drill 
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site located near to Sirrkon Hill which is >150 m high indicates that a mass wasting 

event is possible. 

Six radiocarbon dates and the Menengai Tuff were used for the age model (Fig. 

5A; Table 2). The presence of potentially large hiatuses at 6.13 and 7.78 m isolate a 

dated charcoal at 7.01 m and the Tuff at 11.52 m. Because of this, there is low 

certainty in the age model nearby. The age model presented therefore only includes 

1.5-6 m where there are multiple ages and only a short-term hiatus (~150 years). 

The accumulation rate stays fairly even at ~20 yr/cm from ~20-14 ka. The fastest 

rates throughout the section (~12 yr/cm) occur between ~14-13 ka and the slowest 

rates (~35-40 yr/cm) between ~15.5-15 (the hiatus) and ~13-12 ka (Fig. 5B). 

3.4.3. Geochemical Analyses 

TC, TN, TOC, TOC/N 

TC, TOC, and TN are highest in the upper 3 m of NAK (Fig. 6). The ranges and 

averages from the top 3 m for TC are 0.3-5.6% and 3.7%; for TN, 0.0-0.3% and 

0.2%; and for TOC, 0.2-5.2% and 2.8%, respectively. For the rest of the core, they 

are 0.1-1.7% and 0.4% for TC; 0.0-0.2% and 0.1% for TN; and 0.1-1.1% and 0.4% 

for TOC. The only other increase is located at the bottom of the core at ~11.14 m at 

the soft, green clays with nodules. TOC/N across the core ranges between 3.36-

21.4% with an average of 11.2% not including a large peak of 55.5% at 10.85 m.  

Smoothed Magnetic Susceptibility and XRF Results 

MagSus stays low for the upper ~5.6 m of the composite (range: 0.4-800; 

median: 87), with a deviation between ~2.8-3.35 m (Fig. 7). MagSus begins to 

steadily increase at ~5.6 m after which the average MagSus is ~1,000. The 

pedogenic hard, brown clay has a MagSus range between 270-2,100. There is then 

a drastic drop in MagSus after ~7.3 m at the soft green clays (19-200; 56). After the 

large hiatus, MagSus is high (1,000-2,100; 1,600) for the unlaminated brown clays.  

The smoothed XRF elements included in the PCA are featured in Figure 7. 

Lithogenic elements, including Al (range: 63-720 cps; median: 300 cps), Si (880-
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7,700; 3,800 cps), Ti (150-1,300; 630 cps), Fe (3,150-40,100; 10,900 cps), Co (34-

480; 210 cps), Rb (81-500; 260 cps), Y (74-600; 230 cps), Zr (380-3,400; 1,300 cps), 

and U (39-160; 80 cps), show that the majority of input into the system can be traced 

to local igneous source rocks. Potassium (520-5,100; 2,100 cps), which generally 

decreases from the bottom to the top of the composite, while likely lithogenic, is 

enhanced in some areas and muted in others, indicating that it likely includes 

authigenic components as well. Calcium (110-13,000; 1,000 cps) does not vary 

across the core except with an increase from ~1.50-3.10 m. Nickel (72-240; 130 cps) 

varies subtly but appears to increase around the green clays. Similarly, 

incoherence/coherence (inc/coh) (1.5-1.6; 2.5) increases in the green clays, but also 

in the top ~3.10 m of the core. Sulfur (0-2,700; 330 cps) is incredibly stable below 8 

m and has two larger deviations above ~1.15 m and between ~4.6-6.0 m. Strontium 

(20-720; 110 cps) stays fairly flat across the record but is more variable above ~4.1 

m. Molybdenum (0-1, 710; 65 cps) is unvarying across the section except in areas 

with thick white laminations such as from ~0.75-1.1 and ~4.75-5.75 m. Lead (9-130; 

53 cps) varies across the core with no clear trend. Below ~9.6 m, the oxidation of the 

sediments results in post- 

depositional fluctuations in the XRF record and therefore should be interpreted with 

caution.  

PCA 

Dimension 1 (Dim1) of the XRF PCA represents 32.3% of the data with Ti, Al, Rb, 

Zr, K, Co, Si, Fe, and Y exerting significant, positive control (Fig. 8A). This variability 

represents the amount of weathering of igneous source rocks, given that elements 

often have lithogenic sources and that reworked clastic samples plot positively along 

Dim1 and more laminated sediments such as the brown banded clays plot more 

negatively. Dimension 1 therefore represents a balance between the igneous source 

rock and the physical and chemical weathering of those sediments, indicating a 

relationship with precipitation where increased precipitation results in increased 
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weathering. Dimension 2 (Dim2) represents 21.5% of the data with Ni, inc/coh, Sr, 

Ca, S, U, and Si controlling it positively and only K significantly controlling it 

negatively. The lithologies of the composite core control Dim2, with brown banded 

clay plotting the most positively, unlaminated brown clays plotting the most 

negatively, and pedogenic muds, green clays, sands, tephras, and reworked clastics 

all slightly positive but closer to zero. Dimension 2 is therefore likely related to the 

amount of organic matter in the sediments which seems to also relate to the amount 

of water within the basin since K can be deposited authigenically. This indicates that 

biogenic elements are depositing more readily during wetter phases at Nakuru. The 

PCA loadings are highly variable (Fig. 9) with Dim1 generally greater than 0 above 

~1.5 m and between ~3.35-4.4, ~4.7-7.25, ~8.0-8.8, ~9.4-10.2, and ~10.5-11.2 m 

and Dim2 is only consistently above 0 above ~5.8 m and below ~11.3 m. 

The correlation matrix shows how strongly correlated the lithogenic elements (Y, 

Si, Al, Ti, Rb, Zr, K, Fe, and Co) are (Fig. 8B). Some of these elements, Ti, Fe, Rb, 

Co, and especially K, negatively correlate with biogenic elements like Ca, Sr, inc/coh, 

and Ni. This indicates that deposition of less-weathered sediments often results in a 

decrease in biogenic deposition whereas deposition of more-weathered sediments 

often results in higher biogenic deposition, highlighting a relationship between 

weathering, likely related to rainfall, and biological productivity within this lake 

system.  

XRF Ratios  

The ratios selected for further analysis include Ca/Mg, Fe/Mn, Si/Zr, Sr/Ti, and 

K/Ti (Fig. 9). Ca/Mg is highest in the top ~4.1 m of the core, with the largest peaks 

from ~1.45-3 m, indicating increases in primary productivity in the upper part of the 

core (Naeher et al., 2013; Davies et al., 2015). Fe/Mn indicates anoxic conditions 

(Davies et al., 2015) in the upper ~1.15 m and from ~7.25-7.78 m of the composite. 

Si/Zr is incredibly variable, although it indicates that diatom productivity (Burnett et 

al., 2011) may have been higher in the top ~6.25m compared to the bottom of the 
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core. Sr/Ti indicates that cyanobacteria production (Kylander et al., 2011) was 

highest between ~1.45-4.7 m. Lastly, Ti/K, which indicates increased illitization of 

clays and likely decreased precipitation (Foerster et al., 2018), peaks between 

~3.05-4.95, ~5.55-7.3, and <8.0 m except for a decrease between ~11.1-11.25m. 

3.4.4. Diatom Results 

Diatoms often increase in abundance with other diatoms common in their habitats 

(Fig. 6). Benthic taxa including Encyonema muelleri (Hustedt) Mann, Epithemia 

adnata (Kützing) Brébisson, E. gibberula (Ehrenberg) Kützing, Nitzschia fonticola 

(Grunow) Grunow, N. palea (Kützing) Smith, N. palea var. debilis (Kützing) Grunow, 

Pantocsekiella ocellata (Pantocsek) Kiss & Ács, and Pseudostaurosira brevistriata 

(Grunow) Williams & Round are most abundant between ~1-2.7, ~5.5-7.25, and 

~8.0-11.15 m. Other taxa such as Aulacoseira granulata (Ehrenberg) Simonsen, 

which is planktonic, and the light centric species, whose taxonomic designation is 

unknown, also follow the patterns of the benthic taxa. Both Thalassiosira faurii 

(Gasse) Hasle and Thalassiosira rudolfi (Bachmann) Hasle, as planktonic taxa, 

share fairly similar patterns and are most abundant from ~0.8-3.55, ~4.7-5.5, and 

~7.3-7.78, with T. rudolfi also abundant below 11.15 m. The largest deviation along 

the core occurs between ~3.55-4.6 m where Stephanocyclus meneghinianus 

(Kützing) Skabichevskij, a littoral, planktonic species, becomes incredibly abundant. 

Eight zones based on the total diatom assemblage were created using Bray-Curtis 

dissimilarity and mostly follow lithological changes in the core. The boundaries occur 

at 0.8, 3.55, 4.8, 5.5, 7.3, 8 (the large hiatus), and 11.14 m.  

Diatom concentration is lowest at the bottom of the core and highest in the 

banded brown clays, although in general concentration is variable across the core 

(Fig. 6). Species richness waivers between ~10 and 40, with the largest decreases 

concurrent with increases in Thalassiosira rudolfi. The calculated conductivity (range: 

193-6,380 µS/cm) is nearly always above 1,000 µS/cm with peaks >3,000 µS/cm 

between ~3-5.5, ~7.25-7.78, and ~11-11.5 m (Fig. 9). The pH (7.3 to 9.4) follows a 
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similar trend, but with a longer alkaline phase between ~0.75-5.5 m. The mixing 

proxy, A/(C+S), is lowest at the green clays. The T. Index, which indicates freshening 

conditions, gradually increases over time with two jumps at ~5.5 and ~2.75 m. The 

abundance of aerophilic taxa is low with increases at ~2.9-3.75 m and ~8.0-10.7 m. 

The abundance of brackish taxa tends to increase in zones with an increase in 

benthic taxa, especially between ~5.5-7.25 and ~8.0-11.15 m. 

3.5. DISCUSSION 

3.5.1. Lake Nakuru’s Unique Proxies 

The deposition, chemistry, and productivity of lakes are determined by their 

vertical and horizontal morphology, altitude, energy input/output, physical 

input/output, local climate, long-term climate, and biotic influences (Talling, 2001). To 

best understand environmental change through lake sediments, we must understand 

how these variables relate to one another and impact different proxies. Often, 

shallow, tropical lakes like Nakuru have chemical responses that are “ecologically 

dominant,” meaning that lake biota greatly impact its geochemical signature and 

deposition (Talling, 2001). Lake Nakuru’s high primary productivity, as well as other 

unique variables, such as its closed basin system, highly alkaline source rocks, 

amplified response to climate change, high elevation, minimal riverine input, etc. 

(Fazi et al., 2018), control its sedimentological, biological, and chemical changes, 

highlighting the necessity of careful examination using multiple high-resolution 

proxies.  

Anoxic/Oxic Deposition at Paleolake Nakuru 

The sedimentological facies deposited at NAK indicate distinct phases of anoxic 

and oxic depositional conditions. The green clays across the core indicate deposition 

during anoxic conditions, evident through its green color (IUSS Working Group, 

2014) and increase in Fe/Mn (Fig. 9). The change from the green of the freshly 

sliced cores to the current brown color (Fig. 2) indicates oxygenation after opening, 

reminiscent of the green rust clay mineral, fougerite, which forms in anoxic, highly 
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productive waterbodies and, when in contact with oxygen, alters to ferrihydrite, 

lepidocrocite, and goethite (Trolard et al., 2007). Anoxic conditions in lakes can be 

caused by exceedingly high biological productivity, such as from an increase in 

nutrients (Lung'ayia et al., 2001; Ndebele-Murisa et al., 2010; Brothers et al., 2014); 

deep water that creates anoxic bottom waters (Pilskaln & Johnson, 1991; Owen & 

Crossley, 1992; Hecky et al., 1994); a decrease in mixing such as through decreased 

wind or a change in wind direction (MacIntyre, 2012); or a decrease in 

temperature/density gradients (De Cort et al., 2013; Kragh et al., 2020). Other 

evidence of anoxia within the green clays includes a decrease in lithogenic elements 

(Fig. 7) and Dim1 (Fig. 9), indicating a decrease in clastic deposition potentially 

related to deeper lake conditions and/or more heavily weathered input. In the green 

clays, inc/coh, an indicator for organic matter and productivity (Burnett et al., 2011; 

Davies et al., 2015), increases, representing anoxic sediments either as a result of 

increased productivity or preservation (Mahamat Ahmat et al. 2017). Within the 

diatomaceous laminated green clays, which have an extrapolated accumulation rate 

of ~20 yr/cm, inc/coh, Mo, and S are elevated but potentially related to seasonal lake 

mixing and temporary anoxic conditions like those observed at other lakes in Eastern 

Africa (Pilskaln & Johnson, 1991; Owen & Crossley, 1992) and typical in eutrophic 

soft water lakes with seasonal algal communities (Brauer, 2004). The cause of 

layering is unknown and dependent on the lake itself given that tropical lakes result 

in different layering regimes such as (a) increased mixing during the dry season due 

to wind strength (Hare & Carter, 1984), (b) increased mixing during the wet season 

due to increased external hydrological input (Egborge, 1979), (c) permanently deep 

water anoxia resulting in dark layers from sediment input in the rainy season and 

light layers from diatom input during the dry, windy season (Pilskaln, 2004), or (d) a 

completely different system all together.  

Across the rest of the core, sediments were oxygenated. The brown clays are 

interpreted as shallower, oxygenated layers, based on high lithogenic/igneous 
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components with low biogenic components (Fig. 7) and pedogenesis between ~6.05 

and 7.25 m. The sands between ~3.09 and 3.44 m indicate high-energy deposition 

such as from an alluvial fan, river, or shoreline. The location of the sands above the 

pedogenic laminated green clays indicates a rapid rather than gradual change in 

depositional energy. These sands, dated to ~15 ka (Table 2), are interpreted as the 

beginning the AHP. After 15 ka between 3.09 and 1.5 cm, the slight decrease and 

lack of variability of lithogenic/igneous elements and Dim1 indicate an increase in 

chemical over physical weathering. The laminated brown muds above this section 

indicate oxygenated sediments undergoing cyclic rainfall and/or changes in 

paleoproductivity. In addition, above 3.09 m, inc/coh; Ca and Sr (Fig. 7); and TOC/N, 

TOC, and TN (Fig. 6) all increase, indicating increased primary productivity and/or 

preservation. The reworked volcaniclastics at 1.49-1.54 m deposited after 12.8 ka 

indicate the potential for high-energy events to bring larger clasts into the system. 

With a 6.2 ka charcoal at 1.25 m and the steep slope adjacent to the coring site, it is 

believed that a mass-wasting event occurred after 12.8 and before 6.2 ka, as 

explained in section 4.2, removing a substantial portion of Nakuru’s AHP sediments. 

The sediments located above 1.25 m have been reworked by roots and represent 

slower deposition.  

Reevaluation of Thalassiosira rudolfi as Paleodepth Indicator for Lake Nakuru 

Diatoms and other micropaleontological proxies like ostracods as conductivity 

and pH indicators are used within closed basins to represent changing depths, yet 

the results from this study indicate that this interpretation may not be valid for NAK. 

