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ARTICLE INFO ABSTRACT

Editor: Zhengtang Guo We developed a composite outcrop proxy record of Plio-Pleistocene climate in eastern Africa using the
radiometrically-dated sediments of the Omo Group that preserve evidence for early hominin evolution. New
stable oxygen isotopic measurements from pedogenic carbonate nodules (5'0pc, n = 270) are added to the
existing database for a total of 759 observations spanning a ~ 3.6 Myr interval from 4.33-0.65 Ma. Linear
interpolation of sample positions between tuffaceous marker horizons produced the chronostratigraphy of the
6180pc record that was correlated to Indo-Pacific marine core sediment records and astronomical solutions of
orbital climate forcing. Rainfall/evaporation changes inferred from the §'®0p¢ record carry orbital eccentricity
signals, and the amplitude modulation of short eccentricity (~100 kyr) predicted by the astronomical solutions is
evident during some intervals. §'80p¢ variations recover many of the ~100 kyr cycles between ~4.3-0.7 Ma,
with chronostratigraphic offsets between the Omo Group time series and astronomical solutions usually within
the resolution of the radiometric uncertainties, i.e., < 50 kyr; however, missing time at ~1.2 Ma contributes to
nearly 150 kyr of offset. These 5'%0pc data also indicate a long-term drying trend beginning at 2.11 Ma that
correlates to a thicker eastern Indian Ocean mixed layer and upwelling in the eastern Pacific, implying a
simultaneous response across the tropics to strengthening Walker Circulation. Published 8'3Cp¢ values from the
same pedogenic carbonate nodules indicate that C4 vegetation abundances increased beginning at ~2.0 Ma, also
suggesting climatic drying. Spectral analysis of the §!3Cp¢ time series provides weaker evidence of orbital forcing
as compared to the §'80pc time series, particularly for long orbital eccentricity (405 kyr) and climatic precession
(~20 kyr), suggesting other factors, such as feeding ecology of herbivores or global greenhouse gas, may have
contributed to the vegetation patterns. The climatic precession component to the 5'80p time series increases
amplitude through strengthening Walker Circulation, which may signal a change in the intensity of interannual
climate events. No indications were observed to suggest that the Plio-Pleistocene Northern Hemisphere glacia-
tion resonated as either climatic cyclicity or an abrupt, stepwise shift in the regional hydroclimate. At major
junctures of hominin evolution, including the origins of different genera and the earliest stone tools, environ-
mental variability derived from the orbital forcing of the monsoon appears to have been low. However, we
propose that at 2.11-1.66 Ma, directional aridity coupled with interannual climate events presented a new
adaptive context where Homo erectus and Acheulian stone tools first appeared in eastern Africa.

1. Introduction

The evolution of hominins in eastern Africa is thought to have been
closely connected with Plio-Pleistocene global climate change. Several
different hypotheses have been put forth, and most studies typically
implicate either Northern Hemisphere glaciation or the role of orbital
insolation forcing as drivers of paleoenvironmental changes that
impacted hominin habitats (Cane and Molnar, 2001; deMenocal, 2004;

Maslin et al., 2014; Potts and Faith, 2015; Trauth et al., 2009). The onset
of Pacific Walker Circulation and its effects on monsoonal precipitation
also has been considered as an important cause of early hominin
evolutionary events (Donges et al., 2011; Maslin and Trauth, 2009).
However, there is considerable wavering about how Walker Circulation
affects eastern African paleoclimate, with some hypotheses suggesting
stronger Walker Circulation contributed to a period of mega-monsoons
and large lakes at about 1.8 Ma, whereas others indicating increased
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aridity caused by stronger Walker Circulation (Maslin et al., 2014;
Trauth et al., 2021). In all these hypotheses, there has been limited
discussion of the physical climatological processes that addresses how
strengthening Walker Circulation impacted the Plio-Pleistocene African
monsoon.

Another important constraint on the evolution of Plio-Pleistocene
African climate was Indo-Pacific ocean temperatures and currents, as
influenced by the tectono-paleogeography of the Maritime Continent
(Cane and Molnar, 2001). Today, there is considerable interest in the
Indo-Pacific area because of the influence that local ocean-atmospheric
systems have on Earth’s global climate (DiNezio et al., 2018; King et al.,
2021; White and Ravelo, 2020) and the impact that Walker Circulation
and its disruption by the El Nino Southern Oscillation and Indian Ocean
Dipole events has had on historical changes to the interannual rainfall
variability of the African monsoon (Molnar and Cane, 2002; Tierney
et al., 2015; Yang et al., 2015). However, understanding current
climatological trends has been challenging (Nicholson, 2017), and
studies attempt to reconcile recent drought severity with model pre-
dictions of Walker Circulation and East African rainfall (King et al.,
2021; Tierney et al., 2015). Therefore, more study is necessary to pro-
vide geologic data input on monsoonal conditions during known times
of Walker Circulation change (Mohtadi et al., 2017).

The East African Rift System is known for many geological records of
terrestrial ecosystem evolution and has accumulated sediment se-
quences with volcanic ash layers that can be radiometrically dated to
provide detailed Plio-Pleistocene records of environmental change.
Within the Turkana Basin of Kenya, for example, the chronostrati-
graphic age constraints allow for the recognition of orbital cyclicity from
geochemical proxy indicators (Joordens et al., 2011; Lupien et al., 2020;
Yost et al., 2021) and lithofacies cycles (Boés et al., 2019; Lepre et al.,
2007; Nutz et al., 2017). Passey et al. (2010) was one of the first to
suggest that the age constraints on the Turkana Basin sequences may
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help to resolve short eccentricity (~100 kyr) cycles from the stable
isotopic composition of pedogenic carbonates. The chronostratigraphy
also facilitates the correlation of marine geological records to terrestrial
Kenya (Brown, 1995; Feakins et al., 2005; Lepre, 2014; Polissar et al.,
2019; Uno et al., 2016). Therefore, the sediments of eastern Africa are
valuable archives for studying monsoonal climate change (Deocampo
et al., 2017; Renaut and Ashley, 2002), the context of human origins
(Anton et al., 2014; Campisano et al., 2017), and how global and
regional climate events impacted both (Cohen et al., 2016; deMenocal,
2004; Levin, 2015; Maslin et al., 2014; Potts and Faith, 2015; Trauth
et al., 2009). However, a current observation that has been emerging is
the possibility that Plio-Pleistocene environmental changes may have
occurred in the absence of what was once thought to be increasing cli-
matic aridity (Blumenthal et al., 2017; Passey et al., 2010; Polissar et al.,
2019). There also has been considerable interest in understanding other
controls on eastern African paleoecosystem change, such as discerning
the contribution of climate and atmospheric pCO, concentration to
paleoenvironmental patterns. The decrease in pCO; since the Miocene
has been proposed as the primary cause for the rise and expansion of C4
grasslands in Africa and change in ungulate grazer speciosity (Faith
et al., 2018; Polissar et al., 2019).

To examine African paleoclimate and possible connections to human
origins, we studied the Kanapoi, Nachukui, and Koobi Fora sedimentary
formations in the Turkana Basin, Kenya and the correlative Shungura
Formation in adjacent Ethiopia (Fig. 1). These formations span nearly
3.6 Myr, from 4.33 to 0.65 Ma (Fig. 2), and they overlap with the Mid-
Pliocene Warm Period, the intensification of Northern Hemisphere
glaciation, strengthening Walker Circulation, and the Mid-Pleistocene
Transition (Fedorov et al., 2013). Our research provides a new stable
oxygen isotope (5'%0) record of pedogenic carbonates (subscript PC) to
study orbital climate forcing of the monsoon, compare with proxy re-
cords of Plio-Pleistocene conditions of the Indo-Pacific area, and
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Fig. 1. Modern climate context and location of the
studied Plio-Pleistocene sedimentary formations of
the Omo Group. Left map showing precipitation and
sea surface temperature (Yang et al., 2015). Dark-
ening colors symbolize increasing rainfall: white to
dark gray indicates 1 to 3 mm/day, light to dark tan
indicates 5 to 9 mm/day. Data are for the “long” rains
of March, April, and May. Thick lines are geopolitical
boundaries. Boundary of NW Kenya adjacent to Sudan
and Ethiopia is disputed. Dotted lines are elevations
greater than about 1000 m. Right map indicates aerial
distribution of principle outcrops of the Omo Group
formations (Feibel et al., 1989; McDougall et al.,
2012). Lower panel (Yang et al., 2015) shows top of
the atmosphere insolation (W/m?) paired to the
monthly and seasonal rainfall at a single transect of 5
° N latitude across the tropics (30 ° W to 150 ° E
longitude). Vertical solid blue lines constrain 30-52 °
E. Vertical dashed blue line is where West Africa
meets the coast. (For interpretation of the references
.- | to colour in this figure legend, the reader is referred to
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the web version of this article.)
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Fig. 2. Stratigraphic context of the §'®0p samples (open circles next to age scale) used in this study, with emphasis on geochronology and correlation of tuffaceous
marker horizons in the Omo Group formations (McDougall et al., 2012). Alternating shaded/white areas are defined by well-dated horizons that transcend the three
formations. Tuffs F and G in the Shungura have correlatives in the Nachukui, but there is an unconformity within the Koobi Fora Formation that represents about 500
kyr of low/sediment accumulation. A similar unconformity occurs within the upper part of the Chari Member of the Koobi Fora Formation (Feibel et al., 1989).
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interpret the causes of paleoenvironmental change in eastern Africa.
2. Materials and methods
2.1. Study area and pedogenic carbonate nodule samples

