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We present new mineralogical and geochemical data from modern sediments in the
Chew Bahir basin and catchment, Ethiopia. Our goal is to better understand the role
of modern sedimentary processes in chemical proxy formation in the Chew Bahir
paleolake, a newly investigated paleoclimatic archive, to provide environmental context
for human evolution and dispersal. Modern sediment outside the currently dry playa lake
floor have higher SiO2 and Al2O3 (50–70 wt.%) content compared to mudflat samples.
On average, mudflat sediment samples are enriched in elements such as Mg, Ca,
Ce, Nd, and Na, indicating possible enrichment during chemical weathering (e.g., clay
formation). Thermodynamic modeling of evaporating water in upstream Lake Chamo
is shown to produce an authigenic mineral assemblage of calcite, analcime, and Mg-
enriched authigenic illitic clay minerals, consistent with the prevalence of environments
of enhanced evaporative concentration in the Chew Bahir basin. A comparison with
samples from the sediment cores of Chew Bahir based on whole-rock MgO/Al2O3,
Ba/Sr and authigenic clay mineral δ18O values shows the following: modern sediments
deposited in the saline mudflats of the Chew Bahir dried out lake bed resemble
paleosediments deposited during dry periods, such as during times of the Last Glacial
Maximum and Younger Dryas stadial. Sediments from modern detrital upstream sources
are more similar to sediments deposited during wetter periods, such as the early
Holocene African Humid Period.

Keywords: oxygen isotopes in authegenic clay minerals, X-ray core scanning, paleoclimate proxy formation and
interpretation, whole-rock and clay mineralogy, geochemical modeling, the Chew Bahir K record
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INTRODUCTION

The field of sedimentary geochemistry is at the forefront of
both outcrop- and core-based paleoclimate research. Aided by
the introduction of X-ray fluorescence (XRF) core scanning
techniques, down-core patterns of element intensities and ratios
in both marine and lake sediments are routinely applied as
proxies of past climate changes (e.g., Croudace et al., 2006, 2019;
Lyons et al., 2015; Gebregiorgis et al., 2020b). Although the link
between the chemistry of deposited weathering products and
climate is complex, the distribution of mobile versus immobile
elements in sediment likely varies in accordance with climate
variables (e.g., temperature, precipitation; e.g., Harriss and
Adams, 1966; Nesbitt, 1979; Chesworth et al., 1981; Middelburg
et al., 1988). Element intensities (e.g., Zr, Ti, K) and ratios (e.g.,
K/Zr, K/Ti, K/Al, and K/Rb) are routinely used to trace a wide
range of climate-related processes such as changes in rainfall
amount (e.g., Foerster et al., 2012; Hendy et al., 2015) and
intensity of weathering processes (e.g., Burnett et al., 2011; Tian
et al., 2011; Clift et al., 2014) within lake catchments.

The application of XRF-generated elemental proxies
in paleoclimatology, however, is not without its pitfalls.
Depositional variability, hiatuses and erosion, diagenesis,
and pedogenesis commonly work together to obscure or
overprint primary geochemical signals preserved in sediments.
Authigenic mineral formation can also control lake sediment
geochemistry, particularly in saline lakes (Deocampo and
Jones, 2014). Indeed, in many African lakes, clay minerals
rich in Al, or zeolites rich in Ca or K, have been shown
to alter in saline and alkaline lakes to produce Mg-rich
authigenic clay minerals and Na-rich analcime (e.g., Surdam
and Eugster, 1976; Singer and Stoffers, 1980; Trauth et al.,
2001; Deocampo, 2004, 2015). As a result, large discrepancies
between lake records remain unresolved, leading to difficulties
in interpreting proxy records of climate (e.g., Trauth et al.,
2003). These challenges are in large part due to an incomplete
understanding of proxy formation and are particularly relevant
in paleolimnology, where down-core variability of selected
elements in the sediment may have little direct relation with
the rate and intensity of weathering of the surrounding
catchment, but might rather reflect post-depositional
hydrochemical conditions.

The potassium (K) record of the Chew Bahir basin provides an
excellent example demonstrating the complexity of interpreting
highs and lows in K content in the sediment as past water
balance changes in the catchment (Foerster et al., 2012; Fischer
et al., 2020). Foerster et al. (2018) considered multiple hypotheses
to explain the K record, concluding that K enrichment in
the sediment could not entirely indicate episodes of enhanced
detrital input, but rather incipient low temperature K-fixation
during illitization associated with Mg uptake and clay mineral
layer charge increase (Deocampo and Tactikos, 2010; Deocampo,
2015). It is worth noting that the temporal variability of the
K record is remarkably consistent with half a dozen well-dated
proxy records from continental Africa (e.g., Brown et al., 2007;
Junginger and Trauth, 2013; Tierney and deMenocal, 2013; Otto-
Bliesner et al., 2014; Shanahan et al., 2015).

The present study takes its impetus from Foerster et al. (2018)
and has three main objectives. The study’s core objective is
to describe the major input and alteration processes utilizing
new geochemical data in modern sediments collected from the
Chew Bahir basin. Second, by comparing the new geochemical
data from the modern sediments with PHREEQC geochemical
modeling, where the acronym PHREEQC stands for PH (pH), RE
(redox), EQ (equilibrium), and C (program written in C), of local
waters, the study aims to improve our understanding of relevant
hydrogeochemical processes in the Chew Bahir catchment. Third,
the study aims to further refine interpretations of the Chew Bahir
K record using clay mineralogical and geochemical analysis of
modern sediments collected from the Chew Bahir catchment.
Within this framework, this study is aimed at advancing our
understanding of such climate proxies, and the development
of a reliable high-resolution environmental context for the
newly investigated site of Chew Bahir. A preliminary attempt
is made to investigate whether oxygen-isotope measurements of
authigenic clay minerals covering notable warm/wet (e.g., the
early-middle Holocene) and cold/dry intervals (e.g., the Last
Glacial Maximum, LGM) suggest similar changes in wet and dry
conditions inferred from the Chew Bahir K record.