Thalassiosira rudolfi is a well-documented high alkalinity preference taxon whose 

increase in closed basins has been used to indicate shallowing conditions (Halfman 

et al., 1992; Gasse et al., 1995; Owen et al., 2014; Muiruri et al., 2021). Lithological, 

geochemical, and other diatom proxies within NAK do not support this interpretation, 

however. The T. rudolfi-rich, anoxic green sediments (>11.14, 8-7.3; and 5.45-4.75 

m) are unlikely to represent shallowing conditions. While shallow lakes can be 
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anoxic, it is uncommon for these conditions to last more than several days to months 

(Brothers et al., 2014; Kragh et al., 2020), let alone centuries. Increased T. rudolfi 

phases are also accompanied by decreased species richness with other high 

alkalinity indicator taxa, like Stephanocyclus meneghinianus, Anomoeoneis 

sphaerophora Pfitzer, Mastogloia elliptica (Agardh) Cleve, and Nitzschia frustulum 

(Kützing) Grunow, or shallow water taxa, like Epithemia adnata and E. gibberula, 

relatively absent (Fig. 6). Instead, the well-oxygenated brown clays have increased 

species richness and littoral and brackish taxa (Fig. 6; Fig. 9). Evidence of 

pedogenesis within the brown clays from ~6 to 7.25 m also indicates shallowing of 

the system when T. rudolfi is less abundant. Other proxies, including a decrease in 

lithogenic/igneous elements (Fig. 7) and K/Ti (Fig. 9) indicate that T. rudolfi phases 

are likely not shallowing. Instead, we propose five hypotheses of what might cause 

the variation between the low-diversity T. rudolfi and the high diversity, benthic layers 

below 4.75 m: Hyp1) changes in groundwater flow; Hyp2) changes in mixing; Hyp3) 

changes in nutrient loading; Hyp4) changes in depth; and Hyp5) changes in the 

closedness of the lake system. 

Hyp1 Changes in groundwater could come from increased hydrothermal activity 

or groundwater connections between Naivasha and Nakuru-Elmenteita (Dühnforth et 

al., 2006; Olaka et al., 2010) that could be controlled by climatic, volcanic, or tectonic 

variables. These changes could impact the hydrochemistry, mixing, nutrient loading, 

and/or depth of Lake Nakuru. Hyp2 Changes in mixing could occur due to changes 

in wind strength, depth, temperature, and/or seasonality. Given limited evidence of 

large tectonic processes changing basin shape over the last 36 kyr (McCall, 1967), 

these variables are likely controlled by climate. Hyp3 Changes in nutrient loading at 

Lake Nakuru would come from either increased rainfall or volcanic activity such as 

hydrothermal or volcanic ash input. Hyp4 Changes in depth are likely controlled by 

rainfall, either through direct precipitation/surface flow or groundwater flow. Hyp5 

Changes in whether Lake Nakuru is an opened or closed basin relate to Nakuru’s 
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connection with Elmenteita or Menengai which have been hypothesized, and proven 

in the case of Elmenteita, by many previous workers (Washbourn-Kamau, 1971; 

Cohen & Nielsen, 1986; Richardson & Dussinger 1986; Dühnforth et al., 2006). Such 

changes between Lake Magadi and Natron have been observed to impact the 

diatom record (Gasse et al., 1997). A connection between Lake Nakuru with 

Elmenteita would only occur if Nakuru was ~80 m deep and with Menengai if Nakuru 

was ~186 m deep. Such scenarios are unlikely given nearby evidence of 

pedogenesis on short timescales.  

It is currently unclear which of the hypotheses would have created anoxic 

conditions and increased T. rudolfi visible in NAK. Changes in groundwater (Hyp1) 

cannot currently be constrained with our proxies but would influence other variables 

(Hyp2-4). The decreased diversity within the T. rudolfi layers might indicate 

increased depth (Hyp4) and/or reduced mixing (Hyp2), as diversity tends to increase 

closer to shore with heavier mixing (Stevenson & Stoermer, 1981; Moos et al., 2005; 

Cantonati et al., 2009; Laird et al., 2010; Hayashi, 2011; Laird et al., 2011). 

Decreased mixing (Hyp2) is supported by A/(C+S) which decreases within the T. 

rudolfi-rich sections (Fig. 9). The high diversity sections below ~4.75 m have 

increased benthic (Fig. 6) and brackish taxa (Fig. 9), indicating that these phases 

may have been shallower (Hyp4), more alkaline, and/or better mixed (Hyp2) than T. 

rudolfi-rich layers. Potential deepening (Hyp4) of the T. rudolfi layers is also 

supported by a decrease in K/Ti (Fig. 9) and inc/coh (Fig. 7) since tropical lakes often 

increase in primary productivity during the wet seasons (Zébazé Togouet et al., 

2007). If the T. rudolfi layers are controlled by nutrient loading (Hyp3), those controls 

could be climatic (resulting in deepening/mixing conditions as outlined above) or 

volcanic. Increased chemical weathering and erosion of volcanic source rock into 

Lake Nakuru due to increased precipitation could result in increased nutrients and 

algal blooms. Periods of higher volcanic activity have also resulted in algal blooms in 

both modern and ancient contexts (Kurenkov, 1966; Yuretich, 1982; Thevenon et al., 
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2002; Duggen et al., 2010; Yuan et al., 2019). The pulses of T. rudolfi occur after the 

Menengai Tuff, around the tephra layer at ~5.05 m, and near the core loss at 8 m 

(Fig. 6). Two ignimbrites/ash-flows from Menengai erupted between ~29 ka to 8.5 ka, 

with the second likely older than 12.85 ka (Leat, 1984; Leat, 1991), although the 

dates of these sequences are heavily debated (Riedl et al., 2020). As one of the 

youngest volcanoes within the EARS (Blegen et al., 2016; Riedl et al., 2020), 

Menengai could be responsible for ash deposits resulting in diatom blooms, although 

such impacts are often short-term. Given the impact of many of these hypotheses on 

one another, it is anticipated that the increased T. rudolfi is likely a combination of 

these hypotheses. 

3.5.2. 35 ka of Hydroclimate Change at Lake Nakuru 

From ~35.6-12.7 ka, Nakuru was always at least a slightly alkaline lake (pH >8), 

even during deeper conditions (Fig. 9). General trends throughout the core indicate 

freshening, deepening (T. Index; Fig. 9), and an increase in organic matter (Dim2; 

Fig. 9) leading into the AHP.  

Zone 8 – Anoxic Conditions – ~35.6 ka, 11.5-11.14 m  

At Lake Nakuru, Zone 8 (~35.6 ka, 11.5-11.14 m) represents deposition of the 

Menengai Tuff followed by an anoxic, low diversity, T. rudolfi phase, indicating 

deeper waters and/or increased stratification. TN in this phase is higher than the rest 

of the core until ~3 m (Fig. 6), potentially representing increased nutrient input. 

Because of the known volcanic input, it is unclear whether depth or productivity 

caused anoxia, although productivity from the Tuff would be short-term, potentially 

visible as a peak in Dim2 input at ~11.4 m. Therefore, increased precipitation likely 

contributes as well, as evident by Dim1 being less than 1 (Fig. 9). The Fe-, Co-, and 

Pb-rich nodules at the top of this section (Fig. 7) indicate that the lake may have 

desiccated after this phase, meaning that if this phase was wetter, it was not 

hundreds of meters deep. Other records in Africa demonstrate a wet phase ~35 ka, 

but with poor age constraints, including Lakes Turkana >40 ka (Butzer et al., 1972), 
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Elmenteita 33.5 ± 2 ka (Cohen & Nielsen, 1986), Mweru Wantipa (Cheshi) <38.5 ± 

3.4 ka (Stager, 1988), and Malawi >38 ka (Finney et al., 1996). Chew Bahir, which is 

incredible well-dated (Foerster et al., 2012; Trauth et al. 2018), exhibits a wet phase 

from ~37 to 35 ka, with the last wetness pulse located ~35 ka (Fig. 10) (Foerster et 

al., 2012). At Lake Tanganyika, ~37 ka there is an increase in biogenic silica and 

Rb/K which indicates a change in source, potentially related to an increase in 

precipitation (Burnett et al., 2011), also evident in the δD record which decreases by 

30 ka (Tierney et al., 2008). Lake Chala exhibits a high lake phase from ~60 to 22 

ka, far longer than the record seen at Lake Nakuru  

(Moernaut et al., 2010). 

Zone 7 – Shallow/Land Surface, Oxygenated Conditions – <35.6 - >24 ka, 11.14-8 m 

Zone 7 (<35.6 - >24 ka, 11.14-8 m) is interpreted as a dry, well-mixed zone after 

a phase of desiccation. In addition to the nodules representing desiccation in Zone 8, 

TOC/N increases to 55.5 at the beginning of Zone 7, whereas the range otherwise is 

3-20 (Fig. 9). TOC/N in sediments from 4-10 indicate mostly algal input and >20 

mostly vascular land plant input (Meyers, 1994), meaning that TOC/N of 55.5 might 

indicate a fully dry land surface. The elevated lithogenic and igneous elements 

support this (Fig. 7). In addition, the input of aerophilic taxa from 11.14-8 m implies a 

shallow lake with periods of aerial exposure. Across Zone 7, the taxa imply shallow 

waters with benthic taxa such as Epithemia adnata, E. gibberula, Nitzschia fonticola, 

and Pseudostaurosira brevistriata, ranging from 29-57% with a median 44% (Fig. 6). 

The only common planktonic diatom, T. rudolfi, illustrates that the waters were 

slightly alkaline, with a calculated conductivity of 1,400 µS/cm and a pH of 8.5 (Fig. 

9). Dim2 shows that this zone has very little organic material (Fig. 9), evident also in 

the PCA Biplot (Fig. 8A). Very few lacustrine records exist during this phase, likely a 

result of dry conditions. Available records from Chew Bahir show drying post-35 ka 

with only brief peaks in humidity (Foerster et al., 2012) and from Lake Tanganyika 

drying ~31 ka (Fig. 10).  
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 Zone 6 – Wet, anoxic conditions – >24 ka, 8-7.3 m 

Zone 6 (>24 ka, 8-7.3 m) returns to soft green clays dominated by T. rudolfi. Core 

loss before this zone means that there is uncertainty whether there was volcanic 

activity, especially since the timing of volcanic periods at Menengai is not well 

constrained 29-8.5 ka (Riedl et al., 2020; Conti et al., 2021). While T. rudolfi is the 

dominant taxa, this phase includes more T. faurii compared to lower in the record 

(Fig. 9), showing that conditions may have been slightly wetter, supported by 

decreased Dim 1 and K/Ti (Fig. 9). Earlier Lake Nakuru records may also show this 

wet anoxic phase (Fig. 1) (Cohen et al., 1983; Richardson & Dussinger, 1986). While 

developing an ostracod transfer function, Cohen et al. (1983) compared the 

outcomes of the ostracod record with the earlier analyzed diatom record and found a 

depth peak >24 ka that was not observed by the diatom record (Fig. 1). If these two 

zones match up, this finding supports not only deeper conditions within Zone 6, but 

also the limitations of a diatom-based transfer function at Lake Nakuru. Other 

highstands have been observed at Lakes Chad >26 ka, Nakuru >25 ka, and Albert 

~32-29 ka (Butzer et al., 1972; Harvey, 1976). Multiple wet phases are visible at 

Chew Bahir ~27-26 and ~25-24 ka (Foerster et al., 2012) and at Lake Tanganyika 

~27 ka and ~25 ka (Tierney et al., 2008). 

Zone 5 – Shallow/Land Surface with Pedogenesis/Hiatus – ~23.9-18.7 ka, 7.3-5.45m 

Zone 5 (~23.9-18.7 ka, 7.3-5.45 m) includes two lithologies: a hard, brown 

paleosol and laminated green clays (Fig. 2). In general, this zone is associated with 

similar variables to Zone 7 (low organic matter, increased K/Al, many benthics) until 

the laminated green clays. At the beginning of Zone 5 (~24 ka), Lake Nakuru was dry 

with evidence for desiccation before 20 ka based on lithological change and 

pedogenesis. Around ~20 ka, there is a change in depositional energy that reworked 

volcaniclastics from the Menengai Tuff (Table 2). After this, alternating anoxic and 

diatom-rich layers indicate a stable water body with cyclic depositional patterns (Fig. 

11). The transition into green clays is accompanied by an increase in biogenic 
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elements and organic matter and a decrease in K/Ti and lithogenic elements (Fig. 7; 

Fig. 9). Diatom assemblages from the brown clays into the laminated green clays 

decrease in high alkalinity-preference taxa like Epithemia gibberula and 

Thalassiosira rudolfi and increase in freshwater, benthic taxa like Nitzschia fonticola, 

Nitzschia palea series, and Pantosekiella oscellata, indicating slightly fresher waters. 

Therefore, while the brown paleosol likely indicates the dry conditions of the LGM 

(Porter & Zhisheng, 1995; Gasse, 2000), the switch to the laminated green clays 

signals a ~1.5 kyr transitional phase ~20 ka with increased organic matter, anoxic 

conditions, and humidity (Fig. 9; Fig. 11).  

 Zone 4 – Wetter, Anoxic Conditions – ~18.7-17.5 ka, 5.45-4.75 m 

Between Zones 5 and 4, there is an increase in the T. Index that signals that this 

high T. rudolfi phase in Zone 4 (~18.7-17.5 ka, 5.45-4.75 m) is the result of increased 

depth, despite being associated with a thick tephra. The tephra creates a brief burst 

of anoxia (Fe/Mn) that cannot account for the ~1.2 kyr of anoxia observed in this 

phase from the S, Mo, and Fe/Mn records (Fig. 9; Fig. 11). The decreased benthic 

taxa; increased planktonic taxa, including a spike in the deep freshwater-preference 

taxa Aulacoseira granulata; increased Dim1 (Fig. 9); and decreased K/Ti (Fig. 11) 

support this conclusion. This T. rudolfi, low diversity phase is laminated, indicating 

non-disturbed cyclicity. This wet phase from 18.7-17.5 ka at Lake Nakuru matches 

up incredibly well with a wet phase at Lake Masoko from 18.7 to 17.2 ka (Barker et 

al., 2003) and Chew Bahir after ~19 ka until the Younger Dryas (Fig. 10; Foerster et 

al., 2012). Other records also show potential increased humidity as well, although 

these records are not as well time-constrained including at Lakes Rukwa (Barker et 

al., 2002), Tanganyika (Burnett et al., 2011), and Albert (Harvey, 1976; Beuning et al., 

1997). Lake Tanganyika appears to have a complicated record at this stage, but a 

combination of increased biogenic silica and Rb/K may indicate increased 

precipitation during this timeframe (Burnett et al., 2011) with a slight increase in δD 

(Tienery et al., 2008). No wet phase is visible at Lake Chala (Verschuren et al., 2009). 
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Zone 3 – Highly Alkaline Lake Phase – ~17.5-15.4 ka, 4.8-3.55 m 

Zone 3 (~17.5-15.4 ka, 4.8-3.55 m) is a layer of laminated soft green clays with 

roots, indicating desiccation and a short hiatus at the top. This phase is almost 

exclusively Stephanocyclus meneghinianus (Fig. 11), resulting in a conductivity of 

4,600 µS/cm and pH of 8.8: the highest across the entire core (Fig. 9). Such saline 

water could be chemically stratified as evidenced at Nasikie Engida in the South 

Kenya Rift where high salinity results in strong chemical stratification, preventing 

wind-induced disturbance in waters only 1–2 m deep (Renaut et al., 2021). Primary 

productivity increases after 16.5 ka, including that of diatoms (Si/Zr and diatom 

concentration) and cyanobacteria (Sr/Ti) (Fig. 11) which tend to prefer shallower, 

highly alkaline waters (Grant et al., 2006). At ~15.9 ka, several planktonic-rich layers 

indicate a short-term deepening (Fig. 11). This is followed by a decrease in diatom 

productivity and inc/coh as well as an increase cyanobacteria productivity, leading to 

a desiccation around 15.2 ka which matches a similar desiccation at Lake Victoria 

(Stager et al., 2002), a pause in increasing humid conditions at Chew Bahir (Foerster 

et al., 2012), and a dip in δD at Lake Tanganyika (Tierney et al., 2008).  

 Zone 2 – Gradual Wetter Conditions – ~15.4-<6 ka with Large Hiatus, 3.55-0.8 m  

Zone 2 (~15.4- <6 ka, 3.55-0.8 m) represents a variety of sediments including 

sands, tephras, and brown clays with white diatom layers and high organic content 

(Fig. 11). This section is interpreted as the AHP given the age of ~15 ka at 3.41 m 

and indicated by the lower conductivity and pH of 1,200 µS/cm and 8.5, respectively. 

