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1Department of Geosciences, Georgia State University, Atlanta, GA, USA, 2Department of Earth Sciences, The University
of Western Ontario, London, Ontario, Canada, 3Department of Earth and Planetary Sciences, Rutgers University,
Piscataway, NJ, USA, 4Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX, USA,
5Department of Earth Sciences, Natural History Museum, London, UK

Abstract Most clay minerals in sedimentary environments have traditionally been considered to be
of detrital origin, but under certain conditions, authigenic clay minerals can form at low temperature
through the transformation of precursor clays or as direct precipitates from lake water. Such clay
minerals can hold important information about the prevailing climatic conditions during the time of
deposition. We present the first quantitative reconstruction of salinity in paleolake Olduvai based on the
oxygen-isotope composition of authigenic clay minerals. We provide a framework illustrating that the
isotopic signature of authigenic lacustrine clay minerals is related to the isotopic composition of
paleo-waters, and hence to paleosalinity. This new paleosalinity proxy shows that the early Pleistocene
East African monsoon was driven by combinations of precession and obliquity forcing and
subsequent changes in tropical sea surface temperatures. Such quantitative lacustrine paleosalinity
estimates provide a new direction of research for modeling ecosystem change based on an ecologically
relevant parameter.

Plain Language Summary Lake sediments contain a rich archive of information about past
climate change. Clay minerals in such sediments, in particular, can potentially provide important insight
into changes in humidity and aridity in the terrestrial environment by recording changes in precipitation as
reflected in lake salinity. Until now, the climate records possibly provided by such clays have not been
studied in detail. Here, we have used the oxygen-isotope compositions of clay minerals formed in lake water
to investigate past salinity changes in paleolake Olduvai during the early Pleistocene Epoch (~1800-1920
kyr). Isotopes are varieties of an element that have different masses. The two isotopes of oxygen in clay
minerals that we measured reflect the lake water composition from which they formed. The isotopic ratios of
the lake water, in turn, reflect in predictable ways the extent of lake water evaporation and associated
changes in salinity. We interpret the lake salinity changes to reflect changes in intensity of the East African
monsoon. We show that the weakening or strengthening of the early Pleistocene East African monsoon
was related to changes in the Earth's orbit. This relationship involves complex pathways related to changes
in sea surface temperature in the ancient tropical oceans.

1. Introduction

Understanding past climate variability is prerequisite to better predictive climate models for simulating past
changes in Earth's climate. An essential ingredient for such increased understanding is the development of
proxies that can be used to reconstruct targeted climate variables such as salinity. Deciphering climate his-
tory from lake sediments, in the absence of preserved biotic remains, is complex because lake hydrology is
commonly mediated by nonclimatic factors including geomorphology and tectonics. This in particular pre-
sents a major challenge in the East African Rift valley lakes. For example, significant disparities are found
among closely proximal East African Rift valley lakes in the timing and magnitude of response to well-
known past global climate events such as cooling at the Last Glacial Maximum and warming in the Mid-
Holocene (Chevalier et al., 2017). This challenge is exacerbated by the lack of robust paleohydrological
proxies from continental basins that quantitatively record past climate change. New proxies that overcome
such challenges are needed to improve our ability to accurately simulate past climates and thereby improve
future climate prediction.
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Here we report the first quantitative reconstruction of salinity changes in paleolake Olduvai based on
oxygen-isotope measurements of authigenic clay minerals and the relationship between TDS (total dissolved
solids) and the oxygen isotope composition of lake water at Ngorongoro Crater (Deocampo, 2001;
Deocampo, 2004). Based on this isotopic record, we examine the orbital forcing mechanism of the East
African monsoon system during the warm periods of the early Pleistocene (~1800-1920 kyr), a key interval
in Quaternary paleoclimate and the evolution of the hominin lineage (Trauth et al., 2005).

During the early Pleistocene, the Olduvai basin covered ~3,500 km? and had a perennial, saline, alkaline
lake near its center. Samples for this study were collected between two chronostratigraphic markers, Tuffs
IB and IIA, representing ~110 kyr spanning the upper portion of Bed I and lowermost Bed II (Deino,
2012). The Plio-Pleistocene deposits are composed mostly of reworked volcaniclastic sediment with most
of the central basin deposits being authigenic precipitates or alteration products (Hay, 1976). In the saline,
alkaline, and silica-rich waters of many East African lakes, authigenic clay minerals can become enriched
in octahedral Mg relative to the Al-rich clays produced either within the lakes during periods of lower
salinity or outside the lakes and washed in as detrital sediment (Deocampo, 2015). Clay minerals form in
isotopic equilibrium with ambient water at the time of crystallization; the magnitude of the clay-water
oxygen-isotope fractionation is controlled primarily by clay mineral composition, structure, and water tem-
perature (Savin & Lee, 1988). Once formed, the oxygen atoms in tetrahedral and octahedral sheets are fixed
and do not exchange with pore fluids unless further dissolution-precipitation reactions occur (e.g., through
burial diagenesis). Therefore, the isotopic signature of authigenic lacustrine clay minerals can be related to
the isotopic composition of paleo-waters, and hence to paleosalinity driven by evaporation.