GEOMORPHOLOGY OF THE CHEW
BAHIR BASIN

The Chew Bahir basin is a hydrographic and sedimentary system
located at the southern sector of the Main Ethiopian Rift,
northeast of the Omo-Turkana basin of southern Ethiopia and
northern Kenya (Figures 1a–d). It forms part of a ∼250 km
wide broadly rifted zone, mainly composed of Pliocene-Holocene
sediment-filled basins underlying strongly uplifted Precambrian
blocks (e.g., Ebinger et al., 2000). Oligocene basalts and
subordinate rhyolites, trachytes, tuffs and ignimbrites cover the
Precambrian basement units near the northeastern, northern
and northwestern parts of the catchment. The Teltele plateau,
which consists of Miocene basalts and rhyolite, trachyte and felsic
tuff, is located in the eastern part of the Chew Bahir catchment
(Figure 1d; see also Davidson, 1983). The northern part of the
Teltele plateau extends to the Konso upland, which is drained by
the Segen River, one of the major rivers draining to the Weyto
River, and then to the Chew Bahir basin (Fischer et al., 2020).

The Chew Bahir basin is a deep tectonic basin, where a nearly
flat, ∼30 km wide and ∼100 km long playa surface is bounded
by a ∼500 m high tectonic escarpments to its west and east.
Formation of shallow but wide alluvial fans, the biggest of which
is a 20 km by 10 km fan located just west of the Chew Bahir coring
sites, has been the major geomorphological features at the borders
between the basin and the adjacent highland graben shoulders.
The Weyto River flows in a north-south direction, forming a
wide and shallow deltaic system before it disappears into the
playa wetland (Figure 1c). The northern part of the flat basin is
covered by relatively dense grassland vegetation mostly inhibiting
aeolian geomorphological processes. Only on the vegetation-free,
strongly desiccated southernmost (∼20 km long) part of the basin
can local aeolian deflation, remobilization and sedimentation of
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FIGURE 1 | Elevation map of (a) eastern Africa with (b) 3D, (c) field, and (d) geologic representation of the Chew Bahir basin. Filled blue and yellow-green circles in
(d) show sampling locations for modern watershed (WS) and mudflat (MF) samples, respectively. Filled black circles in (d) show locations of samples collected from
the Chew Bahir catchment for grain size analysis.

fine sediments by “dust-devils” or dust storms be observed. In
the extreme southern part of the Chew Bahir basin, small aeolian
geomorphological features like “kupsten” dunes appear close to
the recent “coastline.”

The Chew Bahir tectonic basin, which has an elevation of
∼500 masl, lies on the southeastern side of the western Ethiopian
highlands, which are greater than ∼2,500 masl (Figures 1a,b).
The deep basin is thus located on the lee of potential dust
sources, especially the Sahara. Likewise, the ∼1,800 m high
Teltele plateau, which gently descends to the east, blocks potential
dust plumes from reaching the southeastern Ethiopian lowlands.

The paleo-lake ’periodically fills with water (up to 2 m in depth)
supplied primarily via the Weyto River. Modern dust input in
the form of local short events of “dust-devils” occurs during
remobilization and deposition of dust from the loose playa
sediments on the strongly desiccated surface in the extreme
southern part of the basin.

In sum, the Hammar Range to the west and the highlands to
the north and northeast, consisting of Late Proterozoic granite
and gneiss, are therefore the primary sediment sources to the
Chew Bahir basin (Foerster et al., 2012). All surface samples were
therefore collected between sub-watersheds from riverbeds or the
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desiccated lake floor to help improve our understanding of proxy
formation in this region (see sampling locations in Figure 1d and
methods). However, it should be noted that our study cannot
be considered an exhaustive survey of all geomorphological
processes active in the larger Chew Bahir catchment.

HYDROGEOLOGICAL AND CLIMATIC
FEATURES OF THE CHEW BAHIR
CATCHMENT

Today the Chew Bahir basin and catchment area has two rainy
seasons, during boreal spring and autumn, owing to the North–
South migration of the tropical African rain belt (Figures 2a–c).
The tropical African rain belt is commonly referred to as
the intertropical convergence zone (ITCZ) but the twice-yearly
passing of the tropical African rain belt may not necessarily be
synchronized with the annual cycle of insolation (e.g., Nicholson,
2018). Catchment wide mean annual rainfall is in the order of
900–1,000 mm, and the boreal spring rainy season (i.e., March–
May) accounts for>50% of the annual total (Fischer et al., 2020).

Water balance model estimates for paleo-lake Chew Bahir,
based on the Surface Energy Balance Algorithm for Land,
estimate an actual evaporation rate for the catchment of
847 mm/a (Fischer et al., 2020). Although mesoscale convective
processes and topography also play an important role in the
development of rain-bearing systems in eastern Africa (e.g.,
Hession and Moore, 2011), aridity in the catchment area is linked
to large-scale divergence in the lower troposphere (Nicholson,
2016). The prevailing aridity in northern Kenya and southern
Ethiopia is also associated with the Turkana Jet, which flows at
low levels with highest wind speeds at the 850 mb pressure level;
maximum aridity over the region occurs when the Turkana Jet

is at minimum speed (Nicholson, 2016). There is also a negative
correlation between the strength of the Turkana Jet and low level
divergence, and rainfall over that region (e.g., Sun et al., 1999).
On a broader scale, rainfall patterns in eastern Africa are also
sensitive to sea surface temperature variability in both the Indian
and Pacific Oceans (e.g., Gebregiorgis et al., 2019).