The AHP is evident in nearly all the lakes across the EARS, particularly after the 

Younger Dryas 12.9-11.7 ka, at Lakes Turkana, Elmenteita, Nakuru, Naivasha, 

Magadi, Rukwa, Chad (Butzer et al., 1972; Cohen & Nielsen, 1986); Lake Chesi 

(Stager, 1988); Chew Bahir (Foerster et al., 2012); Paleolake Suguta (Garcin et al., 

2009); Lake Albert (Harvey, 1976); Lake Chala (Verschuren et al., 2009) and Lake 

Masoko (Barker et al., 2003; Garcin et al., 2007). At Lake Nakuru, this phase 
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contains the most diverse diatom record which may be a result of increased 

resolution due to a higher accumulation rate after 14 ka (~12 yr/cm) (Fig. 5B).  

Zone 2a – Variable Wet Conditions – ~15.4-13.7 ka, 3.55-2.6 m  

Zone 2a (~15.4-13.7 ka, 3.55-2.6 m) includes sands, a tephra, and banded brown 

clays. The sands are interpreted as the beginning of the AHP but seem to bias the 

XRF and diatom data. This is evident in the low diatom concentration and increase in 

aerophilic taxa in this section, suggesting potential dissolution and mixing (Fig. 6). 

Because of this, the high percentage of T. rudolfi in this section is not interpreted like 

earlier anoxic sections, particularly with the lack of evidence for anoxia and the high 

species richness (Fig. 6), but rather taphonomic bias (Ryves et al., 2001; Flower & 

Ryves, 2009). Despite this bias, there is a gradual shift in this subzone from T. rudolfi 

to freshwater Aulacoseira taxa, indicating wetter conditions (Fig. 11). With the shift to 

the banded brown clays, proxies signal wetter conditions, including a decrease in 

Dim1 and K/Ti, and increased productivity, including an increase in Dim2, Ca/Mg, 

and Sr/Ti (Fig. 9), which is also evident in the PCA Biplot (Fig. 8). The tephra at 2.88-

2.91 m with an extrapolated date of ~14.1 ka does not appear to create the anoxic 

conditions that may be visible earlier in NAK.  

Zone 2b – Stable, Wet Conditions – ~13.7-12.7 ka, 2.6-1.65 m  

Zone 2b (~13.7-12.7 ka, 2.6-1.65 m) appears more stable than the earlier phase 

of the AHP (Fig. 11). This subzone indicates high productivity and organic matter 

(Ca/Mg, Sr/Ti, and Dim2; Fig. 6) with heavily weathered sediments depositing into 

the basin (Dim1; Fig. 9). The T. Index indicates deeper conditions than earlier in the 

zone (Fig. 9). These stable wet conditions may correlate with an increase in 

Aulacoseira granulata var. angustissima (Müller) Simonsen and Thalassiosira ~15.5 

to 13.5 ka from Richardson & Dussinger (1986). It is believed that this demonstrates 

that between the two cores, Richardson & Dussinger may represent a deeper part of 

the lake with less mixing. 
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Zone 2c – Deep Lake but No Record – ~12.7-Unknown ka, 1.65-0.8 m 

Zone 2c (~12.7-Unknown ka, 1.65-0.8 m) is dominated by Thalassiosira faurii 

(Fig. 6), but the timeframe of this section is not well constrained with a date of ~6 ka 

at 1.25 m implying a mass-wasting event between~12.7 and 6 ka. The lack of 

Stephanodiscus, like that observed by Richardson & Richardson (1972) at ~11.5 ka, 

also indicates erosion since Stephanodiscus represents substantially fresher and 

deeper waters than those observed from the diatom communities from NAK. An 

alternative hypothesis could be the depth differences between the locations, 

although the sites are only located ~2 km apart at similar elevations, making this 

drastic difference unlikely (Fig. 3B). Either way, the lack of Stephanodiscus 

demonstrates that Lake Nakuru does not rapidly deepen at the start of the AHP like 

other records at Lake Tanganyika (Tierney et al., 2008) and Chew Bahir (Foerster et 

al., 2012), but rather gradually deepens after the Younger Dryas, reflecting Nakuru’s 

unique record in documenting moisture availability given that other lakes likely 

received overflow waters from other basins.  

 Zone 1 – Post AHP Heavily Bioturbated – 0-0.8 m  

Zone 1 (0-0.8 m) represents modern deposition where bioturbation is likely. This 

zone consists mostly of Pantocsekiella oscellata, Pseudostaurosira brevistriata, 

Aulacoseira muzzanensis (Meister) Krammer, and Cyclostephanos dubius (Hustedt) 

Round, the latter two which were not evident across the rest of the core (Fig. 6). This 

zone was calculated as the freshest, with a conductivity of ~700 and a pH of 7.7, 

which is very different from modern conditions (Table 1), indicating substantial 

mixing. 

3.5.3. Towards Understanding Lake Nakuru’s Variable Record 

The increase in T. rudolfi in anoxic zones indicates either increased volcanic 

activity, rainfall, or a combination of both. While it is believed that the availability of 

fresh, volcanic materials may be a contributing factor to primary productivity during 

these phases, it is believed that these layers most likely represent an increase in 
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rainfall causing anoxic conditions in a deeper lake setting given that volcanic-induced 

increases in primary productivity would be short lived. With this assumption, we 

attempt to determine what might cause this recurring depth-induced anoxia. 

While much of our understanding of Eastern Africa is based on a low-latitude 

response to precessional forcing (Kutzbach & Street-Perrott, 1985; Garcin et al., 

2006; Foerster et al., 2012; Junginger et al., 2014), other forcing mechanisms are 

clearly important to EARS hydroclimate. Lake Nakuru’s periodic wet phases may 

highlight the importance of SST and the teleconnection between high and low 

latitudes on Eastern African rainfall over the past 35 ka on a centennial scale, 

particularly the Dansgaard-Oeschger and Heinrich cycles (Holmgren et al., 2003; 

Trauth et al., 2018; Schaebitz et al., 2021). Through the last glacial, 30 short 

warming/cooling events have been observed in Greenland’s ice cores (Fig. 10; 

Huber et al., 2006). A Dansgaard-Oeschger (DO) event, or Greenland Stadial 

(Dansgaard et al., 1969; Dansgaard et al., 1993), results in an 8-15°C increase over 

decades (Kindler et al., 2014). Temperatures then gradually cool until there is a rapid 

drop back to glacial temperatures called Heinrich (H) events, or Greenland 

Interstadials (Heinrich, 1988). H events result in decreases in SST and salinity, with 

large calving events occurring over 6-8 kyr (Bond et al., 1992; Cimatoribus et al., 

2013). Not all DO events are followed by H events, making their relationship unclear, 

although modeling results show that H events are potentially driven by ice sheet 

dynamics, whereas DO events are driven by ocean dynamics (Mann et al., 2021). 

The importance and relationship of ocean (Vettoretti & Peltier, 2016), ice sheet, and 

atmospheric (Dima et al., 2018; Erhardt et al., 2019), including volcanic (Lohmann & 

Svensson, 2022), dynamics is still unclear. Regardless, within the geological record 

these phases are globally, temporally synchronous (Adolphi et al., 2018), as evident 

in the similarities between the Greenland Ice Sheet and Arabian Sea records (Fig. 

10).  
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DO and H events impact global temperatures and moisture flux by impacting SST 

in the North Atlantic, ultimately impacting Atlantic meridional overturning circulation 

strength (Deplazes et al., 2014; Cheng et al., 2016), which has larger impacts on the 

hydroclimate of the tropics, particularly related to ITCZ and monsoon strength 

(Sachs & Lehman, 1999). The clearest evidence come from marine (e.g., Ivanochko 

et al., 2005; Itambi et al., 2009; Deplazes et al., 2013; Deplazes et al., 2014) and 

speleothem records (e.g., Wang et al., 2001; Holmgren et al., 2003; Fleitmann et al., 

2009; Cheng et al., 2013; Cheng, Sinha et al., 2013; Cheng et al., 2016; Budsky et 

al., 2019). Along the Indo-Arabian peninsula, warmer SST during DO phases result 

in rainfall in Eastern Africa similar to ENSO, whereas during H events, freshwater 

input to the North Atlantic causes a decrease/shutdown of the Atlantic meridional 

overturning circulation, resulting in drier conditions (Deplazes et al., 2014). Data from 

tropical lakes are lacking, particularly those with high enough resolution and strong 

enough age models to note millennial-scale changes (Voelker, 2002). This appears 

to be supported by proxies in Eastern Africa that show that H events result in drier 

conditions than DO events (Stager et al., 2011; Foerster et al., 2012; Trauth et al. 

2018). Despite weak age control across the EARS, except for Chew Bahir (Trauth et 

al., 2018), the synchroneity of events across the EARS (Fig. 10) hints at these 

events’ strength.  

The Chew Bahir, Lake Tanganyika, the Burundi Highlands, Lake Masoko, and 

Lake Rutundu records follow precession over the past 25 ka (Fig. 10). Because 

Nakuru’s record is incomplete during the Holocene, this trend is difficult to detect, 

although Dim1 and K/Ti indicate wetter conditions towards the present. At Lake 

Nakuru, longer-scale climate change is visible including in Zone 7 which matches 

with the LGM 26.5-19 ka (Clark et al., 2009) and Zone 2a with the Bølling–Allerød 

(B-A) interstadial 14.7-12.9 ka (Gasse, 2000). All compared records have increasing 

or stable aridity over the LGM and a bump in humidity at the B-A (Fig. 10). On 

millennial DO and H scales, Chew Bahir, which has the highest resolution, is 
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incredibly variable and mirrors changes in the Arabian Sea and North Greenland ice 

sheet, with dry H events and wet DO events except at DO4 and DO2. At Nakuru, 

LGM dry conditions last until ~18.7 ka, followed by wetter conditions, which decline 

before H1 ~16.7 ka (Hemming, 2004), followed by increased humidity again at the B-

A (Fig. 10). While not as drastic, this trend is visible at Lakes Tanganyika, Masoko, 

Rutundu, and the Burundi Highlands. Tanganyika, especially, shows a decrease in 

humidity at H1 whereas a gap in the record at Masoko also indicates drier 

conditions. Fitting Nakuru’s record to the rest of the DO and H events is difficult given 

the limited age model, but the placement of the stratigraphic record with two tie 

points at 23.9 and 35.6 ka suggests how the Nakuru record might fit into the larger 

EARS context. The peak in K/Ti ~35 ka, likely representing DO7, is visible at Chew 

Bahir and the Burundi Highlands. DO7 is only a small peak at Lake Masoko, like 

NAK’s Dim1 record. The other potential DO peaks at NAK at ~10.4 and ~9.7 m are 

subtler but could represent DO6 and 5 which are also muted at Chew Bahir. Lake 

Tanganyika has a wet phase during this time, although low resolution complicates its 

connections with DO events. Missing parts of Lake Masoko’s record also make its 

interpretation here unclear although it enters a more humid phase after DO6. The 

anoxic NAK phase right before ~23.9 ka does not match with a DO event, but could 

match up with the peak at ~25 ka in the Arabian Sea, ~26 and ~25 ka at Lake 

Tanganyika, and two wet bursts after ~25 ka in the Burundi Highlands. An alternative 

hypothesis is that this anoxia phase is DO3 which was wetter at Chew Bahir, but not 

at the other records. Overall, to analyze the relationship between DO and H events 

with lakes across the EARS requires high-resolution data with strong age models. If 

these phases are universal and indicate DO and H phases, it highlights the strength 

high latitude SST may have on rainfall across Eastern Africa.  

3.6. CONCLUSIONS 

As a closed basin at one of the highest points of the EARS, Lake Nakuru shows 

significant changes in lake level with only minimum changes in precipitation. Past 
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research has utilized Lake Nakuru’s record to explain rift-wide climatic changes, like 

the AHP, but studying Lake Nakuru at high-resolution provides insights into a unique 

record with incredible sensitivity and minimal external input. This study found through 

lithological, diatom, TN, TC, TOC, and XRF data from NAK that correlating temporal 

changes in conductivity and pH from diatom transfer functions with depth does not 

properly represent the dynamic hydroclimate for 35 ka. Instead, over the past 35 ka, 

anoxic clays with low species richness and abundant Thalassiosira rudolfi (a high 

conductivity/pH preference taxa) reflect highly productive and/or deeper waters with 

limited mixing, potentially reflecting changes in SST related to DO events during the 

Late Pleistocene. The record found a wet phase ~35.6 ka corresponding with DO7, a 

dry phase of unknown length from <35.6 ka until a desiccation phase 3.14 m later, a 

wet phase before H2 ~23.9 ka, a dry phase that coincides with the LGM from ~23.9-

18.7 ka, a wet phase from ~18.7-17.5 ka, a dry phase from ~17.5-15.4 ka 

corresponding with H1, and a wet phase representing the AHP where conditions are 

more variable ~15.4 ka, become stable from ~13.7-12.7 ka, until the record is lost 

after ~12.7 ka. Similar DO signals at Chew Bahir highlight potential teleconnections 

between high-latitude SST and African rainfall during this time across the EARS. 

While this record’s archaeological significance cannot currently be explored with 

the lack of the age model in the lower parts of the core, this record will be relevant to 

the numerous archaeological records across the Nakuru-Elmenteita and Naivasha 

Basins. Of relevance are questions related to the asynchronous transition from the 

Middle Stone Age to the Late Stone Age across equatorial Eastern Africa (Blegen et 

al., 2017; Van Baelen et al., 2019) as well as better understanding potential 

relationships between Ambrose’s (1984) Eburran phases with potential changes in 

environments during the Holocene. Sites within these basins that can benefit from 

this record include, but are not limited to, Enkapune Ya Muto (Ambrose, 1998), 

Marmonet Drift (Ambrose, 2002; Slater, 2016), and Prolonged Drift (Merrick, 1975).  
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3.7. FIGURES 

 

Figure 1 (previous page): A) Map of the Kenyan Eastern Branch of the East African Rift 
System with other basins labeled and Nakuru starred and highlighted. B) Topographic map 
of the Nakuru-Elmenteita Basin with the modern levels of the lakes shown. Topographic 
levels at 50-m intervals with the African Humid Period highstand at 1940 meters above sea 
level (Washbourn-Kamau, 1972). NAK is the core from this study. RICH69 are the cores 
studied by Cohen & Nielson (1986) and Richard & Dussinger (1986). C) Cross section 
across the Nakuru-Elmenteita Basin with the highstand from the African Humid Period 
highlighted and the two Nakuru cores from Richardson & Dussinger (1986) and this study 
labeled. 
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Figure 2: A) Stratigraphic column of the composite core (NAK) with the approximate 
composite depth of features included. A photographic splice of the cores used for the 
composite taken in 2019 is included. The location of the two cores in relation to one another 
is also included. All successful calibrated ages are included, with ages not included in the 
age model in a gray rather than black. B) Field photos of Nakuru from 2004, included an 
overhead image, a close up of lake sediments around the basin, and paleoshorelines of 
former highstands from the basin floor marked with arrows. 
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Figure 3: A) Updated figure from Richardson & Dussinger (1986) on the lake levels across 
Nakuru, Elmenteita, and Naivasha based on diatom data. Nakuru also has additional 
ostracod data as the dashed line from Cohen et al. (1983). Locations of uncalibrated 
radiocarbon dates are marked with the red C’s. B) Updated figure from Cohen & Nielson 
(1986). The wiggled line represents a period older than 20 kyr uncalBP. Dashed borders 
represent uncertain timing in the data. 
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Figure 4: Lake-level changes at Lake Nakuru over the past 40 years. Map generated using 
“geoscatter” function in MATLAB® and shoreline information from Copernicus satellite data 
(Google Earth Pro, 2021). 
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Figure 5: A) Complete age model for NAK starting at the first measured age at 170 cm. 
Slumps occur between 288-290 and 507-516 cm. Hiatuses occur at 344, 613, and 778 cm. 
B) Accumulation rate by time for the only part of the age model that was used for this study 
from 150 to 613 cm. A ghost plot shows the average (blue), median (red), and 95% 
confidence intervals (gray dotted lines).  
Figure 6 (next page): Organic proxies against NAK core with ages. TOC/N is highlighted so 
that the blue color represents periods of mostly phytoplankton input, whereas green 
indicates mostly terrestrial input based on Meyers (1994). The mean TOC and TN are in 
black with 95% confidence intervals in gray. Diatom concentration calculated as described in 
methods. The diatom taxa that reached ≥10% in at least one sample are then included and 
organized by habitat with green as littoral (shoreline), light blue as littoral planktonic, and 
dark blue as planktonic. Diatoms with unknown habitats are in gray. Species richness is also 
included. The various zones are included created using hierarchical clustering with Bray-
Curtis dissimilarity with all of the diatom counts.
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Figure 7: NAK with smoothed magnetic susceptibility and XRF data in counts per second 
(cps). Elements included in this figure were also included in the PCA. 
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Figure 8: A) Biplot of XRF PCA colored by the lithologies. Dim1 appears to be a 
precipitation proxy where positive values represent less weathered volcanic sediments. 
Dim2 appears to represent amount of organic matter in the sediments. B) Correlation Matrix 
of the different elements included in the PCA colored by significant positive or negative 
correlation. 
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Figure 9 (previous page): NAK with ages alongside the smoothed PCA loadings of Dim 1 
and 2; important XRF ratios; and diatom proxy interpretations. The diatom proxies include 
the conductivity and pH results from the transfer function by Gasse et al. (1995); a mixing 
proxy (A/(C+S)) from Gasse et al. (2002); a fresh, deep water proxy (T. faurii/(T. faurii + T. 
rudolfi)) from this study; and aerophilic and brackish taxa based on Gasse (1986) and Taylor 
et al. (2007) included in Suppl. 3. The diatom zones outlined in the discussion are 
highlighted with brown zones indicating shallow conditions and the green zone indicating 
highlighly alkaline conditions. 
 