Interannual variability of rainfall in East Africa is influenced by complex interactions among topography,
sea surface temperature (SST) forcing, large-scale ocean-atmosphere teleconnections (e.g., El Nifio-
Southern Oscillation = ENSO), and features associated with synoptic-scale weather systems such as tropical
cyclones both north (e.g., Gebregiorgis et al., 2019) and south of the equator (e.g., Otte et al., 2017). The dis-
tribution of rainfall in East Africa, however, is closely connected to the north-south displacement of the
African Rain belt, also widely cited in a variety of scientific literature as the Intertropical Convergence
Zone or ITCZ (Nicholson, 2018). The tropical African rain belt oscillates north and south of the equator with
the seasonal march of the Sun and determines the seasonality of rainfall across the region (i.e., December-
February in the Southern Hemisphere, SH, and June-September in the Northern Hemisphere, NH)
(Figures 1a and 1b). This variability is reflected in the oxygen-isotope patterns of precipitation in the region,
with lowest §'%0 occurring during the two rainy seasons (Rozanski et al., 1996). The isotopic signal captured
by authigenic clay minerals are then controlled by the duration and intensity of monsoon inflows, and sub-
sequent evaporative concentration under hydrologically closed conditions. If the clay mineralogy, water
paleotemperature, and preevaporative isotopic composition of the meteoric water that supplied the lake
are all well constrained, then the oxygen-isotope composition of clay minerals can be used as a direct indi-
cator of evaporative concentration and salinity in a lake (Skrzypek et al., 2015) and therefore
monsoon intensity.

2. Materials and Methods

Thirty-nine (39) samples were selected for clay mineral purification and subsequent oxygen-isotope analysis,
based on their stratigraphic position within the upper portion of Bed I and lowermost Bed II, spanning the
age range ~1780-1910 kyr (Deino, 2012). The age model is based on linear interpolation between dated tuffs
(I-F, I-B, and I-A) following Hay and Kyser (2001) and using a new “°Ar/**Ar and paleomagnetic chronology
(Deino, 2012; Deocampo et al., 2017). Analysis of these tuffs yield dates of 1.803 + 0.002, 1.848 + 0.003, and
1.92 + 0.003 Myr, respectively. Sediment ages between the tie points were linearly interpolated. Ultrafine
clay size-fractions (<0.1 um) were separated from the bulk sediments following routine centrifugation pro-
tocols (Moore & Reynolds, 1997), and their clay mineralogy determined by X-ray diffraction (XRD). Samples
were analyzed in air-dried and ethylene-glycolated states using Cu-Ka radiation from 3 to 35° 26, following
Moore and Reynolds (1997). Details of the instrumental parameters employed can be found in Deocampo
et al. (2009) and Simpson (2016).

Oxygen-isotope analyses were performed at the University of Western Ontario following Libbey et al. (2013)
and references therein. Reproducibility was better than +0.2%.. Paleolake salinity was determined based on
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Figure 1. Changes in seasonal mean precipitation and surface wind vectors in East Africa. (a) June-August, and (b)
December-February mean precipitation (mm/day) for the period 1979-2015 (GPCC precipitation data provided by the
NOAA/OAR/ESRL PSD and can be accessed at https://www.esrl.noaa.gov/psd/). The green circle shows the location of
the Olduvai Gorge. Broken lines show the approximate locations of the tropical rain belt during the same months.

paired measurements of modern §'®0rw and TDS for meteoric surface water at Ngorongoro Crater
(Deocampo, 2001; Deocampo, 2004) where TDS = (0.3 X 8'%0.w) + 1.64.