During the last African Humid Period (AHP), 20–30% more
precipitation led to lake level rises of Lake Abaya-Chamo (Fischer
et al., 2020). At that time, overflow spilled into the Chew Bahir
basin forming paleo-lake Chew Bahir, which in turn overspilled
into Lake Turkana after reaching the overflow sill at 543 masl
(Fischer et al., 2020).

MATERIALS AND METHODS

Sampling
Thirty-four surface samples from the main catchment areas
of paleo-lake Chew Bahir were collected in October 2018 for
mineralogical, and major, minor and trace element analyses
(Table 1). Twenty-eight of these surface samples were collected
between watersheds from riverbeds (henceforth referred to as
watershed samples or WS samples). Six samples were collected
from the desiccated lake floor (henceforth referred to as mudflat
samples or MF samples). Twelve samples from the Chew Bahir
pilot drill core CB-01 were analyzed from selected wetter and
drier intervals of the late Pleistocene and Holocene based on
the Chew Bahir K record (Figure 3; Foerster et al., 2012, 2018).
Samples collected from wetter intervals (henceforth referred to
as WI) include 6 samples from the AHP interval, ∼15–5 ka
(Demenocal et al., 2000; Shanahan et al., 2015). Samples collected
from drier intervals (henceforth referred as DI) include 2 samples
each from the LGM (∼21 ka BP; Clark et al., 2009), Younger
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FIGURE 2 | Seasonal precipitation (mm/day) patterns in eastern Africa during (a) March–May, (b) June–September, and (c) October–November; mean precipitation
for the period 1979–2015 at 1,000 hPa geopotential height (gph) fields. Global Precipitation Climatology Centre (GPCC) monthly precipitation data is acquired from
the National Oceanic and Atmospheric Administration (NOAA) and can be accessed at https://www.esrl.noaa.gov/psd/. Thick, dashed, brown lines indicate the
approximate location of the tropical African rain belt. Red circle indicates the location of the drill site.
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TABLE 1 | Major/minor (wt. %) and trace (including rare earth) (ppm) element compositions of modern and down-core Chew Bahir samples.

Legend WS1 WS2 WS3 WS4 WS5 WS6 WS7 WS8 WS9 WS10 WS11 WS12 WS13 WS14 WS15 WS16

SiO2
† 68.7 64.4 62.2 59.4 60.9 56.5 61.3 60.3 58.3 55.1 54.8 68.2 61.1 56.4 56.5 60.3

Al2O3
† 14.0 15.3 15.3 14.3 15.6 14.8 14.7 16.4 16.9 16.7 15.9 13.1 16.4 16.5 16.2 15.9

CaO† 3.9 4.4 4.8 5.9 4.6 5.0 4.7 4.6 4.7 6.4 5.2 2.7 5.1 4.7 4.3 4.1

Fe2O3
† 4.7 5.4 6.4 7.5 7.3 11.3 9.4 7.1 6.9 6.9 7.2 5.1 6.6 7.5 6.5 7.5

K2O† 1.8 2.1 1.9 1.9 2.3 1.9 1.9 2.2 2.3 2.2 2.1 2.7 2.0 2.3 2.2 2.0

MgO† 1.5 1.7 2.2 2.5 2.2 2.8 2.2 2.4 2.5 3.3 3.0 1.4 2.3 3.4 2.1 2.0

Na2O† 3.4 3.4 3.4 3.0 3.5 3.2 3.3 3.6 3.7 3.7 3.6 3.3 4.0 3.2 3.9 4.1

TiO2
† 0.5 0.7 1.0 1.0 1.0 1.7 1.3 0.9 1.0 1.0 1.0 0.6 0.9 1.1 1.0 1.2

Ba 837 833 686 741 857 673 689 876 880 789 761 804 775 840 719 565

Ce 36 52 54 57 62 81 68 62 84 79 77 61 60 77 61 63

Co 9 11 15 15 15 22 17 16 17 20 20 9 15 24 17 19

Cr 40 50 50 80 60 90 80 60 70 80 80 40 60 90 60 70

Dy 3.5 5.5 5.3 5.8 5.3 7.0 5.7 5.5 6.5 6.7 6.6 7.0 5.4 6.4 5.1 6.3

Er 2.2 3.0 3.1 3.3 2.9 4.0 3.3 3.1 3.5 3.9 3.6 3.4 3.1 3.6 2.8 3.4

Eu 1.2 1.7 1.8 1.6 1.8 1.9 1.7 1.8 2.0 2.2 2.2 2.2 1.8 2.1 1.8 1.7

Ga 14.0 16.0 18.0 17.0 18.0 21.0 19.0 19.0 21.0 21.0 21.0 19.0 19.0 21.0 20.0 20.0

Gd 3.4 5.0 5.5 5.6 5.7 7.5 6.0 5.7 7.3 7.1 6.9 7.1 5.4 7.1 5.4 6.0

Hf 3.1 4.2 4.8 4.5 4.8 7.9 7.2 7.0 10.6 8.2 6.6 4.8 6.6 6.6 5.1 6.3

Ho 0.7 1.0 1.1 1.1 1.0 1.3 1.1 1.1 1.2 1.2 1.3 1.3 1.1 1.2 0.9 1.2

La 17.9 26.6 26.3 27.3 29.7 37.0 31.7 29.7 39.6 37.5 36.3 29.3 28.5 37.0 30.0 29.3