 
Figure 10 (next page): Comparison of lake records across the EARS adapted from Foerster 
et al. (2012). These are compared with the precession cycle, Dansgaard-Oeschger (DO) 
events (blue), and Heinrich (H) events (tan). Precession data is from Berger & Loutre (1991). 
NGRIP data highlights the DO cycles which are numbered (North Greenland Ice Core 
Project Members, 2004) using δ18O data. The Arabian Sea record from core RC27-14 is 
from Altabet et al. (2002) using δ15N as a proxy for denitrification and productivity in the Gulf 
of Oman. The Lake Tanganyika record is from δD of leaf wax to record precipitation 
variability from Tierney et al. (2008) with a reversed scale. Chew Bahir K record is from 
Foerster et al. (2012), with a reversed scale. The Lake Masoko record from Barker et al. 
(2003) uses DCA Axis 1 which was a precipitation-evaporation proxy for water depth using 
diatom data. The Burundi Highlands record is a precipitation change estimate in mm/yr from 
pollen records from Bonnefille & Chalie (2000) with the average in black. The δD left wax 
record from Garelick et al. (2021) from Lake Rukundu on Mount Kenya with a reversed scale 
is used as a local comparison. The dark line represents the leaf wax data corrected for 
vegetation and global ice volume whereas the lighter gray line is only corrected for 
vegetation. Lastly, K/Ti and Dim1, both reversed precipitation proxies, from Lake Nakuru 
from this study. The top portion uses the calculated age model. The bottom of the record 
aligns the two dates from this section as tie points to the other records, but is plotted by 
depth of the core between. 

 
 
 
 
 
 
 
 
 
 
 

 
 



 

 103  
 

 
 

  
 



 

 104  
 

Figure 11: Important parameters along the age model for NAK including diatom taxa that 
represent >10% in one sample, calculated conductivity, aridity indices (Dim1 and K/Ti), 
productivity indices (Ca/Mg, Si/Zr, Sr/Ti, and inc/coh), and anoxia indices (Mo and Fe/Mn). 
Global climate phases are highlighted with anticipated dry phases (Last Glacial Maximum, 
LGM and Heinrich 1, H1) and the anticipated wet phase in blue (Bølling–Allerød interstadial, 
B-A).
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3.8. TABLES 

Table 1: Measured parameters of Nakuru from Jirsa et al. (2013) and Hecky & Kilham 
(1973). All cations and compounds are measured in mg/L. The Jirsa et al. data reported is 
the median value. This data was collected during a drought. All other cations measured by 
Jirsa et al. were <1: Mn 0.021, Fe 0.052, Zn 0.011, As 0.043, Sr 0.033, Mo 0.723, Ba 0.055. 

 
*Measured in meq/L 
 
Table 2: Samples used to date the Nakuru cores. Table includes the sample name, the core 
location, the composite location, the sample type, the uncalibrated ages and their errors, the 
calibrated median ages and their errors using RCarbon (Crema & Brevan, 2021), and the 
calibrated median ages and their errors from within the age model (Blaauw & Christen, 
2011). 

Sample 
Name 

Core 
Sample 

NAK 
Location 

(m) 
Sample 

Type 
Uncal. 

Age 
Error 

(95% CI) 
Cal. 

Median 
Cal. 

Error 
(95% CI) 

Cal. 
Median 

(AM) 

Cal. Error 
(AM) 

(95% CI) 

NAK-AJ-17 Y1I 68-
72 0.75 Charcoal 1020 ±30 932 ±40 931 -19, +41 

NAK-AJ-02 X1II 18-
23 1.25 Charcoal 5400 ±30 6228 ±60 6227 -49, +61 

BER_PDM 
NAK-10 

Y2 15-
20 1.70 Charcoal 10925 ±45 12822 ±134 12762 -877, +92 

NAK-AJ-03 X2 28-
33 2.29 Charcoal 11340 ±60 13225 ±95 13263 -143, +189 

BER_PDM 
NAK-03 

X2 68-
73 2.70 Charcoal 11844 ±78 13692 ±305 13759 -168, +261 

BER_PDM 
NAK-07 X3 8-10 3.41 Charcoal 12660 ±50 15091 ±166 15013 -384, +210 

BER_PDM 
NAK-08 

X4I 63-
71 4.93 Paleoroot 14545 ±55 17763 ±236 17766 -317, +334 

T111205_1  6.06 Ash 36500 ±1900     

BER_PDM 
NAK-15 

Y5II 19-
24 7.01 Unknown 20020 ±80 24024 ±203 23920 -498, +376 

T111206_2  11.54 Tephra 38900 ±1100     
Menengai Tuff  11.54 Tephra 35620 ±620     

*The date used for the tephra at the bottom of the section for the age model is from (Blegen et al., 

2016) as our deposits are likely the Menengai Tuff and this date is more constrained than the sample 

taken from NAK. 

 

 

Source Year Temp. °C Cond. (µS/cm) pH Na K Ca Mg SO₄ Cl HCO₃+CO₃ SiO₂ Si PO₄ F NO₃
Hecky & Kilham 1973 1969 10,010 9.8 3,300 237 0.9 62 1,020 121.6* 208 13.6 129

Jirsa et al 2013 2008-2009 24.8 38,300 10.1 13,560 447 3.6 0.06 444 5,080 22,220 105.1 740 23.6
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3.10. SUPPLEMENTAL DATA 

Suppl. 1: Tab1: Magnetic Susceptibility data organized in the NAK composite. Tab2: Raw XRF data 

in counts per second (cps) for all elements in both 10 kV and 30 kV for the NAK composite.  

Suppl. 2: Measured Total Carbon, Total Nitrogen, and Total Organic Carbon for the NAK composite. 

Calculated TOC/TN is also included. 

Suppl. 3: Tab1: Raw diatom counts for NAK composite including the core location. Counts for 

phytoliths, counting spores, and sponge spicules are also included. Tab2: Diatom habitat groups 

based off of Gasse (1986) and Taylor et al. (2007). Habitat groups: 1=littoral, 2=littoral planktonic, and 

3=planktonic. Salinity groups are on a gradient where 1=fresh and 5=marine. 
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CHAPTER 4: Hydroclimate reconstructions in the Suguta Valley, northern 

Kenya, during the Early-Middle Pleistocene Transition0F0F3F

4 

4.1. INTRODUCTION 

One of the most pronounced global climate changes of the Quaternary, the Early-

Middle Pleistocene Transition (EMPT), occurred between 1,200–700 ka. During the 

EMPT, glacial-interglacial cycles became longer and more intense, changing from 

41- to 100-kyr cycles (e.g., Shackleton & Opdyke, 1977; Pisias & Moore, 1981; 

Mudelsee & Statteger, 1997), possibly a result of long-term cooling trends associated 

with changing pCO2 and thickening of Northern Hemisphere ice sheets (e.g., 

Mudelsee & Schulz, 1997; Maslin & Ridgwell, 2005; Clark et al., 2006; Head et al., 

2008; Maslin & Bierley, 2015). This intensification led to abrupt “saw-toothed” glacial-

interglacial transitions via two stages (Maslin & Brierley, 2015). The first (900–700 

ka) resulted in a significant increase in global ice volume over 41-kyr cycles 

(Mudelsee & Stattegger, 1997; Maslin & Brierley, 2015), after which (post-700 ka), 

the climate system became a more complex three-state system with full interglacials, 

full glacials, and intermediate interglacials over 100-kyr cycles (Paillard, 1998). 

Eastern African hydroclimate responds to a combination of tectonic processes 

(Xue et al., 2019), global temperatures/pCO2, low-latitude insolation forcing (Clement 

et al., 2004; Deino et al., 2006; Trauth et al., 2009; Joordens et al., 2011; Yost et al., 

2021), tropical sea surface temperatures (Vuille et al., 2005; Tierney et al., 2011; 

Johnson et al., 2016), and glacial-interglacial cycles (Rossignol-Strick, 1984; 

Larrasoaña et al., 2003; Kutzbach et al., 2020). The relative strength and importance 

of each factor through time remains largely unknown and variable (Lupien et al. 

2022), resulting in uncertainty over how regional environments responded to the 

 
4 This work has been accepted. ROBAKIEWICZ, E.; OWEN, R.B.; ROSCA, C.; DEINO, A.; GARCIN, Y.; 
TRAUTH, M.H.; KÜBLER, S.; & JUNGINGER, A., accepted, Hydroclimate reconstructions in the Suguta Valley, 
northern Kenya, during the Early-Middle Pleistocene Transition: Palaeogeography, Palaeoclimatology, 
Palaeoecology. 
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EMPT. Fortunately, within the Suguta Valley in the northern Kenya Rift (36.55°E, 

2.22°N), flood basalts have capped lacustrine sediments of this age (Dunkley et al., 

1993), preserving them and enabling an examination of regional hydroclimate.  

This study fills a gap in northern Kenya Rift sedimentological records between 

900–700 ka and helps increase understanding of EMPT paleoclimatology and 

paleoenvironments. Previous studies in the neighboring Turkana Basin indicate that 

a floodplain dominated, with erosion and/or non-deposition to the northeast and 

south (Feibel, 2011). Brown & McDougall (2011) noted a paucity of sedimentary 

evidence between 1,000–800 ka and an absence of ~700–200 ka strata, although 

studies at neighboring Chew Bahir provide a record back to 620 ka (Duesing et al., 

2021; Foerster et al., 2022). Similarly, the southern Baringo Basin indicates a ~1 Myr 

unconformity between the end of the Chemeron Formation (~1,570 ka (Hill et al., 

1986)) and the beginning of the Kapthurin Formation (~610 ka (Deino & McBrearty, 

2002)) with many lacustrine phases of the Kapthurin Formation indicating alkaline 

and saline lakes (Renaut et al., 1999). Here, we present a new hydroclimate dataset 

from a lacustrine sequence (KSI) deposited between ~931 and 831 ka, coinciding 

with a paucity of sedimentary evidence at Turkana and other East African Rift 

System (EARS) basins. This study aims to explore EMPT hydroclimate variability 

within the Suguta-Turkana Basin and understand its regional impacts.  

4.2. GEOLOGICAL AND HYDROCLIMATOLOGICAL SETTING 

4.2.1. Geological Setting  

The Suguta Valley (northern Kenya Rift) forms part of the eastern branch of the 

EARS, a 3,000-km-long continental rift initiated during the Miocene by mantle plume 

activity (F1A; Ebinger & Sleep, 1998; Ebinger et al., 2000; Chorowicz, 2005; Pik et 

al., 2008; Purcell, 2018). Initial uplift and doming gave way to north-south Plio-

Pleistocene rifting (Baker & Wohlenberg, 1971) forming the Suguta Valley due to 

subsidence along the inner trough by at least ~1.8 Ma, with coeval volcanism 

separating it from other basins (Morley et al., 1992; Dunkley et al., 1993). In the 
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north, the Barrier volcanic complex erupted ~1.37 Ma and separates Suguta from 

Lake Turkana today, although hydrological separation was not achieved until ~221 

ka (Dunkley et al., 1993; McDougall et al., 2012), a date which may be pushed back 

to ~780 ka (F1B; Junginger et al., 2023). To the south, the Korosi volcanic shield did 

not form until ~380 ka (Dunkley et al., 1993), far later than the timeframe of this 

study. Consequently, this study reflects changes in a larger Suguta-Turkana-Baringo 

catchment.  

Today, the Suguta Valley is ~80 km long by 17–21 km wide (F1C), with a 12,800 

km2 catchment (~180 km north-south; ~35–70 km east-west) (Dunkley et al., 1993; 

Garcin et al., 2009; Junginger & Trauth, 2013). The modern Suguta is a NNE-

trending half graben with its floor ~1,000–275 m above sea level (asl) (Bosworth & 

Maurin, 1993; Saneyoshi et al., 2006; Melnick et al., 2012; Junginger et al., 2014). 

The rift margins are faulted monoclines with a possible border fault to the northeast 

and hills rising to 750 (west) and 1,100 m asl (east) (Dunkley et al., 1993). Basin 

subsidence is controlled by extensional faulting overprinted by strike-slip and 

compressional deformation (Dunkley et al., 1993; Le Gall et al., 2005; Vetel & Le 

Gall, 2006). The catchment includes Plio-Pleistocene alkaline basalts and trachytes 

with Precambrian gneisses of the Mozambique Orogenic Belt in the northeast (F1B; 

Bosworth & Maurin, 1993; Dunkley et al., 1993). 

4.2.2. Hydroclimatological Setting  

Equatorial Eastern African climate is primarily characterized by changes in 

precipitation rather than temperature. Rainfall is bimodal, peaking from March–May 

(long rains) and October–November (short rains) (Nicholson, 1996; 2017). Modern 

Suguta is the most arid setting in Kenya (Ojany & Ogenoo, 1973), with daily 

temperatures of 30–50°C; annual precipitation of <300 mm/yr, increasing to 1,000 

mm/yr along rift shoulders (Junginger & Trauth, 2013); and evaporation rates of 

3,000–4,000 mm/yr (Nyenzi et al., 1981; Garcin et al., 2009). Lake Logipi, in the 

lowest part of Suguta, varies seasonally in response to inflows from the Suguta 



 

 127  
 

River, smaller ephemeral rivers, springs, and groundwater from Lakes Turkana and 

Baringo (Dunkley et al., 1993; Junginger & Trauth, 2013). Much of the lake 

desiccates into salt pans during the dry season, but, at its maximum, can cover 80 

km2 (Castanier et al., 1993). Contrasts between increased precipitation at higher 

elevations and hyper-arid conditions at lower elevations characterize Paleolake 

Suguta as an “amplifier lake”, which responds sensitively to even minor climatic 

changes (Olaka et al., 2010; Trauth et al., 2010). 

Today’s hyper-aridity contrasts with the 300-m-deep paleolake that formed 15–5 

ka during the African Humid Period (AHP) (Garcin et al., 2009; Junginger & Trauth, 

2013; Junginger et al., 2014). During the AHP, precipitation is estimated to have 

been only 20–30% higher than today (Borchardt & Trauth, 2012; Junginger & Trauth, 

2013), yet Paleolake Suguta was 75 times deeper (Garcin et al., 2009). Towards the 

end of the AHP, the water level of Paleolake Suguta dropped by 240 m 8.5–7.3 ka, 

underlining its climate sensitivity (Garcin et al., 2009). 