3. Results and Discussions
3.1. Clay Mineralogy

XRD showed that the <0.1 um clay fraction was dominated by illite, smectite, and interstratified illite-
smectite. The percentages of illitic and smectitic layers were determined based on detailed study of glyco-
lated, oriented clay mounts. For mixtures of smectite and illite end-members, their relative abundances were
estimated by comparison of peak intensity of basal diffractions (Carroll, 1970). For samples containing inter-
stratified illite-smectite, proportions of illite and smectite layers were determined by the A26 method of
Moore and Reynolds (1997). Samples varied from illite-rich to smectite-rich while interstratified illite-
smectite was common (Simpson, 2016). Identifiable illite is present in 33 of 39 samples. The smectite-rich
samples show strong 001 peaks at ~1.70 nm due to the swelling behavior of smectite that causes expansion
of the interlayer space in glycolated mounts (Figure 2). Air-dried and glycolated patterns are identical for all
pure illite phases, with 001 diffractions at ~1.0 nm and 002 diffractions at ~0.5 nm (Figure 2). The maximum
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Figure 2. XRD patterns of glycolated mounts of typical authigenic clays from Olduvai: (a) Sample OLD_99_11, (b) Sample OLD_99_21, and (c) Sample
OLD_99_156. The d-spacing (nm) of each peak is provided. Trace of illite in (a) is indicated by the 1 nm peak. The illite XRD pattern in (c) shows the 020 peak
maximum at 0.454 nm, indicating that illite is trioctahedral (i.e., Mg-rich).
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at 0.454 nm in Figure 2c is the 020 diffraction and indicates that the illite is trioctahedral, or Mg-rich
(Cuadros et al., 2013). This finding is confirmed by 060 peak measurements for the same and similar samples
in randomly oriented powder preparations, with strong 060 peaks at ~0.152 nm (Simpson, 2016). These
results confirm the authigenic origin of this illite. These results are consistent with previous microtextural
and high-resolution geochemical studies showing that the <0.1 um size-fraction of central basin clays is
dominated by neoformed, authigenic clay minerals (Deocampo et al., 2009; Deocampo et al., 2017; Hay &
Kyser, 2001; Hover & Ashley, 2003).

3.2. Isotopic Fractionation in Authigenic Clay Minerals

The complexities and multiple modes of low-temperature illitization of smectite remain an active area of
research that holds important implications for understanding settings such as Olduvai. Although complete
dissolution-precipitation is well documented for some Olduvai authigenic clay minerals, Deocampo et al.
(2009) found high-resolution transmission electron microscopy (TEM) evidence for both dissolution-
precipitation and layer-by-layer transformation in the process of smectite illitization, even within the same
samples. Our results suggest that layer-by-layer transformation producing part of the illite layers did not
inhibit oxygen-isotope equilibration between illite layers and lake water. First, all illite layers generated
by dissolution-precipitation had full opportunity for complete oxygen-isotope exchange with water to occur.
Second, layer-by-layer illitization would also fully replace the anionic component of the layers (“reacting
interlayer” model of Altaner & Ylagan, 1997), again facilitating complete oxygen-isotope exchange.

We used the clay-water oxygen-isotope geothermometers for illite, smectite, and interstratified illite-
smectite (Savin & Lee, 1988) to estimate lake water oxygen-isotope compositions. Equation (1) describes this
relationship for illite-smectite:

1, 000XInG™ fite—smectite}-water = (2.58—0.19%1)*¥10° T~*—4.19 1)

In equation (1), a®* is the oxygen-isotope fractionation factor between illite-smectite and water, “I” is the
decimal fraction of illitic layers in the mixed-layer illite-smectite, and T is temperature in Kelvin. The same
<0.1 um clay separates, for which illite, smectite, and interstratified illite-smectite abundances were deter-
mined by XRD, were analyzed for their oxygen-isotope compositions.

Using the above understanding of isotopic fractionations between paleolake water and authigenic clay
minerals, we propose a model of proxy development as shown in Figure 3. The closed-system batch model
has three steps, using the major ion and oxygen-isotope compositions of dilute waters of northern
Tanzania as a starting point (Deocampo, 2001; Deocampo, 2004). Although the model does not capture some
of the mass loss due to early carbonate precipitation, that effect is trivial compared to the bulk of conserva-
tive dissolved solids (Deocampo & Jones, 2014; Deocampo & Renaut, 2016). First, the model predicts the
change in TDS that would result from 50% water volume loss (“humid” conditions, Figure 3a) versus 95%
loss (“arid” conditions, Figure 3b) during evaporation. Second, based on the modern calibration data set,
the model calculates §"®0ae water Third, it applies the mineral water fractionation factors as discussed
above to determine the 5180C1ay, assuming 50% smectite layers and 50% illite layers. Based on these calcula-
tions (that are only valid for the assumed conditions), 5180013y is predicted to range between ~ +20 and
+26%o, values similar to the limited data previously available for authigenic clays from paleolake Olduvai
(Hay & Kyser, 2001).