Northwest Kenya and southwest Ethiopia lies within a semi-arid
environment that is between humid highlands of the East African Rift
System (Fig. 1). This area of eastern Africa experiences two rainy seasons
each year that, by and large, coincide with the vernal and autumnal
equinoxes (King et al., 2021; Nicholson, 2018). Heavy rains fall during
March-April-May, and milder ones occur in October-November-
December (lower panel in Fig. 1). Rainfall derives from deep tropical
convection and the landward inflow of moist monsoonal air from the
western Indian Ocean, generated by seasonal insolation changes that
contribute to the sensible heating of the continent (Nicholson, 2017)
(Yang et al., 2015).

The studied Plio-Pleistocene sedimentary formations are part of the
Omo Group (Fig. 1), which archive paleoenvironments that are analo-
gous to modern Lake Turkana, the Omo Delta, and the Omo River
(Brown and Feibel, 1991). A comprehensive stratigraphy and geochro-
nology for the examined formations is well documented by previous
research (Feibel et al., 1989; McDougall et al., 2012). These studies date
the sediments to the Plio-Pleistocene, spanning the interval of
4.33-0.65 Ma (Fig. 2). Most radiometric ages for the formations are
based on single-crystal dating of sanidine through the argon-isotope
method, with reported dates having uncertainties at 50-10 kyr
(McDougall et al., 2012). These sanidine crystals were mostly derived
from volcanic pumice clasts (McDougall, 1985).

We compiled from the published literature (Cerling et al., 1988;
Harmand et al., 2015; Levin, 2015; Levin et al., 2011; Patterson et al.,
2019; Quinn et al., 2007, 2013; Quinn and Lepre, 2019, 2021; Wynn,
2000, 2004) the chronostratigraphic positions of 489 pedogenic car-
bonate nodules collected from the Omo Group and added these pub-
lished 8'%0pc values to our new 5'80p¢ dataset generated from 270
nodules. Previously published §'80p¢ values used in this study were
analyzed from paleosols in the Kanapoi, Nachukui, Koobi Fora, and
Shungura formations; we contribute new 6180pc values from the
Nachukui and Koobi Fora formations (Fig. 2 and Table S1). Paleosols in
these formations, many of which are paleo-Vertisols, have been previ-
ously identified (Lepre, 2017, 2019; Quinn et al., 2007, 2013; Quinn and
Lepre, 2019, 2021) through the recognition of structures and horizons
such as gilgai, vertic horizons, and slickensided peds (Lepre, 2017, 2019;
Quinn et al., 2007, 2013; Quinn and Lepre, 2019, 2021). Sample levels
were placed within the stratigraphic framework of the Omo Group by
measuring the stratal thickness between a sample level and the base of
the tuffaceous marker horizons portrayed in Fig. 2. We used a Jacob’s
staff and Brunton compass to measure the stratigraphic thickness of the
exposed outcrops. To extract pedogenic carbonate nodules, we first
identified the uppermost surface horizon of the paleosol and a position
>30 cm below this surface horizon level from a distinct Bk. Then we
excavated a small trench into this position that went >50 cm deep
beyond the visually weathered zone. The nodules were then plucked
from the trench walls with a fine digging tool and examined for size,
shape, and integrity before sealed within fabric or plastic bags.

To assign ages to each §'%0pc value, we interpolated the chro-
nostratigraphic position of the pedogenic carbonate nodule. We used
linearly interpolated sediment accumulation rates to estimate the timing
of the stratigraphic intervals between dated tuffaceous marker beds in
Fig. 2. These calculations resolve uncompacted sediment accumulation
rates and do not consider the dry bulk density of the sediments. Similar
approaches have been employed by other researchers to infer ages of
isotope samples or body fossils from the sedimentary formations we
investigated (Feibel et al., 1989; Levin et al., 2011; Quinn et al., 2007,
2013; Wynn, 2004). See McDougall et al.(McDougall et al., 2012) and
Feibel et al. (Feibel et al., 1989) for a detailed explanation of this linear
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interpolation approach for the Omo Group, which is referred to as
stratigraphic scaling by these authors.

2.2. §"80pc analysis and sources of variation

Pedogenic nodules were cross-sectioned to expose the inner surface.
Carbonate powders were eroded with a hand-held rotary tool (Foredom
Series) affixed with a 0.5 mm carbide bit. We avoided sparry calcite and
collected micrite from the nodules. Paired 5!3C and §'®0 analyses of
extracted powders from pedogenic carbonate nodules were conducted
on a FISIONS Mass Spectrometer in the Department of Earth and Plan-
etary Sciences at Rutgers University. Samples were reacted at 90 °C in
100% phosphoric acid for 13 min. 5'3Cp¢ values were previously pub-
lished (Quinn et al., 2007, 2013). 8'80p¢ values are reported in the
standard per mil (%o) notation: = (Rsample / Rstandard - 1) * 1000,
relative to Vienna-Pee Dee Belemnite (V-PDB) using the laboratory
standard NBS-19. Analytical error is <0.05%o.

Monsoonal seasonality causes soil temperature and moisture varia-
tions that influence 8'80p¢ values of nodules formed within horizons
deeper than about 30 cm from the land surface (Cerling, 1984; Passey
et al., 2010). SISOpC values reflect rainfall source 5'80 values, rainfall
amounts relative to evaporative loss, and soil temperatures during car-
bonate nodule formation (reviewed in Levin, 2015; Quade and Levin,
2013); however, these methods are limited to characterizing carbonate-
bearing paleosols, which form with negative water budgets (Cerling,
1984; Birkeland, 1984; Quade et al., 1989). §'80pc values are controlled
by soil pore water 580 values and temperature-dependent isotopic
fractionation (+0.22%o per °C decrease) during carbonate formation
(Cerling, 1984; Kim and O’Neil, 1997). At depths greater than 30 cm,
soil pore water 5'%0 values approximate those of meteoric water
(Amundson and Wang, 1996; Cerling and Quade, 1993). Soil pore water
5180 values can change from expected meteoric water 5'80 values due
to evaporation (Cerling and Quade, 1993; Hsieh et al., 1998). Paleosols
preserved in the Plio-Pleistocene Turkana Basin are dominated by Ver-
tisols, formed under a dry season of four or more months and 250-1000
mm of annual moisture (Wynn, 2000). Vertisols of eastern Africa
(Deckers et al., 2001) have high clay contents and shrink/swell in
response to annual moisture changes, resulting in the characteristic
deep, vertical cracks and angular, wedge-shaped peds with slickensides.
Pedogenic nodules typically average environmental condition of
10'-10° of years (Srivastava, 2001) and represent ~1 m of spatial extent
(Monger et al., 2009). Pedogenic nodules primarily form in the warm
season and differentially record times of soil dewatering (Breecker et al.,
2009). Using the clumped isotope paleothermometer in the Turkana
Basin, (Passey et al., 2010) found no directional shift in soil tempera-
tures from 4 to 1 Ma. We interpret significant variations in the §'80p¢
record were primarily controlled by evaporation relative to rainfall.