Truckle (1976) and Dunkley et al. (1993) described Pleistocene and Holocene 

fluvio-lacustrine deposits as the ‘Suguta Beds’. Early to Middle Pleistocene lacustrine 

sediments in southern and western Suguta, between the Namarunu and 

Emuruangogolak volcanoes, document past humid conditions (Truckle, 1976; 

Casanova et al., 1988; Sturchio et al., 1993; Trauth et al., 2007). The 41-m section, 

Kamuge-Suguta I (KSI), northwest of Emuruangogolak, is one of the best exposed 

Pleistocene lacustrine sequences in the area (F1C). KSI is located along the eastern 

banks of the Suguta River near its confluence with the Kamuge River (1.640098°N, 

36.294669°E, 362 m asl). The sediments, mostly clays, silts, and diatomites, are 

intercalated with carbonates and tephras and document hydroclimatic changes 

during part of the EMPT (F2). 
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4.3. MATERIALS AND METHODS 

4.3.1. Sample Collection, Stratigraphy and Grain Sizes 

Sediments were collected in 2007 from a 41-m section sampled at 50-cm 

intervals with additional samples taken where carbonates were present, yielding 93 

samples. Grain sizes were described in the field with fine-grained lithologies also 

analyzed on a Malvern MasterSizer 2000 at Eberhard Karls Universität Tübingen. 

Preparation followed Meyer et al. (2020) with replicate analyses (5x) to calculate 

90% confidence intervals. MasterSizer results reflect both clastic grains and biogenic 

diatoms – a common occurrence in African sediments (Meyer et al., 2020) – limiting 

its interpretability. Because of these complications, the MasterSizer’s results were 

supplemented with qualitative observations to generate the KSI stratigraphic column. 

4.3.2. Chronology 

Three tuff samples from KSI were dated by the 40Ar/39Ar method, consisting of 

coarse ash from Plinian fallout and reworked lapilli tuffs. Samples were processed at 

the Berkeley Geochronology Center (BGC). Feldspar phenocrysts were separated 

using conventional techniques including disaggregation using a ceramic mortar and 

pestle, sieving, dilute HF and distilled water rinses, and hand-picking under a 

binocular microscope to obtain a finished product of clean grains as free of 

inclusions as possible. 

The final mineral separates were irradiated in the Cd-lined CLICIT position of the 

Oregon State University TRIGA reactor for two hours (BGC irradiation #375). This 

irradiation employed sanidine phenocrysts from the Alder Creek Rhyolite of 

California (orbitally referenced age=1.1848±0.0006 Ma; Niespolo et al., 2017) as the 

neutron fluence monitor mineral. Standards and unknowns were co-irradiated in 

circular concentric rings in wells in an aluminum disk with both unknowns on the 

same disk. The appropriate neutron fluence factor (the ‘J’ parameter of 40Ar/39Ar 

dating calculations; McDougall & Harrison, 1999) for the sample positions was 

calculated from a planar fit of the standard calibrations, with median 1σ errors 
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derived by Monte Carlo simulation in the predicted J value of ~0.4%. Reactor-

induced isotopic production ratios for these irradiations were: (36Ar/37Ar)Ca=3.65±0.02 

× 10-4, (38Ar/37Ar)Ca=1.96±0.08 × 10-5, (39Ar/37Ar)Ca=6.95±0.09 × 10-4, 

(37Ar/39Ar)K=3.24±0.16 × 10-4, (38Ar/39Ar) K=1.220±0.003 × 10-2, (40Ar/39Ar ) K = 

3.5±0.9 × 10-4. Atmospheric 40Ar/36Ar=298.56±0.31 (Lee et al., 2006) and decay 

constants follow (Min et al., 2000). 

The irradiated sanidine phenocrysts were then analyzed at the BGC using the 

single-crystal 40Ar/39Ar total-fusion (SCTF) technique. With this approach, individual 

grains are heated rapidly to fusion and degassed in <10 seconds under ultra-high 

vacuum. After several minutes of gas purification, argon measurements are carried 

out using an automated extraction line feeding a single-collector MAP-215 mass 

spectrometer, using analog multiplier signal measurement. 

Age distributions obtained from a suite of SCTF analyses are often complicated 

by anomalous or imprecise results, originating from such sources as detrital 

contamination, excess 40Ar trapped in primary phenocrysts, subtle alteration, 

potassium-poor composition, or analytical failure. Any analyses of the latter type are 

eliminated first. Secondly, plagioclase grains (Ca/K >2 as determined by the 40Ar/39Ar 

measurement process) are omitted from further treatment as they exhibit much 

greater analytical uncertainty than the anorthoclase or sanidine phenocrysts that 

dominate these samples. Thirdly, we omit analyses with anomalously high analytical 

uncertainty, likely from incomplete fusion, fusion of non-feldspathic grains, or very 

small grain size (i.e., less than a few hundred microns). Fourthly, we identify distinctly 

older grains (xenocrysts) using a gap-finding technique (Deino et al., 2019a,b), with 

the sensitivity set to a gap score of seven, to identify most old outliers easily 

identified by a human observer, yet with little impact on the primary age distribution. 

Finally, we may arbitrarily eliminate an older mode of a clearly multimodal distribution 

that was not identified by the gap-finding routine due to proximity to the primary 

mode. Ultimately, the 40Ar/39Ar result is reported as the weighted-mean age of the 
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accepted analyses, with ± 1s modified standard error, computed as the standard 

error expanded by the root of the mean square weighted deviation (MSWD), if 

MSWD >1. 

We also analyzed the argon systematics using ‘inverse isochron’ regressions 

(36Ar/40Ar vs. 39Ar/40Ar) calculated from the accepted grain analyses. The age and 

error estimates derived from the isochron regressions are then compared to 

analytical weighted means. 

4.3.3. Diatom Sample Preparation and Counting 

About 0.1 g of sample was added to 20 ml of 30% H2O2 and heated to 90°C to 

remove organics (Battarbee, 1986). 10% HCl (to remove carbonates) and a 

Lycopodium microspore (to measure concentrations) were then added, with samples 

rinsed in DI water and centrifuged to remove remaining acids. Ammonia solution 

(30–33% NH3) was added to separate aggregates and remove clays before a final 

rinsing in DI water. Samples were added to coverslips and dried for 24 hours. 

Naphrax was used to adhere cover slips to glass slides and heated at 125°C until 

cured.  

When possible, at least 400 diatom valves were counted on a Fisher B2-Series 

light microscope at 1000× magnification. If one species was dominant, a minimum of 

100 non-dominant valves were counted. Identification was conducted using 

Spaulding et al. (2022), Gasse (1986), Cocquyt (1998), and Taylor et al. (2007). A 

valve was counted if >50% of the valve was visible and identifiable. In all cases, 

specimens were identified to the lowest taxonomic level possible. Identifications 

were confirmed on a Phenom XL Scanning Electron Microscope with a Cerium 

Hexaborit (CeB6) cathode at the Universität Tübingen. Samples were coated with 70 

nm gold and analyzed at 15 kV acceleration voltage. 

4.3.4. Diatom Analysis  

Diatom concentrations were calculated using Lycopodium spores (Batch-

050220211; 18,400 spores). 



 

 131  
 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶 =
(#𝐷𝐷𝑜𝑜𝑀𝑀𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝑀𝑀𝑀𝑀ℎ𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝐼𝐼𝐶𝐶𝐷𝐷𝐶𝐶𝐷𝐷𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶𝐼𝐼 ∗ #𝐷𝐷𝑜𝑜𝐶𝐶𝐷𝐷𝐼𝐼𝐶𝐶𝐷𝐷𝐶𝐶𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀)

(1 + #𝐷𝐷𝑜𝑜𝑀𝑀𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝑀𝑀𝑀𝑀ℎ𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶𝐷𝐷𝐼𝐼𝐶𝐶𝐷𝐷𝐶𝐶𝐼𝐼)
 

An adapted Planktonic Diatom Index (PDI) was used to characterize deep lakes 

(Deino et al., 2006; Kingston et al., 2007) where deep lake conditions occur when 

PDI≥10.  

𝑃𝑃𝐷𝐷𝐼𝐼 = �
%𝐷𝐷𝑜𝑜𝑃𝑃𝑜𝑜𝐷𝐷𝐶𝐶𝑜𝑜𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀

(%𝐷𝐷𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝑜𝑜𝑃𝑃𝑜𝑜𝐷𝐷𝐶𝐶𝑜𝑜𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝐶𝐶 + %𝐷𝐷𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀)
 

Ecological interpretations are based on modern assemblage data from the East 

African Diatom Database within the European Diatom Database Index (EDDI) 

(Battarbee et al., 2001). Hydrochemical parameters (conductivity and pH) were 

determined using weighted averaging (ter Braak & Looman, 1986; Gasse et al., 

1995). The modern African training set includes each taxon’s optimum and tolerance 

for each environmental parameter. Paleoenvironmental parameters are estimated 

using the total sum of the relative percentage of each fossil taxon, weighted by its 

optimum, and standardized to the total percentage of the diatom assemblage used in 

the transfer function (Chalié & Gasse, 2002). Weighted tolerances were then added 

to create a range for the calculated parameter. Statistical analyses were conducted 

in R and are accessible in GitLab. Stratigraphic plots were made using the R 

package Rioja (Juggins, 2022). 

4.3.4. XRF and PCA 

Bulk samples selected for major oxide- (SiO2, Al2O3, Fe2O3, CaO, MgO, K2O, 

Na2O, TiO2, MnO, P2O5) and trace element (Ca, Cr, Ga, Nb, Ni, Rb, Sr, V, Y, Zn, Zr) 

analyses via X-Ray Fluorescence (XRF) were pulverized and mixed with 7.5 g 

MERCK spectromelt A12, followed by gradual melting up to 1200°C to fused beads 

using an Oxiflux system. Measurements were carried out on a Bruker AXS S4 

Pioneer XRF device (Rh-tube, 4 kW) at the Universität Potsdam.  

The oxide for each sample was normalized by dividing each oxide’s percentage 

by the total percentages without Loss on Ignition (LOI) and multiplying by 100. 

https://gitlab.com/robakiewicz-micropaleontology-and-paleoclimatology/ksi-code/ksi-transfer-function
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Samples were then converted to elemental weight percentages and parts per million 

(ppm). 

𝑊𝑊𝐶𝐶𝐷𝐷𝑊𝑊ℎ𝐷𝐷%𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷

= 𝑁𝑁𝐷𝐷𝐶𝐶𝐷𝐷𝑊𝑊𝐶𝐶𝐷𝐷𝑊𝑊ℎ𝐷𝐷%𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐼𝐼𝐶𝐶

∗ �
#𝐷𝐷𝑜𝑜𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝑀𝑀𝐷𝐷𝐶𝐶𝑜𝑜𝑜𝑜𝐷𝐷𝐼𝐼𝐶𝐶 ∗ 𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝑀𝑀𝐷𝐷𝑀𝑀𝑀𝑀𝐷𝐷𝑜𝑜𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶

𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝑀𝑀𝐷𝐷𝑀𝑀𝑀𝑀𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐼𝐼𝐶𝐶 � 

The Chemical Index of Alteration (CIA) (Nesbitt & Young, 1982) was calculated to 

indicate the degree of weathering of source rocks to the sediments. Numbers closer 

to 100 indicate more heavily weathered deposits and/or slower erosion rates (Owen 

et al., 2014; 2018). To use this index, XRF data was converted into molar 

proportions: 

𝑀𝑀𝐷𝐷𝑜𝑜𝐷𝐷𝐶𝐶𝑃𝑃𝐶𝐶𝐷𝐷𝑀𝑀𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷𝑜𝑜𝐷𝐷ℎ𝐶𝐶𝑜𝑜𝑜𝑜𝐷𝐷𝐼𝐼𝐶𝐶 = �
𝑁𝑁𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝑜𝑜𝐷𝐷𝑁𝑁𝐶𝐶𝐼𝐼𝑊𝑊𝐶𝐶𝐷𝐷𝑊𝑊ℎ𝐷𝐷𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑊𝑊𝐶𝐶𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐼𝐼𝐶𝐶

𝑀𝑀𝐷𝐷𝑜𝑜𝐷𝐷𝐶𝐶𝑀𝑀𝐷𝐷𝑀𝑀𝑀𝑀𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐼𝐼𝐶𝐶 � 

The CIA was then calculated using: 

𝐶𝐶𝐼𝐼𝐴𝐴 =
𝐴𝐴𝑜𝑜2𝑜𝑜3

(𝐴𝐴𝑜𝑜2𝑜𝑜3 + 𝐶𝐶𝐷𝐷𝑜𝑜∗ + 𝑁𝑁𝐷𝐷2𝑜𝑜 + 𝐾𝐾2𝑜𝑜)
∗ 100 

CaO* (inorganic CaO) was estimated by subtracting the molar proportions of 

P2O5 from CaO (McLennan, 1993). If the estimated CaO* was greater than Na2O, 

the molar proportion of Na2O was used, as Ca weathers more readily than Na. 

Carbonate features were not used in this analysis as they do not reflect the valley’s 

weathering regime.  

Principal Component Analysis (PCA) was run for XRF data to reduce 

dimensionality and interpret elemental relationships and possible transport 

mechanisms (Jolliffe & Cadima, 2016). Known tephra layers were not included as 

they do not represent the same depositional regimes as other sediments. PCA was 

run in R and the code is accessible on GitLab. 

4.4. RESULTS 

4.4.1. Stratigraphy and Grain Sizes 

The KSI sediments include laminated clays, diatomites, silts, fine to coarse 

sands, carbonates, and tephras (F2; S1). From 0–9 m, the KSI section consists 

https://gitlab.com/robakiewicz-micropaleontology-and-paleoclimatology/ksi-code/ksi-xrf-pca
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mainly of laminated silty diatomites with laminated silty diatomaceous clays from ~5–

6 m (F2). Carbonate concretions are present at 0.2 m and a black, massive 

carbonate layer occurs at 2.2 m. Carbonates also occur at 9.2 and 10.25 m and are 

separated by silty, carbonate-rich clay. The former is black with mm-sized nodules, 

whereas the latter is gray and irregular with paleoroot fillings. Laminated silts 

dominate 10.5–12.5 m, above which are beds of fluvial coarse sands. A dated tephra 

(SUG07-KS-01; T1) is present at 14.8 m, with silt above and sandy silt below, both of 

which contain yellow pumice. Grain size decreases from coarse sands to silts and 

laminated clays from 13–17.9 m. Carbonate content increases from 16–17.9 m, 

where another black, massive carbonate with mudcracks marks a transition to fewer 

carbonates and more fine-grained sediments. Diatoms are less abundant within the 

clays from 18–21 m. Laminated clayey diatomites and pure diatomites continue to 

27.5 m, with bedded carbonate concretions (<20 cm) at 25.3 m. Abundant diatoms 

disappear above 27.5 m. Above 27.5 m, KSI is coarser grained with numerous 

tephra horizons interbedded in laminated clayey silts, silts, and silty sands. 

Alternating pumiceous sand, angular volcanic clasts, bones, burrows, and calcite 

coatings dominate from 28.5–30.5 m. A 20-cm-thick tephra with yellow pumice at 32 

m (SUG07-KS-05; T1) is overlain by a 70-cm-thick sand. Carbonate-rich sediments, 

starting at 33.4 m, include calcareous paleoroots (F2). The overlying sediments are 

“baked” carbonate clay with silty components, evidenced by clumped aggregates 

and discoloration. Sand at ~35.5 m is overlain by clayey and silty deposits with 

several orange tephra horizons at 41 m (SUG07-KS-2a; T1), which have been 

weathered due to surface exposure and heat-altered by the overlying basalt. 