Application of equation (1) requires that lake water temperature is known or can be reasonably well con-
strained. Today, mean annual temperatures at Olduvai Gorge are ~25 °C. Here we have calculated a®*
[illite-smectite] — water fOI @ slightly wider temperature envelope (24-26 °C). Using the isotopic compositions
measured for structural oxygen in the authigenic clay (§"®0¢), we then solved for lake water oxygen-isotope
compositions (§"*0rw). The range obtained for 5'80yw is consistent with ground water 5'%0 measurements
from near Lake Naivasha (Ojiambo et al., 2001).

3.3. Early Pleistocene Pacing of the East African Monsoon Based on a New Salinity Proxy

Our ability to reconstruct past continental climatic and hydrological changes is hampered by the lack of reli-
able proxies for key paleoecological parameters such as salinity. The key finding of this study, as detailed
below (Figure 4), is that the timing and relative amplitude of §**0;w and salinity changes in paleolake
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Figure 3. Schematic model for the clay mineral oxygen-isotope proxy for paleosalinity. Evaporative concentration leads to
180-enrichment of residual lake water, which in turn increases the §'80 of authigenic clays formed in the lake. Model
calculations were based on the following: (1) 51801nﬂow = -4.0%0 (VSMOW); (2) dilute inflow total dissolved solids (TDS)
= 0.2 g/L (Deocampo, 2004); (3) the relationship between TDS and oxygen-isotope fractionation following evaporative
concentration follows modern observations in the region [TDS = (0.3 X 5180131(e water) + 1.64] (Deocampo, 2001, 2002,
2004); and (4) authigenic clay sedimentation is in the form of interstratified illite-smectite with 50% illite layers, according
to equation (1) (Savin & Lee, 1988).

Olduvai were controlled by changes in monsoon intensity. In order to evaluate the validity of 50y as a
salinity proxy, we compared the §'®0y record with freshwater stages identified by high whole-rock
AlL,O3/MgO ratios (Deocampo et al., 2017) and records of §**C indicating ecosystem changes at Olduvai
(Magill et al., 2013) (Figure 4). The paleoecological record of §'3C of leaf waxes varies systematically, but
appears to be nonlinearly related to geochemical signals of aridity, as also found by Magill et al. (2013).
This pattern may reflect C4 overrepresentation due to taphonomic processes as well as inherent biases in
the leaf wax record toward wet climates (Post-Beittenmiller, 1996; Wynn, 2007). Deocampo et al. (2017)
suggested that the composition of Olduvai clays is mediated by the prevailing climate conditions in the
region. Accordingly, Al-rich clays are more likely to have formed during increased lake freshening and
strengthened monsoon intensity while the opposite is the case for Mg-rich clays. Our results show that
during the early Pleistocene, 5lsoclay varied from +20.2 to +26.2%o, with reconstructed paleolake §%01w
ranging from about -2.7 to +2.9%. (VSMOW). This variation corresponds to paleolake salinities (TDS) of
~0.2 to 2.7 g/L. These values are typical for saline, alkaline lakes of East Africa, reflecting moderate to sig-
nificant evaporative concentration in a hydrologically closed basin (Deocampo & Renaut, 2016).

Reconstructed §**0;y and paleolake salinity are consistent with records of §**C indicating ecosystem
changes at Olduvai (Magill et al., 2013). While the pattern of dry/wet (saline/fresh) oscillations identified
based on the 6*®0y record and the whole-rock Al,05/MgO are broadly similar, however, the absolute ages
of dry/wet conditions revealed by the whole-rock Al,05/MgO ratios and reconstructed paleolake salinity dis-
agree (Figure 4). We also identify a long-term trend toward lower salinity from ~1830-1920 kyr that is not
evident in the other proxy records (Figure 4, middle). This coincides with a time interval when tropical
SSTs were relatively warmer (Figure 4, top, Hebert et al., 2010). Superimposed on this wetting trend, the
paleolake salinity record reveals several dry-wet (weak/strong monsoon) oscillations. Taken at face value,
the data appear to imply a temporal link between precession and changes in monsoon intensity with four
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Figure 4. Quantitative reconstruction of paleolake salinity: (top) Earth's obliquity and precession cycles shown together
with a high-resolution tropical SST stack (°C) after Herbert et al. (2010). The tropical SST stack is constructed based on
four alkenone-based SST reconstructions from tropical Pacific Ocean, South China Sea, Arabian Sea, and Tropical Atlantic
Ocean: (middle) Changes in reconstructed lake water oxygen-isotope composition (5180LW) on evenly spaced (linearly
interpolated) time axis running from ~1780 to 1920 kyr in 4.5 kyr intervals and derived paleolake salinity, and (bottom)
leaf lipid 513C31 records documenting ecosystem changes at Olduvai. The blue envelops show the range of 6180LW cal-
culated for 24 to 26 °C. The leaf lipid 513C31 include a code color indication of aridity as determined by a geochemical
indicator (whole-rock Al,03/MgO) from the same site (Deocampo et al., 2017). Note that the paleoecological record of
§'3C of leaf waxes varies systematically, but appears nonlinearly related to geochemical signals of aridity.