2.3. Time series analysis

The data curves portrayed in Fig. 3B are representative of our
compiled 8'80p dataset that comprises 759 observations spanning 4.33
to 0.65 Ma (Table S1). To identify significant shifts in this time series,
Bayesian change point analysis (Ruggieri, 2013) was performed on a
MATLAB platform using the software Acycle v2.2 (Li et al., 2019). We
first used the “Sort/Unique/Delete-empty” function so that two or more
data points with the same interpolated age were replaced by one mean
5180p value for that interpolated age. To calculate the posterior prob-
ability of a change point for the sorted SlsOpc dataset, we used Acycle
default settings for 500 sampled solutions and a maximum of 10 change
points allowed. See Table S2 for the complete set of posterior proba-
bilities and regression values.

To assess the presence of orbital climate cycles within the 5!%0p¢
time series, power spectra analysis was performed with Acycle using the
2n multi-taper method (MTM) (Thomson, 1982). We first converted the
759 interpolated ages of the 6180pc dataset (Table S1) from Ma to Ka (e.
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Fig. 3. Development of monsoonal climate change in eastern Africa through the onset of Walker Circulation. (A) Location of the Plio-Pleistocene paleosols and
hominin sites (white star) in eastern Africa in relation to the Indo-Pacific marine sediment cores. ODP sites 806 and 847 are at the equator. Latitude increments are
10°; longitudes are 30°; dashed latitudes are the tropics. White numbers and ocean colour contours are annual mean SST for years 1971-2000. Blue arrows/lines
represent the Walker Circulation patterns over the course of a “typical” year; both retrieved from NOAA.gov. (B) Plio-Pleistocene 5'%0p data time series (black line)
compared with Bayesian change points (red line at right, maximum value of 0.098 posterior probabilities at 2.11 Ma) and regression model (red line at left)
indicating drying trend. (C) Mixed layer species percentages (MLS%) from DSDP site 214 (Bali et al., 2020). (D) Organic productivity record (Cs;) for the eastern
equatorial Pacific (ODP site 846)(Lawrence et al., 2006). (E) Eastern Pacific Ocean cold tongue evolution appreciated by the SST gradient of sites IODP U1337 and
ODP 846(Liu et al., 2019). (F) Corrected and recalibrated SST for ODP site 806(White and Ravelo, 2020). (G) Equatorial Pacific SST gradient for reference (Wara
et al., 2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

g., 4.33 Ma to 4330 Ka, 0.65 Ma to 650 Ka). We then used Acycle to sort,
re-sample to 10 kyr increments, and de-trend the Ka 5180pc time series.
De-trending was done with a 25% LOWESS. This 5'80p¢ Ka time series
was then subjected to the 2n MTM with three DPSS tapers, a zero-pad
factor of five, and robust AR(1) red noise detection. Results of this are
reported in Fig. 4A.

The same time series used for MTM was also examined with evolu-
tive harmonics analysis (EHA) performed by Astrochron (Meyers, 2014).
EHA settings were three 2z prolate tapers, a pad factor of 5000, 10 steps,
and 800 window (right panel in Fig. 5).

Additionally, the Ka time series of 759 6180pc values was studied
with a Blackman-Tukey coherency comparison (Fig. 4B) using Analys-
eries (Paillard et al., 1996). The target solution was daily summer

insolation at 65° N (Laskar et al., 2004). Analyseries automatically sorts
the data, and the Blackman-Tukey function linearly interpolates and re-
samples the 5'80pc Ka time series on the basis of the insolation solution.
For the analysis, we used a Bartlett-type window and a zero-base cor-
relation coefficient of 0.5 (i.e., 80% significance level).

Spectral analysis of the La04 astronomical solutions (Laskar et al.,
2004; Li et al., 2019) indicates that the main orbital periods of the late
Cenozoic include 405 kyr (long eccentricity), 125 and 95 kyr (short
eccentricity), 40.9 kyr (obliquity), and 22.4, 23.7, and 19.2 kyr (climatic
precession). Precession and obliquity can be interpreted despite that the
reported uncertainties for the Omo Group’s radiometric dates are 10-50
kyr. Meaning that, although some of the radiometrically dated tuffs have
uncertainties greater than precession and obliquity periods, other tuffs
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Fig. 4. Spectral analysis of the 5'80p¢ record. (A)
Results of the 2r multi-taper method using the sorted
and resampled 5'80p¢ time series treated to a 25%
LOWESS. The labeled cycles in kyr are those that
attain over 99% of significance. (B) Blackman-Tukey
cross coherency (non-zero coherency at 0.5/80%
indicated by gray box) between the §'80p¢ time series
and daily summer insolation at 65° N. Yellow vertical
bars denote the orbital periods interpreted to be most
significant, as defined by high confidence levels for
both MTM and cross coherency results. Obliquity and
its harmonic periods (Zeeden et al., 2019) are labeled
on the Blackman-Tukey figure to emphasis their
absence from the MTM results. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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have smaller age uncertainties. Orbital cycles are frequently resolved
from geological formations that lack any numerical age control, with
effective uncertainties that are thus much less precise than the duration
of the orbital periods. Precision of the uncertainties is an important
consideration for calculating the absolute age difference between two
vertically adjacent stratigraphic datums. The Omo Group’s radiometric
dates may help to discern the relative durations of orbital cycles with
~20-405 kyr periods but struggle to resolve empirically indistinguish-
able numerical ages for the stratigraphic datums that are <50 kyr apart.

Based on theory used for the spectral analysis of paleoclimatic stra-
tigraphy, the shortest cycle detectable for a given time series is the
Nyquist frequency (Kodama and Hinnov, 2015; Meyers, 2014). The
Nyquist frequency is determined by the stratigraphic sample spacing.
The equation for calculating the duration of the shortest cycle detectable
is: Nyquist frequency = 1 / (2 x sample spacing). We expect to identify
frequencies corresponding to climatic precession, which has late Ceno-
zoic periods of 23.7, 22.4, and 19.2 kyr (Laskar et al., 2004; Li et al.,
2019). The most precise uncertainty for the radiometric dates of the
Omo Group is 10 kyr (McDougall et al., 2012), suggesting that the

0.04 0.05

chronostratigraphic scheme we adopted may have the resolution for
discerning cycle periods >20 kyr. The Nyquist frequency for the most
precise uncertainty (0.05) is greater than Nyquist frequency for climatic
precession (0.026-0.021). Our MTM results (Fig. 4A) indicate two sig-
nificant periods at 22 and 21 kyr that achieve the 99% confidence level.
These periods correlate to late Cenozoic climatic precession averages
(Laskar et al., 2004; Li et al., 2019) of 21.8 kyr (average of 23.7, 22.4,
and 19.2 kyr) and 20.8 kyr (average of 22.4 and 19.2 kyr).

2.4. §'%0pc comparisons to marine sedimentary records

We compared the 6180pc time series with marine sedimentary re-
cords that span the Plio-Pleistocene (Fig. 3). Chronostratigraphic ob-
servations were used to assess correlations between the timing of
changes in §'80p¢ values and tropical paleoclimate. The three marine
sites selected (Fig. 3A, C-3G) were the eastern Indian Ocean (DSDP 214),
the western Pacific (ODP 846), and the eastern Pacific Ocean (IODP
U1337, ODP 846 and 847). Sediment cores from the eastern and western
Pacific provide information on tropical sea surface temperature and
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marine upwelling. The eastern Indian Ocean core has been used to
reconstruct the Plio-Pleistocene evolution of the mixed layer. Paleo-
climate and paleoceanographic records from these tropical sites are used
to infer the behavior of Walker Circulation patterns across the equatorial
tropics (Fig. 3A).

3. Results and interpretations
3.1. Long-term trends of 5'%0pc

We observe no correlation between the sediment accumulation rate
changes and the 618Opc record (left panel in Fig. 5). There is no shift of
isotopic values aligning with increased/decreased sedimentation accu-
mulation rates. Besides the unconformities within the Koobi Fora For-
mation, the largest change in sediment accumulation rates occurs at
~2.5 Ma, particularly within the Shungura Formation, and there are
comparatively minor sediment accumulation rate changes at ~1.8 Ma
and ~ 1.5 Ma in the Nachukui Formation. Between 2.5 and 1.4 Ma, the
Shungura Formation accumulates over 400 m of sediment. Prior to this,
at 3.6-2.4 Ma, the Shungura accumulates about 300 m of sediment. This
indicates an increase of the sediment accumulation rate by a factor of
1.6, from 25 cm/kyr in the Late Pliocene to 40 cm/kyr into the Early
Pleistocene. In the §!%0p record the change with the greatest signifi-
cance occurs at 2.11 Ma (Fig. 3B; Table S2). Therefore, based on the
largest change in sedimentation rate predating the change in the §'80p
record, we interpret that these shifts are unrelated geologically and
paleoenvironmentally.