4.4.2. Chronology and Sedimentation Rates Estimates 

A total of 76 grains were analyzed from three samples (S2): of these, 25 were 

retained in the calculation of representative mean ages. The majority of analyses 

were rejected due to anomalously old ages by the gap-finding procedure (42), 
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reflecting the high degree of detrital contamination present in most samples. An 

additional four were rejected based on plagioclase composition.  

The oldest sample (SUG07/KS-1, reworked pumice) shows a simple, quasi-

gaussian symmetrical distribution with just one anomalously old analysis out of 17 

(F3A; T1). This sample also exhibits a MSWD (1.2) close to the expectation of 1, 

indicating that the analytical errors account for the observed dispersion. These 

straightforward characteristics suggest that the weighted-mean age of 885±5 ka 

should provide accurate timing for the eruption that was the source of these lapilli. 

The next-oldest sample (SUG07/KS-5, reworked fine pumice and detrital matrix) 

exhibits 21 analyses registered as anomalously old by the gap-finding technique, 

leaving nine analyses as a primary mode candidate. However, this remaining 

distribution contains two well-defined modes with a high MSWD (8.6), indicating the 

presence of geological dispersion. Here, the older mode was eliminated on the 

principal that it may represent xenocrysts not identified by the gap-finding technique, 

due to the relatively close age proximity to the youngest mode. In fact, the older 

mode is very similar in age and Ca/K composition to SUG07/KS-1 and may 

represent incorporation of tephra from that earlier eruption during fluvial transport. 

After elimination, the remaining five grains give a weighted-mean age of 830±5 ka 

with a MSWD=1.5. 

The youngest sample (SUG07/KS-2a) was obtained from Plinian fallout ash 

immediately below the capping mafic lava of the Kamuge-Suguta confluence area. It 

apparently represents a partially silicic precursor eruptive phase before lava effusion. 

Most of the 29 grains analyzed were omitted as older contaminants or plagioclase, 

leaving four K-feldspar grains forming a distinct primary mode with a weighted-mean 

age of 448±22 ka. 

The isochron evaluations of the accepted analyses (F3B; T1) yield ages that are 

within error of the weighted means and 40Ar/36Ar compositions that are 

indistinguishable from atmosphere (298.56±0.31; Lee et al., 2006). The isochron age 
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errors for samples SUG07/KS-1 and SUG07/KS-4 are equal to or slightly better than 

the analytical mean errors, however, due to the narrow range of 39Ar/40Ar 

composition and relatively high uncertainty in 36Ar/40Ar, the isochron regression for 

sample SUG07/KS-2a yields an error that is about four times that of the weighted 

mean. This is a shortcoming of the isochron approach with this particular data set; 

hence is rejected. For the sake of consistency, the weighted-mean analytical ages 

and errors are the preferred dating result for all samples. 

Given these dates, the ~17.5 m of sediment from 14.8–32.25 m represent 

deposition over ~54 ka, although a potential hiatus exists at 25.3 m. A mean 

sedimentation rate of ~32.3 cm/kyr (0.3 mm/yr) is estimated, consistent with other 

estimated diatomite deposition rates across Eastern Africa (c.f. Trauth, 2014) ranging 

from 10 cm/kyr in the southern Kenya Rift (Owen et al., 2012) to 80–200 cm/kyr at 

Olorgesailie (Isaac & Isaac, 1977; Potts et al., 1999). Extrapolation to the base of the 

section suggests an age of ~931 ka, although several hiatuses indicate an older age. 

The relatively young age of SUG07/KS-2a suggests at least one large hiatus 

between 32.5 and 40 m, although multiple breaks in deposition are possible (F2).  

4.4.3. Diatom Analysis 

Diatoms are most abundant in the lower 27.5 m with gaps at 10–12.5, 16–16.5, 

18, and 19.5–21 m (F4; S3). Freshwater, planktonic diatoms are most abundant, 

particularly Aulacoseira agassizii (Ostenfeld) Simonsen, A. distans (Ehrenberg) 

Simonsen, A. granulata (Ehrenberg) Simonsen, and A. granulata var. angustissima 

(Müller) Simonsen (F4; Gasse, 1980; Owen et al., 2014). Notable exceptions occur 

at 17 and 17.5 m where >99% of counted taxa are 

Stephanocyclus meneghinianus (Kützing) Kulikovskiy, Genkal & Kociolek (formerly 

Cyclotella meneghiniana Kützing), a periphytic indicator of mildly to strongly saline 

conditions in littoral and planktonic settings (Owen et al., 2014). Shallow water taxa 

are most abundant from 23.5–27 m, where they peak up to 76%. Epiphytic taxa 

include Cocconeis placentula Ehrenberg and Caloneis bacillum (Grunow) Cleve, with 
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the latter associated with flowing water. Hantzschia amphioxys (Ehrenberg) Grunow 

and Luticola mutica (Kützing) DG Mann are often found in damp soil or swamps. 

Other freshwater to mildly saline epiphytes and benthic taxa include Nitzschia 

amphibia Grunow, Epithemia gibberula (Ehrenberg) Kützing, E. sorex Kützing, 

Achnanthidium exiguum (Grunow) Czarnecki, Sellaphora pupula (Kützing) 

Mereschkovsky, and Staurosira construens Ehrenberg. Collectively, these taxa 

indicate fresh, shallow, or swampy conditions perhaps with nearby inflowing streams 

from 23.5–27 m (Owen et al., 2014). Highly saline indicators are absent throughout 

KSI, indicating that saline phases were not extreme, not preserved, or developed too 

quickly to be visible at 50-cm intervals.  

Of the 82 taxa, 52 are reported within the EDDI (S3). The percentage of taxa 

missing in the transfer functions ranges from 0–36%, averaging to 9.4%. The 

missing data can be attributed to an irregular Aulacoseira granulata morphotype 

(Plates 17/18/19) also recorded by Gasse (1975), Epithemia hirundiformis Müller, 

and Nitzschia radicula Hustedt. Stephanodiscus neoastraea Håkansson & Hickel is 

also not in the database, although modern studies show that the ecology is similar to 

Stephanodiscus astraea (Ehrenberg) Grunow (Genkal, 2009). Consequently, these 

data were used. Absence of data clearly limits the precision of the transfer functions, 

although comparison with other diatom proxies such as PDI and supplemental XRF 

data support their inferences. Conductivity is a proxy for the precipitation-evaporation 

balance of a lake system and is linked with changes in the hydrological budget and 

climate, whereas pH provides additional evidence of changes in hydrochemistry 

(Battarbee, 1986; Gasse et al., 1995). Both conductivity and pH remain consistent 

through the section except at 17 and 17.5 m where they are estimated at ~6,030 

µS/cm and 8.85, respectively, due to the abundance of 

Stephanocyclus meneghinianus (F4; S3). The range for other parts of the section are 

considerably fresher at ~150–870 µS/cm and 7.14–7.91, respectively. PDI≥10 

indicates a deep paleolake (Kingston et al., 2007), occurring at 17.8, 18.5, and 23 m. 
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4.4.4. XRF Analysis and PCA 

SiO2 is the most abundant oxide in the KSI sediments and constitutes 55–65% 

(median=59.0%) of the total oxides, except within carbonates (F5; S4). This reflects 

opaline silica in diatoms and the strongly silica-oversaturated peralkaline volcanics of 

the eastern Emuruagiring Plateau and the panterellitic Lower Trachytes of 

Emuruangogolak (Dunkley et al., 1993). TiO2 (0.19–2.6%, median=1.3%), Fe2O3 

(2.9–13.2%, 9.3%), Al2O3 (3.0–18.9%, 15.9%), K2O (0.4–4.0%, 2.9%), Zr (190–920 

ppm, 660 ppm), Zn (40–207 ppm, 164 ppm), and Rb (21–140 ppm, 115 ppm) show 

similar trends to SiO2, with respect to the main excursion reflecting igneous sources. 

In contrast, CaO (0.3–71.3%. 1.7%), MnO (0.08–12.5%, 0.18%), Ba (104–6750 ppm, 

373 ppm), Sr (111–1790 ppm, 210 ppm), and LOI (2–37.7%, 9.2%) show similar 

trends with low values except within carbonates and carbonate-rich sediments, 

reflecting authigenic and/or biogenic influences. P2O5 (0.07–22.5%, 0.28%) is only 

abundant in carbonates associated with clayey and silty diatomites, reflecting its 

biogenic nature and potential adsorption within clays. MgO (0.6–5.6%, 1.7%) and 

Na2O (1.3–16.6%, 5.0%) do not follow the trends of other oxides, indicating 

additional controls, such as potential changes in the catchment area or fluvial 

regime, and their potential for authigenic precipitation during more arid phases.  

Carbonates were evident in peaks across all oxide and trace element plots (F5) 

and dominated the PCA, with Dimension 1 (Dim1) representing 54.6% of the XRF 

data trends (S5). Calcareous features, indicated by elevated LOI (F5), were removed 

to detrend the data and focus on sediment input. Chromium, Ga, Nb, Ni, V, and Y 

were not used for analysis as they were detected at low levels, although they tended 

to reflect deposition from igneous, particularly basaltic source rocks. With the 

removal of tephras, carbonates, and less relevant trace elements, Dim1 (38.9%) is 

significantly controlled by lithogenic elements (Zr, Zn, Al, and Rb in the negative 

direction), with biogenic/authigenic elements (Sr, Ca, and P) plotting positively (F6; 

S5). Dim1 is interpreted as a wetness proxy, where an increase in 
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biogenic/authigenic elements is linked to drier conditions when shallow, nutrient-rich 

oxygenated waters result in increased biological activity and authigenic precipitation. 

In contrast, increases in lithogenic elements reflect wetter conditions, when more 

non-soluble cations are brought into the system as clastics. Dimension 2 (Dim2; 

21.4%) is controlled positively by Ti, K, Ba, Fe, and Al and negatively by Mg (with Ca 

contributing an additional ~5%) (F6; S5). Positive Dim2 values therefore represent 

more neutral and wetter settings with negative values indicating saline, alkaline, and 

drier conditions.  

Ti/Ca and K/Al reflect changes in deposition within the alkaline basaltic and 

trachytic igneous system (F6; S5). Titanium is an abundant and stable lithogenic 

element used as a proxy for erosion and transport of silts and fine sands, as it is 

brought into the system through wind or water transport (Davies et al., 2015). 

Calcium is a water-soluble element that can be biogenic or lithogenic and allogenic 

or authigenic, therefore representing sediment input, local precipitation, and/or 

biological activity. By comparing Ca with Ti, which is not affected by diagenetic 

overprinting or biological processes (Fitzpatrick & Chittleborough, 2002; Mannella et 

al., 2019), Ca from igneous sources is removed, leaving biogenic/authigenic Ca 

depositing over drier phases. Aluminum is an abundant and stable element that is 

transported through clastic grains, particularly clays. Potassium is water-soluble and 

abundant in igneous rocks, particularly in trachytes and authigenic clays. When K/Al 

increases, it reflects a change in clay mineralogy where K fixes during the illitization 

of smectites in higher pH systems related to drier conditions (Foerster et al., 2018). 

Both ratios indicate wetter phases from 0–9 and 18–27.5 m and drier phases from 

9.2–17.9 and 28–41 m (F6). 

The mean CIA through the section is 49.1 (F6). CIA was used to create four 

zones with constrained hierarchical cluster analysis using Bray-Curtis dissimilarity 

(CONISS) to create separate rather than overlapping zones within stratigraphic 

sequence. Four zones were selected rather than the three zones recommended the 
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broken stick model based on visible changes in the lithology as well as the absence 

of diatoms. Regardless, the distance of the zones is ~2.25 (S5) and results in 

boundaries between 8–8.5, 18–18.5, and 29–29.5 m. Because these boundaries 

were created without carbonate features, they were updated to match changes in 

lithology, resulting in Phase 1 from 0–9, Phase 2 from 9.2–17.9, Phase 3 from 18–

27.5, and Phase 4 from 28–41 m (F7; S4). The mean CIA for Phases 1, 2, 3, and 4 

are 44.1, 41.4, 58.9, and 48.4, respectively (F6; S4).   

4.5. DISCUSSION 

4.5.1. Morphological and Volcanic History 

The morphology of the Suguta catchment during KSI’s deposition differed 

significantly from today, with local volcanoes erupting throughout the Pleistocene and 

Holocene as rifting widened and deepened the formerly shallow basin (Dunkley et 

al., 1993). Tephras most likely come from Emuruangogolak or Namarunu despite 

their ability to travel long distances (>5,000 km) within short timeframes (minutes to 

days) (Lowe, 2011), as most nearby Kenya Rift volcanoes are younger than KSI 

(Dunkley et al., 1993). The trachytic shield of Emuruangogolak began forming 

900±100 ka and continued to develop until 500±100 ka (Weaver, 1977; Dunkley et 

al., 1993), with dated Emuruangogolak eruptions at 864±7 ka (Dunkley et al., 1993). 

At Namarunu, two eruptions took place during KSI’s deposition at 871±5 and 840±5 

ka (Dunkley et al., 1993). The massive capping basalt at KSI likely flowed from 

Emuruangogolak during a 185±11 ka eruption. Older local basalts (4–2.33 Ma) from 

Namarunu (Dunkley et al., 1993) may have contributed to KSI’s sedimentary basaltic 

influx.  

4.5.2. Lithological Deposition 

Dunkley et al. (1993) observed that the capping basalt, 25 m southwest of KSI, 

overlies poorly stratified and cross-stratified sands cut by large channels. These 

sands indicate nearby fluvial conditions, which may have eroded several hiatuses at 

KSI, thus explaining the large age gap in the upper sequence. Older sands at KSI 
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support Truckle’s (1976 & 1977) suggestion that Paleolake Suguta, despite being 

laterally extensive, was at least periodically shallow. Rapid lateral facies variations 

might reflect delta/fan switching (sedimentary control) and/or lake level variations (a 

climatic control). The latter scenario would imply rapid changes from deep water 

(laminated diatomites) to shallower lakes with alluvial fans and deltas.  

Clays likely also indicate phases of fluvial deposition, with mixed lithologies and 

graded bedding likely representing direct riverine deposition, and interbedded clays 

and silt to fine sands representing flood plains. Fluvial clays may have also been 

transported into deeper lake waters as hypopycnal or hyperpycnal flows where they 

would have become interbedded with diatomites on a seasonal or longer-term basis. 

Today, cm-scale clastic laminae related to seasonal Omo River flooding into Lake 

Turkana are a modern example of laminated clays being preserved in fully 

oxygenated water tens of meters deep (Cohen, 1984). Other clays may represent 

authigenic clays which are well-documented across Eastern Africa such as at Chew 

Bahir (Foerster et al., 2018), although further studies of the mineral composition are 

necessary to distinguish between authigenic and allogenic clays.  

4.5.3. Biological Deposition 

O’Sullivan (1983) recognized four types of laminations in lakes: ferrogenic, 

calcareous, biogenic, and clastic. He noted that a flat basin morphometry (reduced 

slumping and lateral creep) and periodicity in sediment supply are important. In 

addition, deep waters prevent wind-induced lake floor reworking and favor anoxic 

bottom conditions and organic preservation with suppression of infauna, preserving 

laminae. This is the case at Lake Malawi where mm-scale Aulacoseira-

Stephanodiscus-Nitzschia laminae are common (Owen & Crossley, 1992; Pilskaln & 

Johnson, 1991). In some circumstances, however, shallow, highly saline lakes can 

preserve lamination due to infauna inhibition. Strong chemical stratification can also 

prevent wind-induced disturbance in waters 1–2 m deep, as is the case at Nasikie 

Engida in the South Kenya Rift (Renaut et al., 2021). Therefore, while deep lakes 
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can preserve laminated diatomites, evidence across Eastern Africa indicates that 

shallower lakes can preserve laminae as well. 