Lu 0.4 0.5 0.5 0.5 0.4 0.6 0.5 0.4 0.5 0.5 0.6 0.5 0.5 0.5 0.4 0.5

Nb 3.0 6.0 6.0 6.0 6.0 11.0 8.0 8.0 11.0 9.0 8.0 4.0 6.0 9.0 14.0 16.0

Nd 18 26 29 28 32 40 34 31 41 41 40 35 31 39 30 32

Rb 28 37 34 36 44 37 32 47 48 52 46 51 34 52 46 33

Sc 12 15 14 19 14 20 16 15 16 18 17 10 14 20 13 14

Sm 3.9 5.9 6.4 6.5 7.1 8.4 7.4 6.8 9.1 8.6 8.7 8.5 6.4 8.6 6.4 7.4

Sr 482 456 491 504 473 429 436 457 526 584 542 315 522 452 538 433

Tb 0.6 0.9 0.9 1.0 0.9 1.2 1.0 0.9 1.1 1.1 1.1 1.2 0.9 1.1 0.9 1.0

Th 2.6 3.8 3.2 4.3 4.2 5.9 5.2 4.1 5.1 3.5 3.6 4.7 3.6 5.4 3.3 3.2

Tm 0.3 0.5 0.4 0.5 0.4 0.6 0.5 0.4 0.5 0.5 0.5 0.5 0.4 0.5 0.4 0.5

U 0.4 0.7 0.5 0.7 0.5 0.7 0.6 0.6 0.8 0.7 0.7 0.5 0.5 0.7 0.6 0.8

V 82 88 101 148 119 213 175 107 107 112 119 61 107 134 95 122

Yb 2.1 3.0 2.8 3.4 2.6 3.8 3.2 2.7 3.2 3.4 3.5 3.0 2.8 3.3 2.5 3.2

Zr 126 182 186 168 197 306 282 270 410 316 264 215 259 270 200 251

CIA 60 61 60 57 60 60 60 61 61 57 59 60 60 62 61 61

Eu/Eu* 1.01 0.91 0.89 0.76 0.81 0.72 0.74 0.88 0.73 0.82 0.83 0.82 0.91 0.80 0.92 0.77

(Continued)
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TABLE 1 | Continued

Legend WS17 WS18 WS19 WS20 WS21 WS22 WS23 WS24 WS25 WS26 WS27 WS28 MF1 MF2 MF3

SiO2
† 67.0 55.5 55.4 56.2 56.5 61.8 65.2 59.4 60.1 54.4 58.3 44.9 42.4 28.9 31.4

Al2O3
† 14.0 16.1 15.6 15.0 16.6 15.7 12.0 14.1 15.1 14.7 15.1 14.2 12.1 8.6 9.4

CaO† 3.4 7.2 4.6 6.2 4.8 4.5 4.1 5.3 7.3 9.9 7.2 8.3 8.0 14.7 15.6

Fe2O3
† 6.2 9.5 7.6 7.5 7.7 7.1 5.4 8.8 8.1 9.0 10.1 17.2 9.3 6.4 6.9

K2O† 2.1 1.5 2.3 2.6 2.5 2.1 2.2 2.0 1.4 0.4 0.5 1.0 2.2 1.5 1.6

MgO† 1.3 3.1 2.5 2.6 2.9 1.7 1.3 2.9 1.8 6.8 3.7 3.7 5.1 3.1 3.4

Na2O† 3.7 3.9 3.3 3.4 4.0 4.2 2.7 3.1 3.3 2.9 2.6 2.8 4.9 11.6 6.7

TiO2
† 0.9 1.3 1.0 0.9 1.1 1.0 0.8 1.6 0.6 0.7 0.7 3.0 1.1 1.1 1.1

Ba 738 470 696 754 766 711 542 776 855 170 209 523 371 485 524

Ce 57 44 68 65 66 49 68 50 61 31 17 77 83 95 105

Co 11 22 21 19 20 13 12 23 20 24 50 36 25 16 18

Cr 50 120 80 80 90 50 50 230 770 24 100 60 50 50

Dy 4.2 5.0 6.5 5.7 6.0 4.5 5.5 4.8 5.7 5.1 4.0 6.9 7.8 8.5 8.9

Er 2.3 2.8 3.5 3.1 3.3 2.5 3.1 2.7 3.4 3.0 2.3 3.4 4.1 4.4 4.8

Eu 1.5 1.5 1.8 1.8 2.1 2.0 1.6 1.7 1.6 1.7 1.1 2.7 2.3 2.6 2.9

Ga 17.0 19.0 20.0 20.0 22.0 19.0 17.0 18.0 16.0 18.0 14.0 23.0 19.0 13.0 14.0

Gd 4.4 4.9 6.6 5.7 6.1 4.7 6.1 4.8 6.4 5.2 3.5 7.7 8.2 8.9 9.8

Hf 5.7 4.4 5.0 4.7 6.3 5.1 6.4 9.5 2.3 1.6 0.9 5.6 5.4 3.6 4.0

Ho 0.8 1.0 1.3 1.1 1.2 0.9 1.0 0.9 1.1 1.0 0.8 1.3 1.5 1.6 1.7

La 28.3 20.2 32.4 32.2 30.6 23.6 32.4 22.9 30.1 12.4 7.2 38.5 48.7 55.1 59.3

Lu 0.3 0.4 0.5 0.4 0.5 0.4 0.4 0.5 0.5 0.4 0.3 0.5 0.6 0.6 0.7

Nb 9.0 10.0 12.0 12.0 12.0 8.0 17.0 15.0 5.0 4.0 1.0 37.0 31.0 26.0 26.0

Nd 28 23 36 32 33 25 34 26 31 21 13 40 45 52 55

Rb 34 22 48 58 55 35 43 43 17 2 6 16 42 27 31

Sc 9 24 17 17 18 13 10 18 23 41 39 28 17 15 18

Sm 5.4 5.3 8.1 7.2 7.6 5.5 7.1 5.6 7.0 5.5 3.4 8.7 9.7 11.1 11.8

Sr 501 510 418 479 524 561 319 537 723 714 209 462 498 860 917

Tb 0.7 0.8 1.1 0.9 1.0 0.7 1.0 0.8 1.0 0.8 0.6 1.2 1.3 1.4 1.5

Th 4.0 2.4 3.5 3.5 3.4 2.6 4.6 4.5 0.2 0.2 0.1 3.8 5.7 5.7 6.4

Tm 0.3 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.5 0.5 0.3 0.5 0.6 0.7 0.7