Our 8'80p( time series of the Omo Group comprises 759 observations
spanning 4.33 to 0.65 Ma (Table S1). The 5!%0p¢ values average to
—2.4%o and range from —8.3 to 4.9%o over the ~3.6 Myr period of the
record (Table 1). Posterior probabilities indicate that the likeliest
change points of the §%0pg record occur at 2.11 and 1.66 Ma
(Table S2), with the Bayesian regression curve showing increasing
5'80p values beginning near 2.11 Ma (Fig. 3B). These isotopic patterns
suggest a shift towards a drier paleoclimate that appears to have coin-
cided with significant strengthening of Walker Circulation in the Pacific
and probably Indian oceans (Figs. 3B-G).

Isotopic change at 2.11-1.66 Ma is followed by a continued but more
gradual increase in §'%0pc values that suggest the driest conditions of
the entire record developed at 1.65-0.65 Ma (Fig. 3B). The Turkana
5'80p¢ record shows a short-term excursion towards lower values during
the Mid-Pleistocene Transition (Quinn and Lepre, 2021), but overall the
1.65-0.65 Ma part of the record has some of the highest 5'%0p¢ values
with an average of —0.6%o (Table 1). In contrast, the Early Pliocene
(4.3-3.2 Ma) is interpreted as experiencing wet conditions that are
characterized from a 6180pc average of —3.9%o (Table 1). Less negative
61801;(; values are prominent during this wet interval at 4.13, 3.70, 3.60,
3.53, and 3.23 Ma (Fig. 3B), suggesting episodic drying. Within the Mid-

Table 1
Descriptive statistics and interval averages.
Average 5'%0pc value +16 (complete record, n = 759) —2.4 +
2.4%0
5'%0p¢ value range (complete record, n = 759) —-8.3to
4.9%0
Early Pliocene (4.3-3.2 Ma, n = 171) -3.9 +
Average 5'%0pc value +10 1.7%0
Mid-Pliocene Warm Period (3.2-2.8 Ma, n = 19) —4.7 +
Average 5'%0pc value +10 1.5%0
Northern Hemisphere Glaciation (2.8-2.2 Ma, n = 77) -3.1 +
Average 5'®0p value +10 1.6%o
Walker Circulation Strengthening (between 8'%0pc record 2.1+
changepoints, 2.11-1.66 Ma, n = 387) 2.2%o0
Average 5'%0pc value +10
Middle Pleistocene (post changepoint until end of record, 1.65-0.65 —0.6 +

Ma, n = 219) 2.0%o
Average 5'®0pc value +10
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Pliocene Warm Period at 3.2-2.8 Ma, there is a modest change to more
negative 5'80p¢ values (average 5'%0pc = —4.7%0) that may suggest
overall wetter conditions, although the sample size is relatively small
(Table 1).

Through the intensification of Northern Hemisphere Glaciation at
2.8-2.2 Ma, the 61801;(; values increase to a mean of —3.1%o, which
suggests drier conditions as compared to the Mid-Pliocene Warm Period
at 3.2-2.8 Ma (Table 1). Distinctive dry peaks are centered at 2.78, 2.56,
2.40, 2.32, 2.23, 2.12 Ma (Fig. 3B). The drying conditions through the
interval of 2.8-2.2 Ma appear to be part of larger yet gradual trend to-
wards higher 5'80pc values that began near ~3.5 Ma, according to the
Bayesian regression curve associated with the results of change point
analysis (Fig. 3B, Table S2). Some studies observe gradual nutricline
and thermocline shoaling and cooling of the eastern equatorial Pacific at
this time (Ford et al., 2015; Jakob et al., 2021; Wara et al., 2005) but a
possible impact on African climate has not be discussed. However, there
is no indication of a shift in the §'80pc record that suggests Northern
Hemisphere Glaciation led to an abrupt, stepwise increase of African
aridity, like some marine core aeolian records demonstrate (deMenocal,
2004; Liddy et al., 2016). Moreover, it is uncertain where and if the
aeolian detritus contained in the marine core records originated from
the rift valley of eastern Africa. Radiogenic study of Holocene dust flux
suggests that, rather than interior eastern Africa, coastal areas are the
more likely sources for the aeolian detritus transported to the marine
core sites (Jung et al., 2004). It has been assumed that the presence of
the same volcanic ashes within the marine core records and the rift
valley lake basins suggest that the windblown detritus of the cores
derived from hominin sites of the rift (Feakins et al., 2005; Uno et al.,
2016). However, volcanic paroxysms responsible for the dissemination
of the ash are not analogous to the processes of aeolian transport from
continental eastern Africa to the marine realm. We also do not see a
change that suggests the climate humidified because the tropical rainfall
belt was latitudinally shifted by the new pole-equator temperature
gradient during the intensification of Northern Hemisphere glaciation
(Caley et al., 2018; Maslin and Trauth, 2009). In the central rift valley of
Kenya, study of the carbon isotopic composition of leaf wax biomarkers
in the Chemeron Formation (~0.5° N) suggests a wetter Pliocene fol-
lowed by a progressively drier climate culminating with an abrupt
expansion of C4 grasslands at ~3.04 Ma (Lupien et al., 2021) Two recent
comprehensive analyses of large datasets based on floral and faunal
stable isotopic records from the Turkana Basin (Quinn et al., 2021;
Quinn and Lepre, 2021) showed a gradual drying trend across the
Plio-Pleistocene boundary but failed to recognize a stepwise increase of
aridity suggestive of an abrupt C4 grassland expansion at ~3.0 Ma. Such
differences between the paleoenvironmental records may be explained
by the Chemeron depositional systems had a heightened sensitivity to
regional/global climate change because of their smaller aerial extent
and catchment (Feibel, 1999). The Chemeron depositional system and
catchment was likely <10,000 km?2, whereas the Omo Group’s flood-
plain and lake-margin paleosols represent an integrated rainfall signal
from sedimentary deposits exposed across an area of some 20,000 km? of
northwest Kenya and southwest Ethiopia.

3.2. Spectral analyses

The 21 MTM power spectra for the §'80p¢ data suggest the presence
of orbital climate cycles within the time series (Fig. 4A). Orbital ec-
centricity and climatic precession are interpreted from frequencies with
99% significance at 0.0024 cycles/kyr (417 kyr), 0.011 cycles/kyr (91
kyr), 0.045 cycles/kyr (22 kyr), and 0.048 cycles/kyr (21 kyr). The 2n
MTM results reveal no indications of the main ~40 kyr period of
obliquity for the late Cenozoic.

Coherency results from Blackman-Tukey analysis (Fig. 4B) show that
frequencies approximating long orbital eccentricity (435 kyr), short
orbital eccentricity (123-95 kyr), and climatic precession (23-22 kyr)
are significant. However, obliquity at the ~40 kyr period and obliquity
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harmonics at ~54 kyr and ~ 29 kyr (Zeeden et al., 2019) are indicated
by the Blackman-Tukey results as significant. Results from MTM
(Fig. 4A) do not indicate significant frequencies that correlate to these
periods. We therefore interpret the evidence for obliquity in the 5'0p¢
time series as speculative because, unlike eccentricity and precession, its
identification is not method independent. Weedon (Weedon, 2003)
suggests that significant coherency at frequencies where no significant
spectral peaks are present indicates similar behavior for the two time
series variables but that the oscillations are due to continuum noise
rather than regular cyclicity.

MTM and Blackman-Tukey methods largely produce the same peri-
odicities that approximate long eccentricity (405 kyr), short eccentricity
(~100 kyr), and climatic precession (~20 kyr). Prior studies of Early
Pleistocene lacustrine sediments of the Turkana Basin focusing on lith-
ofacies cycles (Boes et al., 2019; Lepre et al., 2007; Nutz et al., 2017),
strontium isotopes (Joordens et al., 2011), and vegetation remains
(Lupien et al., 2020; Yost et al., 2021) have demonstrated orbital climate
forcing by eccentricity and precession. None of these prior studies report
evidence for glacial cyclicity or obliquity. Orbital eccentricity and cli-
matic precession are expected to be strong controls of insolation budgets
that force monsoonal climate change of large tropical landmasses (Olsen
et al.,, 2019). We infer that ~100 kyr short eccentricity cycle is an
insolation signal because only a portion of the 5'80p time series covers
the Mid-Pleistocene Transition when the power of ~100 kyr glacial-
interglacial cycles increases in many marine paleoclimate records.