Three diatomite facies are distinguished in KSI: a) finely laminated diatomites 

(mm-thick); b) laminated clayey diatomites (<1 cm); and c) laminated silty diatomites 

(1–2 cm) (F2). Facies 1 and 2 often have a higher concentration of diatoms than 

Facies 3. a) The finely laminated diatom layers at 23.5–25 m indicate deep water 

with high percentages of Aulacoseira granulata, that is favored by deep, silica-rich 

waters and high wind turbulence, and long, thin benthic taxa, that can be transported 

into deeper waters, including Ulnaria acus (Kützing) Aboal and Nitzschia radicula 

(Gasse, 1986). b) The laminated clayey diatomites host variable communities, 

including shallow- and deep-water taxa, suggesting mixed flora from different 

settings. The inclusion of Aulacoseira (A. ambigua (Grunow) Simonsen, A. granulata 

var. angustissima) that occur in shallow to moderate water, also indicates deposition 

from variable lake depths. c) Laminated silty diatomites only occur in the lower 

sequence. Parts of the laminated sequence where benthic taxa are common may 

reflect shallowing events with subsequent floral mixing during deposition or 

sampling. Littoral and/or fluvial taxa can also be introduced from nearby rivers 

(Barker et al., 1991). 

Five carbonate types are present at KSI: a) yellow, disk-like layered concretions 

<20 cm in diameter; b) flat, irregular, gray, and coarse-grained carbonates; c) dark 

(almost black) hard layers with mm-scale nodules; d) carbonate-rich clays and silts; 

and e) soil carbonates (F2). Such a variety in fluvio-lacustrine deposits is common in 

Eastern Africa, with the Plio-Pleistocene fluvio-lacustrine sediments and carbonate 

layers of Olduvai basin providing prime examples (Hay, 1976; Cerling & Hay, 1986; 

Bennett et al., 2012; Liutkus et al., 2005; Ashley et al., 2014, Stanistreet et al., 2020). 

a) The disk-like concretions occur twice in the record, close to lithological changes 

towards coarser sediments. Stanistreet et al. (2020) and Bennett et al. (2012) 

describe similar carbonates as accretional nodules just below erosional surfaces, 



 

 142  
 

reflecting secondary growth. Erosional features were not observed at KSI but are not 

excluded given the lithological changes. If hiatuses exist, then they were short-lived, 

as there are no well-developed soils (Stanistreet et al., 2020). b) Flat, gray, coarse-

grained carbonates occur in silty clays and sands and are interpreted as algal mats 

in shallow, stagnant waters, representing primary carbonate. c) Dark, thin (<5 cm) 

carbonate layers in clays, silts, and clayey carbonates indicate shallow, alkaline 

waters, resulting in the precipitation of primary carbonates. d) Calcareous clays are 

secondary, likely forming when Paleolake Suguta dried, given that similar carbonate 

(and gypsum) crusts are observed today (Dunkley et al., 1993). e) Secondary soil 

carbonates form after desiccation and indicate hiatuses.  

4.5.4. Paleoenvironmental Reconstructions 

Phase 1 (0–9 m, >885 ka): Freshwater Lake 

The mostly laminated silts and diatomites from 0–9 m indicate deposition in a 

freshwater lake with variable water depth. High Ti/Ca and low K/Al ratios reflect silty 

clastic inputs during shallow phases, with a mean CIA of 44.1, suggesting low to 

moderate weathering in the catchment (F7). Carbonate concretions at 0.2 m indicate 

a hiatus. Abundant planktonic taxa, including Aulacoseira ambigua, A. granulata, A. 

muzzanensis, and Stephanodiscus cf. minutulus (Kützing) Cleve & Möller (F2), imply 

both shallow and deeper lakes during Phase 1. From 2–4 m, littoral taxa (Epithemia, 

Gomphonema, Nitzschia spp.) constitute 11.3–29.0% of the assemblage, indicating 

a shallower stage. A black, primary carbonate at 2.2 m supports this conclusion. 

Increased A. ambigua percentages across the rest of the phase suggests that waters 

were of intermediate depth, with PDI<10 across the section. The transfer functions 

indicate an average conductivity of only ~310 µS/cm and pH of 7.36 (F7), implying 

an open lake and wet climate. Phase 1 ends with a black, precipitated carbonate at 

9.2 m, increased LOI, and a disappearance of diatoms, representing potential 

desiccation. 
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Phase 2 (9.2–17.9 m, ~885 ka): Fluvial and Flood Plains with Temporary Standing 

Water  

Sediments at 9.2–17.9 m are more variable than the rest of the sequence, with 

silty clay to coarse sands indicating river settings and flood plains with episodic lakes 

(F7). An increase in biogenic/authigenic input, reduced Ti/Ca and enhanced K/Al 

ratios, and decreased CIA (41.2), also suggest a drier climate with less weathering 

compared to Phase 1. SUG07/KS-1 at 14.7 m is dated to 885±5 ka (T1), with 

potential hiatuses at 10.2 and 13 m. Non-diatomaceous laminated silts and clays (9–

13 m) suggest a flood plain begins this phase. Carbonate crusts with high LOI and 

rhizoliths indicate land surfaces, possibly with highly alkaline ephemeral waters with 

algal mats. The lack of diatoms could reflect high pH waters that prevented diatom 

growth and/or competitive exclusion or post-mortem dissolution (Barker et al., 1994; 

Ryves et al., 2013). Sands (13–14.2 m) suggest fluvial conditions followed, with a 

possible erosion surface at 13 m. Diatoms (Aulacoseira spp., Epithemia 

hirundiformis) at 14.2–15.5 m indicate a freshwater lake. Diatoms are absent at 16–

17 m reflecting either short-term desiccation or highly alkaline conditions, supported 

by the presence of carbonates and calcareous silty clays. Diatoms at 17–17.5 m are 

dominated by Stephanocyclus meneghinianus with low diversity, suggesting a highly 

alkaline lake (average conductivity and pH of ~5,970 µS/cm and 8.85, respectively; 

F4; F7). Black carbonate at 17.9 m suggests alkaline conditions and potential 

desiccation. 

Transition from Phase 2 to Phase 3 

The Phase 2 to 3 diatom transition indicates major changes within a short 

stratigraphic interval that deviate from KSI’s generally freshwater Aulacoseira-

dominated communities. At 17 and 17.5 m, assemblages are >98% 

Stephanocyclus meneghinianus, a mostly shallow and saline water indicator (F4) 

(Gasse, 1986; Owen et al., 2014). In contrast, at 17.8 m, Stephanodiscus 

neoastraea (>97%) indicates a major shift to fresher, deeper water, also evidenced 
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by the transfer functions and PDI. Diatoms disappear at 17.9 (a black carbonate) and 

18 m (carbonate-rich layered clays and silts), ultimately returning at 18.5 m with 

>99% S. neoastraea. The most significant change across Dim2 also occurs here with 

negative values at ~16–19 m, reflecting increased carbonate precipitation (F7), 

which is also evident in increased MgO from 10–17 m (F5). With a sedimentation 

rate of 32.3 cm/kyr, it is unlikely that this major change is the result of a long-term 

hiatus between these points. In addition, there is no sedimentological evidence for a 

substantial hiatus, with mudcracks within the black carbonate representing 

temporarily dry conditions. Paleolake Suguta therefore changed from a shallow, 

saline, and even desiccated lake into a deeper, freshwater lake over hundreds of 

years, mirroring rapid responses to changing climate during the AHP (Bergner et al., 

2009; Olaka et al., 2010; Trauth et al., 2010; Garcin et al., 2012; Junginger & Trauth, 

2013; Junginger et al., 2014). Limiting nutrients might also partly explain the unusual 

increase in S. neoastraea and could reflect changes in source water, depth, mixing, 

or seasonality given its abundance in low Si:P environments (Kilham et al., 1986). 

None of these hypotheses are mutually exclusive and can all be partially linked to 

depth variations. It is conceivable that this is not the only part of the sequence that 

changed rapidly, but at 50-cm resolution, such events may have been missed. 

Phase 3 (18–27.5 m, >831 ka, <885 ka): Highly Fluctuating Lacustrine Conditions 

Laminated clays, silts, and diatomites dominate 18–27.5 m, indicating a variable 

lacustrine phase (F7). Increased clastics and Ti/Ca, decreased K/Al, and abundant 

Aulacoseira similarly reflect a paleolake. The CIA average of 58.9 indicates more 

heavily weathered source rocks compared to the rest of the outcrop. Major increases 

and decreases in water levels over millennia are indicated by rapid transitions from 

shallow, alkaline diatoms (17.5 m) to freshwater taxa (17.8 m) and the development 

of mudcracks (17.9 m) as discussed in 5.4.3. Diatoms are absent at 18 m, but give 

way to deep, freshwater taxa at 18.5 m. At 19 m, a low concentration of diatoms 

indicates a shift to shallower conditions with the return of littoral and littoral-
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planktonic assemblages, supported by a slight increase in K/Al and less stratified 

clays and clayey silts. Ulnaria ulna (Kützing) Compère makes up 12.4% of the 

assemblage at 19 m and could signal swampy conditions, although this taxon can be 

reworked into the plankton (Gasse, 1986; Owen & Renaut, 2000). Diatoms are 

absent at 19.5–21 m, which has high CIA and Ti/Ca. The laminated silts and clays 

are interpreted as a shallow, alkaline swamp in which the diatom frustules may have 

dissolved. At 21.5–23 m, the assemblage is dominated by A. granulata, indicating 

deeper water (F4). Diatoms are scarce at 22.5 m but A. granulata are dominant 

(55/75 counted valves), which is interpreted as due to diagenesis rather than 

desiccation based on the lack of other clear evidence for desiccation. Finely 

laminated diatomaceous layers at 23.5–25 m indicate deep water, although 

increased A. granulata var. angustissima may reflect shallower influences. These 

deposits are also associated with long, thin littoral taxa (Ulnaria, Nitzschia) (Gasse, 

1986). Owen and Renaut (2000) reported mixed Aulacoseira-Synedra (Ulnaria) from 

similar mm-scale laminated Miocene diatomites in the Tugen Hills as deep-water 

floras, noting that the diatoms might represent a seasonal succession controlled by 

Si:P ratios (Kilham et al., 1986). The presence of carbonate concretions at 25.3 m 

indicates a potential hiatus, although the diatom assemblages between 25–27 m 

have similarly high percentages of A. granulata with increasing A. granulata var. 

angustissima. At 27.5 m, A. granulata dominates again before diatoms disappear 

permanently.  

Phase 4 (28–41 m, ~831, >448 ka): Fluvial and Flood Plain Deposition 

Non-diatomaceous laminated silts, carbonates, sands, sandy calcareous tephra, 

and tephra layers from 28–41 m indicate rivers and flood plains during this phase 

(F7). The shift to biogenic/authigenic deposition, decrease in Ti/Ca, and gradual 

increase in K/Al support this suggestion. Diatoms are scarce throughout this phase, 

with the area perhaps flooding occasionally, such as at 33 m where 26/35 diatoms 

are Aulacoseira. This is supported by a nearly 1-m-thick marker horizon of pumice 
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and riverine sands in a carbonate matrix with bones (fish, turtle, crocodile, antelope). 

Increased volcanic activity is indicated by elevated Cr, Ni, Mg, V, Fe, and Ti which 

are at their highest concentrations in the KSI record (F5; S4). The large timeframe 

between 831±5 ka (32.25 m) and 448±22 ka (41.5 m) indicates either a decrease in 

sedimentation rate and/or one or more hiatuses, potentially at 33.4, 35.5, 40.5, and 

41 m. 

4.5.5. Regional Comparison and Relation to the EMPT 

Earlier reviews of Eastern African Pleistocene environments around the EMPT 

note that freshwater lakes existed between 1,100–900 ka during a humid period 

extending between southern Arabia (Nicholson et al., 2020), the Afar Basin in 

northern Ethiopia (Gasse, 1990; Trauth et al., 2005; 2007), and the Olorgesailie 

Basin in southern Kenya (F8; Owen et al., 2009; Trauth et al., 2009; Trauth et al., 

2015). The EMPT represents the change from 41- to 100-kyr glacial cycles and 

increasing long-term global ice volume by ~50 m sea-level-equivalent from 1,200-

700 ka (Pisias & Moore, 1981; Clark et al., 2006; Maslin & Brierley, 2015). Across the 

EMPT, sea surface temperatures in the North Atlantic and tropical ocean upwelling 

regions decreased, particularly from 920–880 ka, leading to an intensification of the 

East Asian winter monsoon and arid phases in Asia and Africa (Clark et al., 2006; 

Sun et al., 2006; Head et al., 2008; Lee et al., 2020). In addition, there is evidence 

for an increase in North Atlantic Deep-Water formation (Martin-Garcia et al., 2018), a 

reduction of North Atlantic thermohaline circulation (Clark et al., 2006; Head et al., 

2008), and an increase in Walker circulation (McClymont & Rosell-Melé, 2005), 

particularly around 900 ka. These global changes, that expanded grassland biomes 

during intensification of glacial cycles and colder climates, resulted in mass migration 

of mammals globally (Azzaroli et al., 1988; Vrba, 1996; Head & Gibbard, 2005; van 

Kolfschoten & Markova, 2005; Martinez-Navarro & Rabinovich, 2011), including 

members of our genus Homo (Head & Gibbard, 2005; deMenocal, 2004; ). Global 

changes during the EMPT are highlighted in F8. 
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Regional comparison of paleoenvironmental change along the Gregory Rift 

between ~931–831 ka is difficult given the lack of well-constrained age models and 

paleolake records (F8). Recent core records from the Koora Basin shed light on the 

EMPT with three hydroclimatic phases evident from diatoms (Muiruri et al., 2021a). 

Phase 1 (~1000–860 ka) was characterized by shallow fresh lakes with two 

desiccation episodes. The paleolakes then deepened during Phase 2 (~860–780 ka) 

and remained high. Phase 3 (780–700 ka) shows greater variability with shallow and 

deep lakes that periodically dried out. At Lake Magadi, located within 20 kilometers 

from the Koora Basin, pollen are not preserved between 940–750 ka, but earlier 

floras suggest stable drier climates with more varied conditions after ~750 ka (Muiruri 

et al., 2021b). Olorgesailie, located just north of Koora and Magadi, was dominated 

by terrestrial sediments through much of the EMPT (with a lake only developing at 

~980 ka), but with two wetter intervals during Phase 3 that match the later wetter 

conditions at Koora and Magadi (Potts et al., 2018).  

The KSI deposits represent two lacustrine intervals with variable lake levels that 

are suggestive of broadly wetter conditions. The first developed by >931 ka with the 

second after 885 ka and ceasing before 831 ka, spanning the major Phase 1 to 2 

transition at Koora. The first lake expansion does not match well with Phase 1 low 

levels at Koora. However, the second may reflect the major Koora deepening at 860 

ka, which peaked at about the same time at MIS21g (Muiruri et al., 2021a). 

Regardless, such variability highlights the intense changes that occurred globally 

around 900 ka (F8). Other parts of the EMPT are less comparable, possibly because 

of the impact of local tectonics, volcanism, autocyclic sedimentation, variability 

between chronological models (Muiruri et al. 2021a), and heightened environmental 

changes associated with the EMPT. Indeed, Potts et al. (2020) noted difficulties in 

their attempts to correlate between Koora lake levels and global climate, especially 

before 500 ka. 
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Detailed comparisons are even more difficult elsewhere. At Olduvai Gorge, Bed 

III claystones and sandstones (1.15–0.70 Ma) indicate rivers and shallow waters 

during the early EMPT (F8) (Stanistreet et al., 2020). At Munyu wa Gicheru, multiple 

lacustrine phases (1.96–1.65 Ma) led into terrestrial conditions at 1.65–0.724 Ma 

(Owen et al. 2014). Further north of Munya wa Gicheru, at Kariandusi in the 

Elmenteita-Nakuru Basin, a 31-m-thick diatomite (~0.987 Ma–post-0.946 Ma) 

documents a deep, freshwater lake. This large paleolake ceased with the 

development of cross-bedded sands and relatively thin diatomites (Trauth et al., 

2007). Floodplains dominated the Turkana Basin during the EMPT, with erosion 

removing ~1–0.8 Ma records at Koobi Fora (Brown & McDougall, 2011). With no 

hydrological separation evident during KSI’s deposition (McDougall et al., 2012), the 

KSI section could represent a southern extension of a Suguta/Turkana megalake 

with the lack of evidence for Paleolake Turkana related to burial below the modern 

lake and erosion of marginal areas. 