U 0.5 0.5 0.7 0.7 0.7 0.4 1.2 1.8 0.2 0.1 0.1 1.2 0.8 5.0 1.8

V 96 191 111 113 128 114 79 177 90 212 1 344 134 126 119

Yb 2.0 2.7 3.4 2.7 3.0 2.4 2.8 2.9 3.4 2.8 2.2 3.1 3.6 4.1 4.1

Zr 229 171 196 175 239 199 238 357 81 50 17 228 211 147 156

CIA 60 56 60 55 60 59 57 58 56 53 60 54 44 24 28

Eu/Eu* 0.90 0.85 0.71 0.81 0.89 1.15 0.70 0.96 0.71 0.93 0.93 0.97 0.76 0.77 0.78

(Continued)
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TABLE 1 | Continued

Legend MF4 MF5 MF6 DI1 DI2 DY3 DI4 DI5 DI6 WI1 WI2 WI3 WI4 WI5 WI6

SiO2
† 37.2 39.7 45.4 35.6 40.9 40.9 41.9 44.8 42.5 44.3 43.8 49.5 41.6 45.5 36.7

Al2O3
† 12.3 12.8 15.1 9.7 10.1 10.7 11.3 11.2 10.5 11.1 11.5 11.0 10.7 10.4 8.2

CaO† 10.5 8.6 6.1 13.4 5.4 9.5 5.8 2.6 6.2 5.2 5.2 2.0 7.8 3.3 11.6

Fe2O3
† 8.8 9.0 9.7 7.0 8.6 8.7 9.1 10.0 8.5 8.7 9.5 8.8 8.6 8.1 6.5

K2O† 1.7 1.8 1.8 2.3 2.9 2.4 2.4 2.8 2.3 1.9 1.6 1.3 1.3 1.6 1.1

MgO† 3.5 3.6 3.5 5.1 7.1 5.5 6.5 6.1 4.9 5.1 3.4 2.5 2.8 3.2 2.9

Na2O† 6.0 6.5 2.7 4.6 5.0 4.3 5.5 6.0 5.8 4.9 5.0 6.3 5.4 8.4 7.8

TiO2
† 1.4 1.3 1.4 0.9 1.0 1.0 1.1 0.9 1.0 0.9 1.0 0.9 0.9 0.9 0.7

Ba 459 469 502 514 281 381 345 204 288 279 330 236 345 308 304

Ce 104 92 91 75 44 68 66 62 69 59 81 71 103 55 69

Co 24 25 26 18 24 21 23 28 23 23 23 24 20 17 14

Cr 60 70 90 60 50 50 70 90 50 60 70 70 70 50 60

Dy 9.9 8.1 7.8 6.2 3.7 5.4 4.8 4.3 5.3 4.9 6.2 5.7 7.4 4.4 5.0

Er 5.0 4.3 4.0 3.2 2.0 3.0 2.5 2.3 2.9 2.7 3.3 3.2 3.9 2.3 2.6

Eu 3.1 2.5 2.4 1.7 1.0 1.5 1.4 1.1 1.5 1.4 1.6 1.6 1.9 1.2 1.4

Ga 19.0 19 22 14 15 15 16 18 16 16 17 18 16 12 12

Gd 10.5 8.4 8.4 7.0 4.1 6.0 5.3 4.4 6.0 5.5 6.7 6.4 7.9 4.7 5.6

Hf 5.1 4.6 5.8 3.7 4.5 4.8 4.0 6.0 5.0 4.7 4.3 5.1 4.2 3.5 3.2

Ho 1.8 1.5 1.4 1.2 0.7 1.0 0.9 0.9 1.0 0.9 1.2 1.1 1.4 0.9 0.9

La 61.3 51 47 38 23 31 31 25 32 30 36 37 44 27 31

Lu 0.7 0.6 0.6 0.5 0.3 0.4 0.4 0.3 0.4 0.4 0.5 0.4 0.6 0.3 0.4

Nb 32.0 30 30 21 25 26 25 32 28 24 24 27 26 19 19

Nd 61 48 45 37 22 31 30 24 31 29 36 36 43 26 29

Rb 39 43 49 52 56 44 60 56 47 57 64 54 55 41 42

Sc 18 19 22 15 14 18 15 18 21 18 20 17 17 16 13

Sm 12.9 10.3 9.6 7.7 4.4 6.4 6.0 4.9 6.6 6.2 7.5 7.4 8.8 5.4 6.0

Sr 645 516 410 778 356 536 449 169 372 259 211 129 284 197 397

Tb 1.7 1.3 1.4 1.1 0.6 0.9 0.8 0.7 0.9 0.8 1.1 1.0 1.2 0.8 0.9

Th 6.9 6.4 6.4 5.7 3.8 5.2 5.5 5.6 5.2 5.3 6.1 6.0 8.3 4.6 5.3

Tm 0.7 0.6 0.6 0.4 0.3 0.4 0.3 0.4 0.4 0.4 0.5 0.5 0.6 0.3 0.4

U 1.3 2.3 1.4 2.1 1.0 1.0 2.5 1.7 2.2 1.4 1.3 1.9 2.3 3.3 4.4

V 165 145 160 103 97 121 142 302 108 146 117 145 104 120 101

Yb 4.4 3.8 3.6 3.1 1.9 2.7 2.3 2.3 2.7 2.4 2.9 3.0 3.8 2.2 2.4

Zr 187 179 214 150 190 208 162 278 208 208 198 200 182 161 131

CIA 40 43 59 32 43 40 45 50 42 48 49 54 42 44 28

Eu* 0.78 0.78 0.81 0.70 0.72 0.74 0.72 0.69 0.71 0.70 0.69 0.70 0.69 0.68 0.70

†Given in wt. %; Eu/Eu* = (2Eu/Euchondrite)/(Sm/Smchondrite + Gd/Gdchondrite).
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FIGURE 3 | Core lithology, age-depth model, and the Chew Bahir K record over the past ∼45 kyrs.
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Dryas (YD; ∼12.9–11.7 ka BP; Roberts et al., 1993) and Late
Holocene (representing the last∼2 ka BP of the record; Figure 3).
Three samples (i.e., W4, W25, and W26) were collected in
November 2018 for grain size analysis (Figure 1). W25 and W26
were collected from the Weyto River catchment entering into the
Chew Bahir basin. W26 was collected from a freshly accumulated
riverbank, while W25 represents an alluvial fan accumulation site
between Weyto town and Weyto River. W4 was collected from a
deep incised river at the foot of the Hammar range in the southern
part of the Chew Bahir basin (see Figure 1 for sample locations).

X-Ray Diffraction, Electron Microprobe
and Grain Size Analysis
The mineralogical composition of powdered bulk sediments
and oriented mounts of clay particles (<2 µm) were analyzed
using X–ray powder diffraction (XRD) at the Department of
Geosciences, Georgia State University. The clay fractions were
extracted according to Stokes’ settling velocity principle in