According to the EHA model (Fig. 5), the interpreted cycle of long
eccentricity (405 kyr) has high amplitude between ~4.0 and ~ 3.0 Ma,
but weakens at ~3.0 Ma and remains so until after 1.5 Ma. Short ec-
centricity (~100 kyr) is the most consistent as compared to climatic
precession and long eccentricity, as it generally has the same amplitude
and frequency through the entire EHA model (Fig. 5). Precession un-
dergoes an increase in amplitude between about 2.5 and 1.7 Ma, but is
comparatively low through the EHA model (Fig. 5). There is a smaller
increase of precession amplitude at ~3.6-3.3 Ma.

Changing EHA patterns of long eccentricity and precession ampli-
tudes may reflect changing sedimentary conditions. They can also derive
from climate feedbacks or the modulation effects of orbital processes. A
shift to higher frequency cycles is expected with a condensed section or
when the sedimentation rate slows (Meyers et al., 2001). However, this
seems unlikely for the Omo Group data because the Shungura and
Nachukui sedimentation rates either stay the same or increase through
2.5-1.7 Ma when precession increases amplitude (Fig. 5). The Koobi
Fora Formation has an unconformity at ~2.5-2.0 Ma but the sedimen-
tation rate at ~1.9-1.6 Ma is faster than before the unconformity. There
are no major decreases in the sedimentation rate during the changing
character of long eccentricity at ~3.0 Ma (Fig. 5). At ~3.6-3.3 Ma and
again at ~2.5-1.5 Ma (Fig. 5) increased amplitudes for climatic pre-
cession may be related to a change in the recurrence rate and/or the
intensity of the positive Indian Ocean Dipole mode. A progressively
more positive mode is predicted to generate wetter monsoonal condi-
tions and increase the precession signal at northeastern African sites
adjacent to the western Indian Ocean (Caley et al., 2018; Johnson et al.,
2016).

We obtained the La04 eccentricity solution (Laskar et al., 2004) from
Analyseries in order to compare with the 6180pc dataset. We correlate
more positive §'80p¢ values with eccentricity minima, and eccentricity
maxima with less positive 5'%0p¢ values. The “linage” function of
Astrochron was used to help with the comparisons. A higher concen-
tration of the 180 isotope indicates less replenishment of the 1°0 isotope
and less rainfall relative to evaporation. Orbital climate theory and
geologic data predict that eccentricity maxima are correlated to
increased rainfall at low latitude sites in Africa (Hilgen, 1991; Rossignol-
Strick et al., 1982). With a more eccentric orbit, the seasonality effects
from climatic precession are enhanced, usually increasing the rainfall.
Less eccentric orbits decrease the seasonal disparities. We thus match
lower/higher 5'0pc values with maxima/minima in the La04
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eccentricity solution (Fig. 6).

Eccentricity cycles are apparent in the non-astronomically-tuned
5'80pc time series. The §'%0pc time series recapitulates individual
short eccentricity cycles and shows amplitude changes in accordance
with long eccentricity cycles (Fig. 6). To illustrate these features, three
example intervals of the 61801;(; time series are shown in detail (Figs. 7, 8
and 9). One of these intervals, at 2.8-3.7 Ma, records nine short ec-
centricity (~100 kyr) cycles apparent in the astronomical solution
(Fig. 7). 6'80p¢ amplitudes are relatively decreased at long eccentricity
(405 kyr) cycle minima and relatively increased when long eccentricity
increases amplitude. Amplitude modulation is better defined by the
5'%0p¢ data at ~3.3-3.7 Ma. The next example interval at ~1.5-2.3 Ma
(Fig. 8) is characterized by comparatively lower amplitude oscillations
in the §'®0p¢ record and a paucity of evidence to suggest amplitude
modulation by the long (405 kyr) eccentricity cycle. A substantial
change of §'80p values indicates increasing dryness at 2.11 Ma (Fig. 3B
and Table S1). The changeover at 2.11 Ma begins with the most nega-
tive (least dry) value of —8.3%o in the entire 61801:(; record, which is
constrained by the Kangaki Tuff (2.06 + 0.03 Ma) and Tuff G3 (2.19 +
0.04 Ma) and correlated to an eccentricity maximum centered near 2.12
Ma (Fig. 8). Another large negative value (—6.2%o) dated to 1.71 Ma is
constrained by the Morutot Tuff (1.61 4+ 0.02 Ma) and the Orange Tuff
(1.76 + 0.03 Ma) and correlated to an eccentricity maximum centered at
~1.74 Ma (Fig. 8). Strengthening Walker Circulation near 2.0 Ma
(Etourneau et al., 2010) co-occurs with extreme cooling events of
tropical SST at 2.1 Ma and again near 1.7 Ma (Herbert et al., 2010).
Therefore, the 6180pc oscillations through the interval of ~1.5-2.3 Ma
may represent increasing teleconnectivity with Indo-Pacific hydro-
climate systems. Results of the EHA model for the 5'80p( record (Fig. 5)
suggest a higher amplitude for precession at ~1.5-2.3 Ma, which
possibly signals greater sensitivity of the eastern African monsoon to
seasonal/interannual climate events of the Indian Ocean basin (Johnson
et al., 2016) at the expense of orbital modulation from eccentricity.

A third example interval is at ~0.8-1.5 Ma (Fig. 9), when the as-
tronomical solutions show seven short eccentricity cycles bundled into
sets of two and three. This chronostratigraphic interval of the Omo
Group is noted for having an unconformity within the Koobi Fora For-
mation that represents low/no sediment accumulation lasting about 500
kyr (Figs. 2 and 5). It has been assumed that other formations in the
basin lack such a diastema (Brown and Feibel, 1991; Harris et al., 1988;
McDougall et al., 2012). However, a large timing offset between the
5180p¢ cycles and the astronomical solution occurs at ~0.8-1.5 Ma
(Fig. 9) that may be explained by incomplete preservation of strati-
graphic section and thus time missing from the Nariokotome Member of
the Nachukui Formation. This member has limited chronostratigraphic
control points, especially for the interval of 0.75-1.30 Ma, which is
where the Koobi Fora Formation unconformity lies (Figs. 2 and 5). Most
of the Omo Group’s 5'80p data that dates to 0.75-1.38 Ma derive from
the Nariokotome Member (Quinn and Lepre, 2021). Furthermore, we
also note that the astronomical solution at 1.1-1.3 Ma indicates a pair of
short eccentricity cycles whereas we interpret that the corresponding
interval of the 8'®0p time series exhibits only one (Fig. 9). This single
5180pc cycle is interpreted as an amalgam of the two astronomical cy-
cles; however, it is likely that one of the two 5'80p( cycles is completely
missing, if not more of the Omo Group record.

4. Discussion and implications for hominin evolution
4.1. Strengthening of Plio-Pleistocene Walker Circulation

Major reorganization of the ocean-atmospheric systems of the trop-
ical and subtropical regions occurred through the Late Pliocene and
Early Pleistocene (Fedorov et al.,, 2013; Maslin et al., 2014). This
included the strengthening of the zonal Walker Circulation (WC) that
prevails over the Indian and Pacific oceans (Fig. 3A). With exceptions
(Scroxton et al.,, 2011; Zhang et al., 2014), multiple studies have
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interpreted a weak WC during the Pliocene at 5-3 Ma, which is often
said to be coeval with “permanent El Nino-like” conditions (Fedorov
et al., 2013; Molnar and Cane, 2002; Tierney et al., 2019; Wara et al.,
2005). Evidence suggests that change to the zonal sea surface temper-
ature (SST) gradient experienced the largest increase between ~2.2 and
1.8 Ma ago, followed by the establishment of a WC intensity similar to
the present-day emplaced by ~1.5 Ma (Etourneau et al., 2010; Ravelo,
2006; Wara et al., 2005). Other research demonstrates an earlier
intensification coinciding with the development of large Northern
Hemisphere ice sheets at ~3.0 Ma (Lawrence et al., 2006). Regional SST
gradients associated with present-day WC appear to have formed at 3-2
Ma (Liu et al., 2019). Our 6180pc data clearly suggests a shift towards
less rainfall at 2.11 Ma, signaling the development of a drier monsoon
for eastern Africa during strengthening WC (Fig. 3B-G).