major freshening events in-phase with maximum precession. Also note that three major freshening events
also coincide with periods of maximum obliquity. The divergence between the salinity record and those of
precession between ~1860 and 1900 kyr (Figure 4), however, suggests that salinity changes are not
linearly related to changes in precessional or obliquity cycles. For example, maximum wetness intervals
centered at ~1900 and ~1915 Kyr occur when precession-driven local insolation changes at Olduvai are
relatively muted (Laskar et al., 2004). Given the long-term trend toward lower salinity and tropical SST
warming from ~1830-1920 kyr, fluctuations in monsoon intensity during the same interval are not simply
related to orbitally induced changes in insolation (Figure 4). Early Pleistocene pacing of the East African
monsoon when precession variability was relatively muted was therefore likely driven by changes in
tropical SSTs rather than direct insolation.

Such a scenario is consistent with the monsoon response to the ENSO or Indian Ocean dipole (IOD) cycles
where warmer conditions in the equatorial Pacific and western Indian Oceans (i.e., a positive IOD state)
induce strong monsoons over tropical eastern African in addition to the north-south displacement of the tro-
pical African rain belt (e.g., Behera et al., 2005). Modern observations show that the East African monsoon
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system is sensitive to changes in the Walker Circulation regulated by ENSO and IOD. Modeling studies show
that changes in orbital configurations influence tropical Pacific mean climate by increasing or decreasing
insolation over the tropics (e.g., Clement et al., 1999; Lu et al., 2019; Shi et al., 2012; Timmermann et al.,
2007). For example, as precession reaches maxima (i.e., at maximum austral summer insolation and when
NH summer solstice occurs near the aphelion—the point in the orbit of the Earth farthest away from the
Sun), the SST in eastern tropical Pacific is significantly warmer in the models and an El Nifio-like condition
prevails (e.g., Shi et al., 2012). The opposite scenario (i.e., minimum precession) results in a La Nifia-like con-
dition (e.g., Clement et al., 1999; Shi et al., 2012; Timmermann et al., 2007). Changes in the tilt of the Earth or
obliquity are also shown to influence the tropical Pacific mean climate and annual mean insolation over the
central eastern equatorial Pacific (e.g., Lu et al., 2019). Therefore, one cannot always expect the East African
monsoon system to consistently follow latitudinal changes in insolation and the predicted North-South
migration of the tropical African rain belt. In view of these results, transient model simulations are needed
to better understand the nonlinear response of the East African monsoon to insolation changes triggered by
Earth's precessional and obliquity cycles. Such an approach may better accommodate evidence for a greater
role of tropical warming at peak precession and obliquity.

4. Conclusions and Implications

Developing a quantitative proxy for salinity—a key paleoecological parameter in hydrologically closed con-
tinental basins—has been elusive, especially where microfossils are absent. The first clay mineral oxygen-
isotope time series from Olduvai Gorge provides evidence that such data can be used as a direct indicator
of lake water salinity. We observe significant salinity changes in the basin between ~1800 and 1920 kyr.
These changes are strongly in phase with maximum orbital precession. A closer look at the data, however,
suggests that the increase or decrease in East African monsoon intensity is not simply related to changes in
NH insolation. Instead, we conclude that the early Pleistocene pacing of the East African monsoon may have
also been controlled by SST changes in the tropical oceans and weakening/strengthening of the Walker cir-
culation. While the sensitivity of authigenic clay mineral oxygen-isotope compositions to nonenvironmental
factors needs to be explored in greater detail, we anticipate that such factors will be minor relative to the dif-
ferences reported here. Even if the sensitivity of oxygen-isotope data needs to be further investigated, the pre-
sent results are very encouraging and provide a firm foundation for paleosalinity reconstructions in other
East African lake sites.
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