1,000 ml glassware. Randomly-oriented, powdered bulk samples
were analyzed using Cu-Kα radiation (45 kV, 40 mA) from 5
to 70◦ 2θ, with a 0.02◦ 2θ step and 60 s per step, to identify
a suite of non-clay minerals. Preferred-oriented samples of the
<2 µm size fraction were analyzed in both air-dried (AD)
and ethylene glycol-solvated (EG) states from 3 to 35◦ 2θ with
a 0.02◦ 2θ step at 60 s per step, following the principles of
Moore and Reynolds (1997).

The octahedral cation ratios [(Mg/(Al + Fe)] of the <0.1 µm
size-fractions were determined using the JEOL-8200 electron
microprobe at Rutgers University. The analyses were performed
at 15 Kv accelerating voltage and 15 mA beam current, using
a suite of in-house standards, including several hydroxyl-
bearing sheet silicates, and derived from multiple sources.
Data corrections were done using ZAF procedures. Since the
samples are intrinsically fine-grained powders, normal polishing
procedures could not be used and instead the samples had
the form of compressed pellets that were sufficiently smooth
to permit analysis. The presence of unquantified inter-grain
voids reduces the overall density of the samples and, together
with unanalyzed hydroxyl fractions, prevents the analysis totals
reaching the nominal 100%.

Grain size analysis was carried out at the laboratory of
the Geographic Institute, University of Cologne. Analysis was
conducted in 116 channels from 0.04 to 2,000 mm with a
Laser Diffraction Particle Size Analyzer (LS 13320 Beckmann
CoulterTM), using the Fraunhofer optical model. Before analysis,
organic and carbonate content was removed using 15% H2O2
and 10% HCL, respectively. Grain-size parameters are based
on Folk and Ward (1957) and were calculated by GRADISTAT
software version 8 (Blott and Pye, 2001).

Quantitative Multi-Element and
Oxygen-Isotope Analysis
A total of 46 samples were analyzed for major, minor and trace
elements at the Activation Laboratories Ltd. in Ontario, Canada
following the analytical procedure termed “Code 4LITHO Major
Elements Fusion ICP (WRA)/Trace Elements Fusion ICP/MS.”

Major, minor and trace element data were acquired by ICP-
OES fusion and ICP-MS, respectively. Samples were analyzed
in a batch system with each batch containing a method reagent
blank, certified reference material and duplicates. Samples were
analyzed for major oxides and selected trace elements (Code
4B) using Perkin Elmer Sciex ELAN 6000, 6100, or 9000
ICP/MS, providing a precision of ±5% and 10% for major
and minor oxides, and trace elements at 100x the detection
limit, respectively. Seven USGS and CANMET certified reference
materials were used for calibration and one of the 7 standards
was analyzed for every group of 10 samples. Three blanks and
duplicates were analyzed per group of samples and every 15
samples, respectively.

The chemical index of alteration (CIA) was calculated on the
basis of major element chemistry following Nesbitt and Young
(1982) as follows:

CIA = [Al2O3/(Al2O3 + Na2O + K2O + CaO)] × 100
(1)

Six samples (3 each from DI and WI) were selected for clay
mineral purification and subsequent oxygen-isotope analysis.
Ultrafine clay size-fractions (<0.1 µm) were separated from
the bulk sediments following routine centrifugation protocols
(Moore and Reynolds, 1997) for XRD analysis. Samples
were analyzed in both AD and EG states from 3 to 35◦
2θ. Oxygen-isotope analyses were performed on the same
samples at the Laboratory for Stable Isotope Science at the
University of Western Ontario following Libbey et al. (2013)
and references therein. The results are presented in the normal
δ-notation relative to the VSMOW-SLAP calibrated scale in
parts per thousand (h). Reproducibility was better than±0.2h.
VSMOW-SLAP calibrated standards analyzed as unknowns
returned δ18O = + 11.54 ± 0.2h (quartz; n = 2) and
+10.18 ± 0.01h (carbon dioxide; n = 2), which compares well
with their accepted values of +11.5h and +10.25h, respectively
(Huggett et al., 2017).