Modern WC is typified by strong westerly surface winds along the
equatorial Indian Ocean and easterlies over the equatorial Pacific Ocean
(Lau and Yang, 2002). Wind vectors are generated by the SST asym-
metries, characterized by the eastern equatorial Indian and western
equatorial Pacific being warmer than the western Indian and eastern
Pacific waters (Kang et al., 2020). The WC convection cells across the
tropical Indian and Pacific oceans are initiated at the Maritime Conti-
nent, where warm and moist parcels of air rise and diverge within the
troposphere towards the east and west (DiNezio and Tierney, 2013).
Warm ocean water surrounding the Maritime Continent is referred to as
the Indo-Pacific Warm Pool, and its area, temperature, and depth has
effects on WC changes, as well as monsoon systems, the El Nino-
Southern Oscillation, the mode of Indian Ocean Dipole, and the global
climate system (Cai et al., 2013; Mohtadi et al., 2017; Molnar and Cane,
2002). Changing temperature of the Indo-Pacific Warm Pool and the
associated zonal SST gradients across the Indian and Pacific oceans exert
a strong control on the intensity of the WC along the equator (DiNezio
and Tierney, 2013). WC strength increases (decreases) as the west-to-
east SST gradient along the Indian Ocean increases (decreases) (Moh-
tadi et al., 2017). This gradient is sustained, in part, by the Indonesian
Throughflow region that passes heat into the eastern Indian Ocean and
less salty water and from the western Pacific north of the equator
(Gordon and Fine, 1996). Assemblage of the Maritime Continent and
related oceanographic features are purported to have established Indo-
nesian seaway currents, changing the Indian Ocean SST gradient in
concert with tectonic-geographic events (Molnar and Cane, 2002).
These changes may have aridified the monsoon and affected human
evolution in eastern Africa (Cane and Molnar, 2001).

Atmospheric circulation over the eastern Indian Ocean influences
thermocline depth and mix layer thickness (Di Nezio et al., 2016). A
thicker mixed layer is associated with stronger WC (Mohtadi et al.,
2017). A thickening mixed layer of the eastern Indian Ocean was coeval
with intensified WC at ~3.15-1.6 Ma (Bali et al., 2020). The strength-
ening WC appears to have peaked near 2 Ma, as significant increases
happened at 2.2-2.0 Ma and again at 1.8-1.6 Ma (Bali et al., 2020).
These events correlate in time almost precisely with our Bayesian
change points in the 6180pc time series (Figs. 3B, C).

At ~3 Ma, changes to mixed-layer taxa abundances in the eastern
Indian Ocean are nearly synchronous with increasing primary produc-
tion in the eastern Pacific Ocean (Figs. 3C, D). Eastern equatorial Pacific
primary productivity also experiences two pronounced increases at
~2.1and ~ 1.7 Ma (Herbert et al., 2010; Lawrence et al., 2006). At ~2.2
to 2.0 Ma, the western equatorial Pacific SST was stable yet the zonal
Pacific SST gradient increased by 3-4 °C because of cooling in the
eastern equatorial Pacific (Etourneau et al., 2010). This cooling in the
eastern equatorial Pacific has implications for the primary productivity
increases at ~2.1 and ~ 1.7 Ma (Fig. 3D) because cold up-welled water
supplies surface nutrients. Cold up-welled water of the eastern equato-
rial Pacific has extra-tropical sources from the Southern Hemisphere.
Model data and proxy records (Kang et al., 2020; Liu et al., 2019) sug-
gest that WC strengthens from extra-tropical cooling of the eastern Pa-
cific Ocean, which increases the SST gradient across the equatorial
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the documented Omo Group unconformity representing low/no sediment
accumulation at ~0.8-1.3 Ma (Figs. 2 and 5).

Pacific. These data collectively propose that extra-tropical cooling cau-
ses WC to intensify, evoking a simultaneous climate change in western
South America, across the equatorial tropics, and into eastern Africa.

Strengthening WC appears to have affected eastern African aridity
beginning at 2.11 Ma. This may have been due to stronger WC
decreasing ascending motion (i.e., decreased convection) over the
western Indian Ocean. Model and proxy data suggest that increased
precipitation for eastern Africa is associated with weaker WC and
anomalously rising air in the western Indian Ocean (Tierney et al.,
2015), such as during some inter-annual El Nino and positive IOD events
(Nicholson, 2017). If the Pliocene was indeed characterized by a “per-
manent” El Nino-like climate, then the changeover to stronger WC in the
Early Pleistocene may have disrupted the permanency of rising air over a
more humid western Indian Ocean and reduced the influence of these
wetter conditions on continental rainfall in easternmost equatorial Af-
rica (Di Nezio et al., 2016).

4.2. Interannual climate variability

Monsoonal rainfall over modern eastern Africa has relationships
with interannual climate events that manifest across the Indian Ocean
Basin (King et al., 2021; King and Washington, 2021; Nicholson, 2017;
Yang et al., 2015). However, there has been much debate about how
these relationships evolved through the Plio-Pleistocene and were
influenced by tropical SST variability (Scroxton et al., 2011; Tierney
et al., 2019; White and Ravelo, 2020; Zhang et al., 2014). In the Indian
Ocean, rainfall amounts and WC strength are strongly correlated to the
Indian Ocean Dipole (I0D) mode (Mohtadi et al., 2017; Saji et al., 1999).
For the western Indian Ocean, model and proxy data predict increased
rainfall over eastern Africa during positive IOD events that are
concomitant with weaker WC and warmer SST (Tierney et al., 2015).
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Large floods in tropical eastern Africa occur with weaker Indian Ocean
WC and positive IOD (Cai et al., 2013). Other studies suggest changing
WC intensity evokes a more variable hydroclimate response over Africa
and the western Indian Ocean (Mohtadi et al., 2017; Saji and Yamagata,
2003).

The interplay between the IOD mode and orbital climatic precession
is predicted to modulate tropical rainfall variability over northeast Af-
rica (Johnson et al., 2016). Our EHA model (Fig. 5) suggests increased
precessional amplitudes through strengthening WC, which may signal a
change in interannual IOD behavior (Caley et al., 2018). Other Turkana
Basin records from studies of lake outcrops and cores also demonstrate
increasing precessional variability and abrupt climate changes through
strengthening WC (Joordens et al., 2011; Lupien et al., 2020; Yost et al.,
2021). However, these lake records do not show the shift towards a drier
monsoon at 2.11-1.66 Ma like our 5'80p¢ record. Part of this discrep-
ancy may be because the sources of the paleo-lake water are exotic rivers
that have catchments ~300-700 km away from the present-day lake.
These sources are at highlands and escarpments that have humid climate
settings unlike the semi-arid Lake Turkana region. The climate and
topographic patterns in Fig. 1A reflect a rainfall difference of >1500
mm/yr between Turkana and the Ethiopian highlands source area of its
largest inflow river (Nicholson, 2017; Yang et al., 2015). Our 6180pc
record is derived from paleosols and thus registers proximal climate
information. The lake records may suggest the distal source areas of Lake
Turkana water were buffered from the aridification associated with WC
intensification.

4.3. Paleoenvironmental change and human origins

In the Turkana Basin and Lower Omo Valley, paleoclimate proxy
records show general agreement with our §'%0p¢ compilation, suggest-
ing climatic drying at 2.11-1.66 Ma because of stronger WC. Fossil bovid
abundances document an increase in Alcelaphini, Antilopini, and Hip-
potragini proportions relative to the total bovid population circa 2.0 Ma,
indicating increased aridity and the development of seasonally dry
grasslands, bushlands, and woodland-grassland mosaics (Bobe et al.,
2007). Similarly, (Paquette and Drapeau, 2021) assessed the Omo
Group’s faunal enamel 5*%0 values in several temporal bins and inter-
preted increasing aridity across three intervals: 2.4-1.9 Ma, 1.9-1.5 Ma,
and 1.5-1.3 Ma, in agreement with our directional 5'80p¢ trend. How-
ever, other isotopic proxy records suggest that human evolution in
eastern Africa occurred in absence of major hydroclimate change at
~2.0 Ma (Blumenthal et al., 2017; Passey et al., 2010; Polissar et al.,
2019). These isotopic records may be in disagreement because of low
sampling resolution and thus may not be registering the climate change
[see also comment by (Schefull and Dupont, 2020)]. For example, the
aridity index study (Blumenthal et al., 2017) utilized a faunal enamel
5'80-based aridity index and found fluctuating water deficits from 4 to
0 Ma across several eastern African locales but no directional aridity
trend. This contrasts our 5'0p¢ record but, importantly, the conclusions
of the aridity index study are based upon only eight observations for the
~3.6 Myr duration of the Omo Group.