Overall the differences between the basins with records across the EMPT 

highlight the local variability across the region. This indicates that regional-scale 

reconstructions linking climate and hominin evolution minimize the complexities of 

the relationships, given that each basin shows a unique record. Regardless, during 

this time period, the paleoanthropological and archaeological records are poor in part 

because of few records across this time. Evidence of periods of freshwater lakes at 

Paleolake Suguta highlight that this may be an important area to study potential 

hominin activity during the EMPT. 

4.6. CONCLUSIONS 

Reviews of EMPT records in Eastern Africa show, like global climate records, that 

lake dynamics across the EARS varied through space and time. KSI provides 

insights into changes of Paleolake Suguta between >931–831 ka. Dates of 885±5 

and 831±5 ka in the middle of the outcrop, allowed reconstruction of lake dynamics 

across the later EMPT. The KSI record indicates two wetter and two drier intervals. 
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Shallow, intermediate, and deep freshwater lakes developed by at least ~931 ka with 

drier conditions setting in before 885 ka. The second lacustrine interval was 

characterized by variable freshwater, shallow to deep, paleolakes, and a closed-

basin lake with higher salinities. These paleolakes appear to have changed from one 

state to another over a scale of hundreds of years leading to the development of a 

drier flood plain some time before 831 ka.  

The Suguta record documents how variable EMPT humid phases were at a fine 

scale, reflecting the profound global climatic changes during this time. Comparisons 

with core records from the southern Kenya Rift show generally poor correlations for 

these detailed phases, likely reflecting the impacts of tectonism, volcanism, and 

autocyclic sedimentation on local paleoenvironments. However, the onset of deeper 

lakes at Koora appear to have developed at about the same time as the second 

lacustrine interval at Suguta and led to major lake expansions in both basins, 

peaking during oxygen isotope stage 21g, and perhaps reflecting a major inflection in 

the global climate record. 
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4.7. FIGURES 
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Figure 1 (previous page): (A) Map of the Eastern Branch of the East African Rift System 
(EARS) including elevation, large bodies of water, and faults. Sites included in this study are 
also included from south to north: 1 Olduvai (Stanistreet et al., 2020); 2 Lake Magadi (Owen 
et al., 2018; 2019); 3 Koora Basin (Deino et al., 2019); 4 Olorgesailie (Owen et al., 2014; 
Potts et al., 2018); 5 Munya wa Gicheru (Owen et al., 2014); 6 Naivasha and Elmenteita-
Nakuru (Trauth et al., 2007); and 7 Paleolake Suguta (This Study). The study area is 
highlighted with a white box. (B) Modern versus Pre-Barrier Volcanic Complex topographic 
maps showing the change between the Suguta and Turkana basins. (C) Geological map of 
the modern Suguta catchment with the African Humid Period (AHP) paleolake maximum 
highlighted. The studied outcrop, KSI, is starred. Sources for this map include Baker (1963), 
Dodson (1963), Makinouchi et al. (1984), Ochieng (1988), Van Kekem (1986), Mosley 
(1993), and Ackermann & Heinrichs (2001). 

 

Figure 2: (A) Lithographic column including relative grain sizes, sample locations, and dated 
units of site Kamuge-Suguta I (KSI). (B) KSI from the base of the sequence. (C) Close-up of 
laminated sediments located underneath flood basalts at 41.2 m. (D) Aerial photo of KSI and 
the Suguta River. (E) Close-up of laminated diatomites located lower in the section. 
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Figure 3: (A) Age-probability spectra of SCTF analyses. Displayed age range is limited to 
150 to 1,000 ka; refer to S2 for analyses outside this range (all omitted from the accepted 
age populations). Dashed line represents age-probability density curve of all analyses for a 
given sample, whereas filled areas represent accepted analyses. Ages shown in text and as 
error bars are weighted-means with 1- modified standard error. (B) ‘Inverse’ isochron plots 
(36Ar/40Ar vs. 39Ar/40Ar isotope correlation diagrams) of the accepted SCTF experiments. The 
isochron age is the x-axis intercept and is shown at 1-. ‘40Ar/39Ar Int.’ refers to ‘trapped’ non-
radiogenic 40Ar/36Ar ratio derived from y-axis intercept of the isochron. ‘MSWD’ refers to 
‘mean square of weighted deviates,’ a measure of the observed scatter about the t line, 
compared to the expected scatter. ‘P’ refers to the probability that the observed scatter can 
be explained by analytical errors alone. ‘n’ is the number of analyses. 
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Figure 4 (previous page): (A) KSI lithological column. (B) Diatom concentration. (C) Diatom species 
percentages for taxa that make up at least 5% of one sample. Diatom species are organized by 
littoral, littoral planktonic, and planktonic species. (D) Diatom habitat preferences. (E) Planktonic 
Diatom Index (PDI). (F) Conductivity based on Gasse et al. (1995) transfer function with the tolerance 
range. (G) pH based on Gasse et al. (1995) transfer function with the tolerance range. (H) SEM and 
light microscope photographs of some of the most common diatoms. Each black or white part of the 
scale bar is 5 µm. Identifications: a Aulacoseira granulata (Ehrenberg) Simonsen; b Aulacoseira 
granulata var angustissima (Müller) Simonsen; c Aulacoseira granulata var irregular; d Thalassiosira 
rudolfi (Bachmann) Hasle; e Staurosira construens Ehrenberg; f Staurosirella pinnata (Ehrenberg) 
Williams & Round; g Geissleria decussis (Hustedt) Lange-Bertalot; h Aulacoseira agassizi (Ostenfeld) 
Simonsen; i Aulacoseira muzzanensis (Meister) Krammer; j Stephanodiscus neoastraea Håkansson 
& Hickel; k Stephanodiscus cf. minutulus (Kützing) Cleve & Möller; l 
Stephanocyclus meneghinianus (Kützing) Kulikovskiy, Genkal & Kociolek (formerly Cyclotella 
meneghiana Kützing); m Diploneis subovalis Cleve; n Planothidium rostratum (Oestrup) Round & 
Bukhityarova; o Caloneis bacillum (Grunow) Cleve; p Amphora copulata (Kützing) Schoeman & 
Archibald; q Epithemia hirundiformis Mueller; r Fragilaria capucina var vaucheraie (Kützing) Lange-
Bertalot; s Ulnaria acus (Kützing) Aboal; t Nitzschia cf paleacea (Grunow) Grunow; u Cocconeis 
placentula var euglypta (Ehrenberg) Grunow; v Gomphonema aff. intricatum Kützing; w Sellaphora 
pupula (Kützing) Mereschkovsky; x Gomphonema cf. olivacoides Foged; y Epithemia adnata 
(Kützing) Brébisson; and z Nitzschia cf. radicula Hustedt

 

Figure 5: KSI lithographic column with XRF results, including Loss on Ignition (LOI), 
normalized oxides divided by potential origins, and trace elements Ba, Rb, Sr, Zn, and Zr 
that were included in the Principal Component Analysis (PCA). Plots were smoothed with 
exponential smoothing. Major spikes indicate carbonate rich layers across nearly all plots. 

 



 

 155  
 

 
 
 



 

 156  
 

Figure 6 (previous page): (A) Biplot of the Principal Component Analysis (PCA) of major oxides and 
trace elements Ba, Cr, Rb, Sr, Zn, and Zr. Dimension 1 (Dim1) represents 38.9% of variability which is 
interpreted as biogenic/authigenic vs. lithogenic elements. Dimension 2 explains 21.4% and is 
interpreted as alkaline vs. neutral waters (S5). Elements that are considered having significant control 
over the dimensions represent higher than average impact on the dimension. (B) Lithographic column 
with Dim1 and Dim2 loadings of the PCA, Ti/Ca, K/Al in the inverse, and the Chemical Index of 
Alteration (CIA). Plots were smoothed with exponential smoothing. 
 
 
Figure 7 (next page): Lithogenic column divided into the four phases with important data and 
interpretations from the multiple proxies in this study, including stratigraphic analysis, PCA (Dim1 and 
Dim2), CIA (Nesbitt & Young, 1982), XRF ratios (Ti/Ca and K/Al), diatom habitat, PDI (Kingston et al., 
2007), transfer function parameters including conductivity in log and pH (Gasse et al., 1995). Data 
were used to create a paleoenvironmental reconstruction that includes phases of volcanics within KSI. 
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Figure 8: Comparison of records across the Eastern Branch of the EARS that are included 
in the text separated by those with an age model and those without. 
 
 
 

4.8. TABLES 

Table 1: Tephra samples with their lithology, location, and data associated with their 
calculated ages. 

 

Sample Lab ID Lithology Longitude (°E) Latitude (°N) n† MSWD‡ Ca/K§ ± Ca/K ka ± 1σ mse¶ ka ± 1σ mse¶

SUG07/KS-1 25130 Reworked lapilli 36.293741 1.640124 16/17 1.2 0.004 0.003 885 5 881 4
SUG07/KS-2a 25135 Coarse fallout ash 36.293869 1.639776 4/29 1.0 0.02 0.04 448 22 371 84
SUG07/KS-5 25148 Reworked lapilli and detrital matrix 36.294238 1.639772 5/30 1.5 0.0 0.2 830 5 828 5

†Number included in weighted-mean over total number of grains.
‡Mean square weighted deviation
§Median Ca/K value
¶Modified standard error = standard error multiplied by root MSWD when MSWD>1.

Weighted-mean age Isochron age
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S1: Grain size categories for the KSI profile with whether or not laminated diatoms 
were present. The following sheets are the results from the MasterSizer. 

S2: Table of the 76 grains analyzed from the three samples with information 
regarding their usefulness in the dating process. 

S3: Tab1: Diatom counts across the entire KSI section. Included are the number of 
Lycopodium spores, sponge spicules, and phytoliths from each sample. Tab2: 
Transfer function data for the diatoms taken from Gasse et al. (1995). Habitats are 
divided into numerical groups – 1 littoral, 2 littoral planktonic, and 3 planktonic. Tab3: 
Resulting data from the transfer function including the weighted averages, 
minimums, and maximums for conductivity and pH as well as the cation and anion 
ratios which were not used in this study (Gasse et al., 1995). 

S4: The XRF and CIA data in many forms, including the raw weight percent oxide, 
normalized weight percent oxide, cations in molar proportion and ppm, and the CIA. 

S5: PCA analytics for the unused (with carbonates and all trave elements) and used 
PCAs. Analytics include a scree plot, PCA, biplot, correlations, contributions, 
correlation matrix, contribution for 5 dimensions, and loadings for 5 dimensions. 
CONISS analytics including a broken stick model and a dendogram with the clusters 
highlighted. 
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CHAPTER 5: CONCLUSIONS 
Taken together, these projects highlight climate variability not just across Africa, 

but across lakes in their responses to changes in global climates and local 

hydroclimates. In relation to the preliminary questions posed in Chapter 1, (a) these 

projects highlight the importance of thorough analysis of the lithological, 

geochemical, and biological parameters that can impact lakes and deposited 

sediments given that geochemical and micropaleontological lake proxies are unique 

between different lakes. (b) Understanding the time scales and rates of 

environmental change depends on the resolution at which we study lake systems 

and the specific climatological phenomena and geologic time we are studying. (c) 
Because of this, while we understand a lot of the general trends and mechanisms of 

global climate impacting African environments on astronomical timescales, as we 

study these systems at higher resolution we can see that there are shorter term 

mechanisms that impact environments at finer scales. (d) And while these works 

were unable to connect hominin evolution and innovation with study sites, the 

variability visible in these records highlight the need to study environments at 

timescales appropriate to questions related to the paleoanthropological and 

archaeological data present. 

5.1. FUTURE WORK 

5.1.1. Paleolake Suguta, Kenya 
The work presented in Chapter 2 found that during the Early Middle-Pleistocene 

Transition there was substantial variability in depth at Paleolake Suguta from full 

desiccation to deep waters over a ~100 kyr period. To better understand the rate of 

change, more samples and an age model are required. Given that sampling was 

only at ~50-cm intervals, higher resolution will provide a greater understanding of the 

rates of hydroclimatological change across this timeframe. An age model will be 

constructed using dated tephras from across the Suguta Valley. Through optical and 

geochemical correlation of tephras across the basin, we will determine the ages of 

tephras from the studied outcrop and create an age model, providing constraints on 

rates in and out of lake phases determined from this study. With a stronger age 

model, I will also study laminated diatomites across the Suguta Basin to determine 

whether there is any cyclic hydrological change of the paleolake. Preliminary studies 

indicate that there is stratigraphic cyclicity between three main taxa: Cyclostephanos 
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dubius (Hustedt) Round, Nitzschia subrostellata Hustedt, and Ulnaria ulna (Nitzsch) 

Compère. These three taxa occur in cycles of 6 and 12 layers (Fig. 1). With an age 

model, I will be able to determine what these cycles may represent and provide 

insights into seasonality at Paleolake Suguta in the Middle Pleistocene. 

 

Figure 1: The percent abundance and periodicity of the three main taxa (Cyclostephanos 
dubius, Nitzschia radicula, and Ulnaria acus) found along laminated diatomites within the 

Suguta Basin. 

5.1.2. Lake Nakuru, Kenya 
The work at Lake Nakuru, Kenya presented in Chapter 3 highlights the 

importance using multiple proxies to reconstruct paleolake changes. The limnological 

changes observed at Lake Nakuru are a result of volcanic input, climate change, or a 

combination of the two. If the changes are climatological, anoxic, Thalassiosira 

rudolfi-phases might indicate increased deepening and/or stratification related to 

Dansgaard-Oeschger and Heinrich cycles. To determine whether anoxic layers are 

climatologically controlled, better constraints on sediment deposition into the lake to 

understand lithological deposition could make it possible to distinguish volcanic 

versus erosional input. In addition, more ages can better constrain deeper parts of 

the core, allowing for a core-long age model to compare changes with those 

observed across the East African Rift System over the past 35 ka.  

5.1.3. Humpata Plateau, Angola 
The preliminary project on the Humpata Plateau in Angola in the 4th Chapter of 

this dissertation is the start of many projects exploring proxies and environmental 

change in the region. Future projects include: (1) an in-depth analysis of potentially 

radicula 
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endemic taxa of the region; (2) a continued analysis of the relationship between 

diatom taxa and hydrochemistry from the second field season; and (3) various 

analyses of short cores (~30 cm) from the region. From projects 1 and 2, we will gain 

a sense of how diatom communities change in the modern environment to better 

extrapolate changes from the short core records. With a better understanding of 

diatom community responses to environmental change, we then hope to begin short-

term reconstructions to determine historic environmental changes to begin learning 

more about the millennial-scale hydroclimatic controls impacting water bodies on the 

Humpata Plateau. As we continue to learn more about climates and environments in 

this region, we aim to work with local students at our partnering university, Mandume 

ya Ndemufayo University in Lubango, to train students on monitoring environments 

and water bodies in the region.  

5.2. BROADER IMPACTS 
Overall, this dissertation provides an overview into how shifts in climate can 

cause variability in lake levels and chemistry. Future work from these sites will 

continue to advance understanding of different lake systems around the world while 

also aiming to keep local populations engaged and informed about how 

environmental change over the next centuries will impact local water systems. By 

understanding modern changes in hydrochemistry, we can better prepare 

communities who need water for their society but are incredibly vulnerable to modern 

climate change. By reconstructing paleolake dynamics, we can provide insight into 

variable environments, especially in response to changes in global climate. These 

changes impact flora and fauna, from diatoms to humans and our hominin ancestors. 

By understanding limnological variability in the past, we can understand how 

hominins may have migrated throughout the landscape or why there may have been 

transitions in past cultures. By understanding past and present limnological systems, 

we can better understand the planet, our history, and the climatological future.  
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