Geochemical Modeling
Geochemist’s Workbench R© (Bethke et al., 2019) was used to
model the evaporative concentration of water with a dissolved
solid composition equivalent to Lake Chamo, a freshwater lake
that drains through the Segen River to the Chew Bahir basin
(Table 2; Ayenew, 2005). Equilibrium reactions were modeled
iteratively to dryness, assuming equilibrium gas exchange
with the atmosphere. Equilibrium precipitation-dissolution was
assumed with respect to gibbsite, and the precipitation of
dolomite, talc, chrysotile, and mica were all suppressed as
reaction kinetics likely do not favor these authigenic phases
(Deocampo, 2010; Deocampo and Jones, 2014).

RESULTS

Mineralogy and Grain Size Distribution
The mineralogical assemblage of the WS samples is composed
primarily of sand- and silt-size particles containing a higher
fraction of non-clay mineral silicate phases than the MF samples,
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TABLE 2 | Chemical composition of Lake Chamo water used for geochemical
modeling.

Solute Concentration (mg/L)

Na 265

K 14.1

Ca 2.2

Mg 3.8

Cl 64.9

SO4 4.1

HCO3 573

pH = 8.9

which comprised mostly clay minerals. In addition to illite,
smectite, and kaolinite, the <2 µm size-fraction of the WS
samples also contain quartz and feldspar, and trace amounts of
calcite and analcime (Figure 4). Analcime content increases in
the MF samples that are transitional to the desiccated lake floor
of the Chew Bahir basin. The <2 µm size-fraction of the MF
samples contains illite, smectite and kaolinite (Figure 4).

Grain-size data of three samples are shown in Supplementary
Figure 2. Two of the three samples (i.e., W26 and W4) show
unimodal features, while one (W25) shows multimodal features
(Supplementary Figure 2). All samples contained relatively little
material in the 2–50 µm aeolian size range (Supplementary
Figure 2). The amount of material within the 2–50 µm fraction in
W26 and W4, and W25 samples is∼14% and 36.8%, respectively.

Whole-Rock and Authigenic Clay Mineral
Geochemistry
Major and trace element concentrations of the different sample
groups show clear intergroup differences in the enrichment and
depletion of certain major elements (Table 1). WS samples have
higher SiO2 (50–70 wt.%) contents compared to the MF samples
(Figure 5 and Table 1). In WS samples, as SiO2 content increases,
most other element abundances decrease, suggesting their
association with non-quartz minerals. K2O contents, however,
remain relatively constant as SiO2 varies. In MF samples, major
element contents increase with increasing SiO2, except for CaO,
which strongly decreases. On the A–CN–K diagram (Figure 6a),
WS samples are richest in Al2O3 (∼50–70%); CaO + Na2O
contents in MF samples trend toward the cluster of WS samples
while their K2O contents remain at ≤10%. On the A–CNK–FM
diagram (Figure 6b), the CaO + Na2O + K2O content of some
MF samples increases to ∼50% approaching the cluster of WS
samples. CIA values (Table 1) range between 24 and 62 with WS
samples consistently yielding higher values. Mean CIA values for
WS and MF samples are 59 and 40, respectively. Mean CIA values
for WI and DI samples are 44 and 42, respectively.

Upper Continental Crust-normalized (McLennan, 2001)
chemical compositions of the sediments show that MF samples,
on average, are enriched in elements such as Mg, Ca, Ce,
Nd, and Na, and depleted of elements such as Ba and
Zr relative to WS samples (Figures 7a,b). DI samples, on
average, are enriched in Mg and depleted of K relative to
WS samples (Figures 7c,d). Chondrite-normalized REE patterns

reveal minor differences between the WS and MF samples
(Figure 8). WS samples [e.g., mean (La/Sm)N = 2.61] are
slightly depleted of Light REE (LREE) compared to MF
samples [e.g., mean (La/Sm)N = 3.07] (Figure 8). Similarly,
no significant differences are observed between Heavy REE
(HREE) in WS [e.g., average (Gd/Yb)N = 1.61] and MF [e.g.,
average (Gd/Yb)N = 1.86] samples. No preferential removal
of LREE or HREE is observed for either DI or WI samples
(Figure 8). Eu anomalies in WS (mean Eu/Eu∗ = 0.85),
MF (mean Eu/Eu∗ = 0.78), DI (mean Eu/Eu∗ = of 0.71),
and WI (mean Eu/Eu∗ = 0.69) samples are also virtually
identical (Table 1).

Whole-rock Ba/Sr ratios, a widely used proxy for weathering
intensity (e.g., Buggle et al., 2011), show WS and WI samples
generally having higher Ba/Sr ratios compared to MF and DI
samples (Figure 9a). On average, MF samples have higher
MgO/Al2O3 ratios (mean = 0.3) than WS samples (mean = 0.15),
but both DI and WI samples have higher MgO/Al2O3 ratios
compared to MF samples (Figures 9a,b). MgO/Al2O3 and Ba/Sr
ratios in WS and MF samples show a somewhat higher degree of
correlation (R2 = 0.64) than in WI and DI samples (R2 = 0.52;
Figure 9a). MgO/Al2O3 and K2O/Al2O3 ratios in DI and WI
samples similarly show a high degree of correlation (R2 = 0.64;
Figure 10a), and this relationship is the same for MgO and K2O.

Oxygen-isotope measurements of authigenic clay minerals
(δ18Oillite−smectite = + 22.44 to + 25.32h) show that, except
for one sample, the DI samples have higher δ18Oillite−smectite
compared to WI samples (Figures 10b,c and Table 3). The
oxygen-isotope results for the <0.1 µm size-fraction also
correlate well with the octahedral Mg/(Al + Fe) ratios determined
by electron microprobe analysis (Figure 10b and Table 3).