The spread of C4 grasslands during the Plio-Pleistocene in eastern
Africa has been linked to the concomitant increase of mammalian Cs-
grazer speciosity (Cerling et al., 2015; Faith et al., 2018) and adaptive
milestones in hominin evolution (Cerling et al., 2011). Low atmospheric
pCO; concentration and heightened aridity both promote the spread of
C,4 grasslands relative to woody vegetation structures (Bond et al., 2003;
Ehleringer et al., 1997; Sankaran et al., 2005), but debate surrounds
what were the environmental drivers of African vegetation change
during Mio-Pleistocene hominin evolution (Blumenthal et al., 2017;
Faith et al., 2018; Passey et al., 2010; Polissar et al., 2019; Schefufl and
Dupont, 2020). To address this, (Quinn and Lepre, 2021) compiled
several §!3Cpc datasets from the East African Rift System and found a
major shift towards higher abundances of C4 vegetation circa 2.0 Ma
(Fig. S1). We assessed these published 613Cpc data from the Omo Group
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with spectral analysis and derived results (Fig. $2) that differed from the
orbital climate forcing carried by the §'80pc record (Fig. 4). The 2r MTM
and Blackman-Tukey results for the §'3Cp time series failed to indicate
long orbital eccentricity with power or significance, and the climatic
precession had weaker MTM expression as compared to the §'80p re-
cord. However, short orbital eccentricity had power and marginally
lower (95%) significance according to MTM and was considered sig-
nificant by Blackman-Turkey results (Fig. S2). Vegetation structures are
sensitive to several factors other than climate such as herbivore feeding
ecology, fire, and atmospheric pCOy (Sankaran et al., 2005). Thus,
changes need not mirror the 61801;(; record, which is more attuned to
rainfall and evaporation. Furthermore, African vegetation may respond
nonlinearly to orbital insolation forcing (deMenocal et al., 2000) (Sha-
nahan et al., 2015). The nonlinearity may distort the registration of the
climate sine wave to the paleoenvironmental record thereby impeding
the signal detection. We suggest that among other factors, climatic
drying beginning near 2.11 Ma likely contributed to increasing C4
vegetation abundance and a loss of woody cover in the Turkana region.

Changing Cs and C4 floral communities influenced by paleoclimatic
drying produced a variety of vegetation mosaics within the Turkana
region (Bonnefille, 1995; Cerling et al., 2011; Feakins et al., 2013; Levin
et al, 2011; Wynn, 2004), which likely influenced hominin diets.
Enamel 8'°C data indicate that early Pleistocene Turkana hominins
partitioned the C3-C4 mixed feeding omnivore dietary niche (Cerling
et al., 2013). Members of genus Homo (e.g., Homo habilis, Homo rudol-
fensis) maintained their C3-C4 omnivory, whereas Paranthropus boisei
evolved to be a C4 plant specialist (Cerling et al., 2013; Martin et al.,
2020; Wynn et al., 2020). Several lines of evidence (morphology, caloric
requirements, cutmarked fauna, lithic assemblages) imply that Homo
erectus engaged in a higher level of faunivory than other sympatric
hominins potentially through carcass scavenging or hunting (Pobiner
et al., 2008; Toth and Schick, 2019). Dietary niche partitioning may
have been influenced by dietary competition, largely entailing exclusion
of P. boisei from the C3-C4-mixed feeding omnivorous niche by members
of Homo (Quinn and Lepre, 2021). Secondary productivity likely
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increased with higher abundances of C4-dominated vegetation struc-
tures (Leonard et al., 2003), giving rise to a greater number of herbivore
ungulates for Homo erectus to exploit while P. boisei seemingly focused
on the abundant C4 plants.

Fig. 10 represents a best estimate of the timing of the major hominin
taxa and first appearances for stone tool material cultures that are
constrained by our Plio-Pleistocene study interval of 4.33 to 0.65 Ma
(see also Table S3). We acknowledge that the Omo Group sedimentary
formations under consideration only represent one area of Africa where
hominin fossils and archaeological sites have been discovered. Notably,
there are a number of significant localities known from the northwest
(Hublin et al., 2017) and southern (Berger et al., 2010) parts of the
continent, and Sahara/Sahel (Brunet et al., 2002) finds that demonstrate
hominin evolution was more widespread that just the rift valley of
eastern Africa. Important sites throughout Ethiopia (Alemseged et al.,
2006; Haile-Selassie et al., 2015; White et al., 2006), Olduvai Gorge in
Tanzania (Blumenschine et al., 2003; Mercader et al., 2021), and fossils
from Malawi (Schrenk et al., 1993) contribute substantially to our un-
derstanding of human origins. However, the paleoanthropology record
of the Turkana Basin is renowned for its breadth of fossils showing Plio-
Pleistocene hominin biodiversity (Wood and Leakey, 2011).

Early Pliocene sediments of the Turkana Basin have yielded
numerous body fossils of Australopithecus anamensis, which provides
important evidence to constrain the origins of habitual bipedality in the
hominin lineage (Leakey et al., 1995). Dated tuffaceous horizons in the
Kanapoi Formation bracket a majority of the fossil-bearing levels to
between about 4.2 and 4.1 Ma (Leakey et al., 1998). Other Austral-
opithecus-like fossils within the Nachukui and Shungura formations may
have affinities with A. afarensis but this is an ongoing debate (Brown
et al., 2013; Ward et al., 1999; Wood and Boyle, 2016).

Archaeological investigations have yielded the oldest stone tools in
the world yet known from the Lomekwi Member of the Nachukui For-
mation. The stone tool artifacts were recovered in-situ from sediments
that accumulated during the Mammoth Subchron and date to 3.3-3.2
Ma (Harmand et al., 2015). Nearby sedimentary strata have yielded the

Fig. 10. Paleoclimate context of human origins. (A)
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Acheulian tion forcing of monsoonal rainfall. (B) long and short
| eccentricity as in Fig. 6. (C) Temporal ranges of
15 60 hominin species and (D) age estimates for the origins
0.0 ((D of stone tool traditions from northwest Kenya and
0 - southwest Ethiopia. Gray box symbolizes the onset of
201 o s. P. boisei a long-term directional change towards a drier pale-
. oclimate that perhaps was accompanied by increased
Age short-term climatic variability, interpreted to have
(Ma) et @ Oldowan Selected for H. erectus, Acheulian stone tools, and a
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cranial fossil of Kenyanthropus platyops (Leakey et al., 2001), which is a
somewhat idiosyncratic hominin that might have been the manufacturer
of the tools. Higher in the section, one of the oldest known specimens of
the genus Paranthropus (Walker et al., 1986) was excavated from sands
that lie beneath the Lokalalei Tuff dated to ~2.53 Ma (McDougall et al.,
2012).

Adjacent to the Lomekwi archaeological site, is the site complex of
Kokiselei, which preserves both the developed Oldowan and Acheulian
artifacts (Roche et al., 2003). Notably, Kokiselei 4 (KS4) has a strati-
graphic position that is situated just above a normal to reverse paleo-
magnetic reversal correlated to upper Olduvai and lower Matuyama
transition at ~1.8 Ma, making KS4 one of the oldest Acheulian sites in
the world (Beyene et al., 2013; Lepre et al., 2011). Acheulian tools are
argued to be primarily made by Homo erectus for large animal carcass
processing (Toth and Schick, 2019).

On the east side of Lake Turkana, the Koobi Fora Formation has
provided evidence for the taxonomic diversity within early Homo
hypodigm dated to about 2.0-1.5 Ma. Important partial crania of
H. habilis and H. rudolfensis have stratigraphic positions in close prox-
imity to the level of the KBS Tuff (Leakey et al., 2012), which is dated to
1.87 £+ 0.02 Ma (McDougall et al., 2012). The global first appearance
datum of H. erectus is thought to be the partial neurocranium of a ju-
venile (DNH 134) from South Africa that dates to 2.0 Ma (Herries et al.,
2020). The next oldest is the occipital fragment KNM-ER 2598 from
Koobi Fora that lies below the KBS Tuff and thus date to 1.9 Ma (Anton
et al., 2014; Feibel et al., 1989; Hammond et al., 2021; Lepre and Kent,
2010, 2015; Wood and Leakey, 2011). In addition, the Koobi Fora For-
mation has produced the oldest known near complete cranium of an
adult African H. erectus (KNM-ER 3733) that is dated to about 1.6 Ma
(Lepre and Kent, 2015). This specimen is penecontemporaneous with
stone tool artifacts of the developed Oldowan of the Koobi Fora For-
mation (Mana et al., 2019) that derive from the Okote Member. Lastly,
Chari Member specimens of H. habilis are some of the geologically
youngest known and may indicate that the extinction of this species
occurred between 1.5 and 1.4 Ma (Spoor et al., 2007).

Variability Selection Hypothesis (Potts, 1998; Potts and Faith, 2015)
links hominin first and last appearance datums (FAD/LAD) to the
maxima of the long eccentricity cycle, predicting that climate conditions
associated with insolation changes every 405 kyr increased habitat
variability (deMenocal, 2004; Maslin et al., 2014; Potts and Faith, 2015;
Trauth et al., 2009). However, as shown in Fig. 10, there appears to be
no consistent temporal correlation between the FAD/LAD and long ec-
centricity maxima. This interpretation, for example, is clearly the case
for the oldest stone tools in the world yet known, discovered at Lomekwi
in the Turkana Basin and dated to 3.3-3.2 Ma (Harmand et al., 2015).
Isotopic data in Fig. 7 come directly from the stone tool site and when
coupled with the other data demonstrate that the stone tools at 3.3 Ma
are associated with eccentricity amplitudes decreasing towards a long
eccentricity minimum. Similarly, the interval at 2.5-3.0 Ma is charac-
terized by some of the lowest short eccentricity amplitudes for the entire
study interval (Fig. 6). Such low eccentricity suggests weak modulation
of precessional insolation delivered to eastern Africa, and less season-
ality for monsoonal rainfall (Rossignol-Strick et al., 1982). The time-
frame of 2.5-3.0 Ma witnessed the rise of Oldowan stone tools (Semaw
et al., 1997), constrains the oldest paranthropine fossil currently known
(Wood and Constantino, 2007), and probably is when the genus Homo
originated (DiMaggio et al., 2015). The weak eccentricity modulation of
the African monsoon suggests hominin originations at 2.5-3.0 Ma
occurred within a setting of low climatic variability.

No taxon appears to endure for more than about two 405-kyr ec-
centricity cycles before going extinct (Fig. 10), suggesting that early
hominins as a lineage of primates may have been poorly adapted to
environmental variability at this long orbital time scale. The exception,
however, is H. erectus. This large-brained and -bodied ancestor to later
Homo is hypothesized to have been well adapted to variable environ-
ments, evident from its wide geographic and ecological distribution
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through most of tropical Africa and Asia (Anton et al., 2014). In eastern
Africa, the first appearance datum of H. erectus and Acheulian stone tools
co-occur with strengthening WC, directional climatic drying, and
perhaps more short-term climate variability—particularly on the inter-
annual time scale. Interannual climate events, like El Nino or the IOD
mode, went through changes in intensity and recurrence frequency
during strengthening WC strength (Mohtadi et al., 2017; White and
Ravelo, 2020). The recurrence frequency of extreme interannual rainfall
events correlated to positive IOD modes varies by a factor of almost
three during global warming/cooling phases (Cai et al., 2014). Begin-
ning near 2.11 Ma, we suggest that similar variations to short-term
climate changes may have been cooccurring with the direction cli-
matic drying indicated by the 8'®0pc (Fig. 3B). In eastern Africa,
H. erectus appears to have been the only hominin well adapted for this
new setting of directional climatic drying coupled with short-term
environmental variability, as the genus Homo was culled to one spe-
cies by ~1.5 Ma and paranthropines of eastern Africa went extinct at
1.5-1.0 Ma (Fig. 10).

5. Summary and conclusions

Multidisciplinary studies over the last decade have provided a more
detailed understanding of paleoclimate and human origins in eastern
Africa. However, it has been a challenge to recover long-term records
(>1 Myr) that can be used to demonstrate orbital climate forcing and
assess directional climate shifts through the Plio-Pleistocene. To address
this problem, we constructed a ~ 3.6 Myr (4.33-0.65 Ma) stable oxygen
isotope record from pedogenic carbonate nodules (5'%0pc) collected
from the radiometrically-dated Omo Group outcrops in Kenya and
Ethiopia. This §'%0p¢ record is noteworthy not only for its length and
age constraints, but also because it was derived from some of the most
important archaeological and hominin fossil sites currently known. This
allows us to directly interpret the terrestrial paleoenvironments where
hominins lived and to compare the changes to turning points in Plio-
Pleistocene global climate and paleoceanographic events across the
Indo-Pacific equatorial tropics.

The §'80p( record from the Omo Group reveals rainfall/evaporation
conditions indicative of climate. Some of the 5'®0p( variation observed
may be attributed to other controls, such as paleogeographic context
(Levin et al., 2011; Quinn et al., 2007); however, spectral analysis and
chronostratigraphic comparisons with astronomical solutions indicate
that the 5'®0p¢ variability provides a record of orbital climate forcing
from eccentricity, with some intervals demonstrating amplitude modu-
lation of short eccentricity (~100 kyr) cycles.

This §'®0p¢ record also indicates a shift towards a drier climate
beginning at 2.11 Ma, which correlates to a thickening mixed layer in
the eastern Indian Ocean and marine upwelling events in the eastern
Pacific Ocean (Bali et al., 2020; Lawrence et al., 2006). These paleo-
ceanographic changes are related to strengthening Walker Circulation,
implying that the climatic drying in eastern Africa was part of a larger
transformation of the equatorial tropics, characterized by new SST
gradients and ocean-atmospheric circulation patterns. Evolutive har-
monics analysis of the §'%0pc time series demonstrated increased sig-
nificance for climatic precession at ~2.5-1.7 Ma, which may be
indicative of the eastern African rainfall experiencing more interannual
variability through stronger Walker Circulation.

At 1.9-1.8 Ma, Homo erectus and Acheulian stone tools first appear in
eastern Africa during directional climatic drying. Other temporally long
stable isotope records suggest an unchanging hydroclimate during Plio-
Pleistocene evolutionary events (Blumenthal et al., 2017; Polissar et al.,
2019). However, these records lack the resolution to demonstrate
orbital-scale changes in the data, especially through key climatic and
biotic intervals. In contrast, our interpretation of directional climatic
drying starting at 2.11 Ma is deduced from a 5'80 record of orbital
climate change. If higher frequency 8'®0p¢ changes are due to orbital
climate forcing, then the simplest explanation is that the long-term shift
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in the record is also due to climate change. These other isotopic studies
demonstrating no hydroclimate changes are based on floral and fauna
taxa that were sensitive to multiple drivers of ecological change other
than climate. Such is probably the case for the pedogenic carbon isotope
(5'3Cpc) vegetation record for our study area responding to several in-
fluences in addition to climate, including pCO,, substrate and hydro-
logical configuration, herbivore community diets, interspecific
competition, among others. The §'3Cp¢ data showed weaker indications
of orbital climate forcing as compared to the 5'80p( record, but indi-
cated a shift towards higher abundances of C4 vegetation at ~2.0 Ma,
consistent with heightened aridity.

The Plio-Pleistocene 5'%0p¢ composition of Omo Group paleosols
appears to be strongly influenced by orbital insolation forcing of
monsoonal rainfall. Superimposed upon the orbital trends was a drying
response to stronger Walker Circulation. However, there appears to be
no clear indication that the Plio-Pleistocene intensification of Northern
Hemisphere glaciation was responsible for either climate cycles or an
abrupt, stepwise shifts in the 5'80 record, like observed in marine re-
cords of African dust flux (deMenocal, 2004). A common mechanism to
explain paleoclimate change in eastern Africa is the latitudinal
constriction of tropical convergence and the associated pole-equator
temperature gradient induced by the expansion of polar ice sheets
(Caley et al., 2018; Maslin and Trauth, 2009). Rainfall over northwest
Kenya and southeast Ethiopia appears to have been unaffected by such
meridional movement of the tropical rain belt and buffered from
changes to trade wind intensities and Atlantic SST temperatures devel-
oped during earliest Pleistocene glacial activity.
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