Geochemical Modeling
Model results (Figure 11) show the immediate precipitation
of calcite, reflecting the near-saturation of most surface waters
in the region with respect to calcium carbonate. Evaporative
concentration increases the amount of calcite precipitation and
is also associated with analcime formation (Foerster et al., 2018).
The next phase to reach supersaturation in the system is analcime
(NaAlSi2O6•H2O). Although solid phase analcime is stable in
these surface waters, only a small mass of mineral was predicted
to precipitate. The final phase to reach supersaturation is sepiolite
[Mg4(Si6O15)(OH)2•6H2O].

DISCUSSION

Weathering, Early Diagenesis and
Authigenesis in Chew Bahir Sediments
The sedimentary deposits comprised in the Chew Bahir
cores are primarily derived from Precambrian metamorphic
rocks of the Hammar Range and the volcanic rocks at
the northern and northeastern parts of the catchment via
erosion and physical weathering of the source rock, which
also facilitates chemical weathering. The CIA, first introduced
by Nesbitt and Young (1982), has proved useful for quantifying
progressive chemical weathering of the source rock, with higher
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FIGURE 4 | XRD patterns of preferred-oriented, air-dried and glycolated mounts of the <2 µm size-fraction for four (4) WS and MF samples of modern Chew Bahir
sediments. WS, modern watershed; and MF, modern mudflat. XRD patterns for air-dried samples are shown in blue, and those for samples treated with ethylene
glycol, red.
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FIGURE 6 | Ternary plots of (a) A-CN-K, and (b) A-CNK-FM illustrating the degree of alteration in WS, MF, WI, and DI samples. WS, modern watershed sample; and
MF, modern mudflat sample.
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values indicating stronger weathering. In the case of WS
samples, both physical weathering of the source rock material
(i.e., metamorphosed granitic and gneissic rocks) and progressive
chemical weathering are likely at play. The presence of authigenic
carbonates, abundant in MF samples, however, complicates
application of the CIA when endeavoring to capture the true
extent of weathering (e.g., Cullers, 2000; Buggle et al., 2011;
Garzanti et al., 2014). The Fe2O3, MnO, and K2O contents of
both WS and MF samples are about the same but the CaO
content is generally higher in MF samples (Figure 5). Solving

Equation 1 excluding CaO provides higher CIA values for WS
samples (i.e., mean CIA = 74) than MF samples (i.e., mean
CIA = 60), indicating stronger weathering in WS samples than
MF samples. Although the unavailability of a systematic dust
record is a key limitation, the conclusion that sedimentary
deposits comprised in the Chew Bahir cores are primarily derived
from Precambrian metamorphic rocks of the Hammar Ranis
is consistent with the inferences made from XRD and grain
size data (Supplementary Figures 1, 2). The XRD data do not
show evidence for windblown or distant aeolian-transported
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FIGURE 9 | Comparison between (a) Ba/Sr and MgO/Al2O3 for WS, MF, DI, and WI samples and (b) K2O/Al2O3 and MgO/Al2O3 for WS and MF samples. WS,
modern watershed; MF, modern mudflat; DI, late Quaternary dry interval; and WI, late Quaternary wet interval. The R2 values shown in the lower left corner of (b) are
for Ba/Sr versus MgO/Al2O3 in WS and MF (blue), and WI and DI (purple) samples, respectively. Arrows in (b) show direction of increase in weathering intensity and
salinity inferred from the Ba/Sr and MgO/Al2O3 ratios, respectively.

dust sources, which are commonly associated with clay minerals
such as palygorskite (see, for example, Ehrmann et al., 2017
and Supplementary Figure 1). Two of the three samples
(i.e., W26 and W4) collected for grain size analysis derived
from freshly transported material of recent riverbeds show
unimodal features and very little material in the 2–50 µm
aeolian size range (Supplementary Figure 2). W25 collected
from an alluvial fan accumulation is a mixture of different grain-
size fractions with multimodal features, suggesting strong local
fluvial reworking (Supplementary Figure 2). The amount of
material in the 2–50 µm size range is also much higher in
W25 (∼36. 8%) than in W26 and W4 (∼14.4%), and lends
further support for the aforementioned interpretations vis-à-
vis the source of Chew Bahir sediments. We concede, however,
that the above interpretations need to be independently verified
using dust traps.

As described in the Results section, notable differences in
major and minor whole-rock geochemistry exist between MF and
WS samples (Figure 5 and Table 1). Differences also include

significant enrichment of MF samples compared to WS samples
in some mobile elements (e.g., Na and Mg), which may have
been introduced externally from saline, alkaline pore waters
(Figures 7a,b). Na contents in WI and DI samples, however, are
not significantly different (Figure 7c,d). The decreasing trend
in Al2O3, Fe2O3, MnO, and MgO contents with increasing
SiO2 in the WS samples reflects the process involved in the
formation of the source granitic rocks by a simple fractional
crystallization (e.g., Asrat and Barbey, 2003). However, the MF
samples also show an increase in MgO, which indicates its
possible enrichement during chemical weathering (e.g., clay
formation; Figure 5).

The true extent of early diagenetic control on the elemental
composition of Chew Bahir sediments is amplified in their clay
mineralogy. The modern MF samples mostly contain illite, Mg-
rich smectite and some kaolinite (Figure 4). The Mg enrichment
observed in clay minerals from MF samples is similar to late
Quaternary DI samples and most likely reflects authigenic
clay mineral formation from the alteration of feldspathic glass
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FIGURE 10 | Comparison for DI and WI samples between (a) bulk K2O/Al2O3 and MgO/Al2O3, (b) octahedral Mg/(Al + Fe) versus δ18O of authigenic illite-smectite
(<0.1 µm size-fraction), and (c) bulk MgO/Al2O3 versus δ18O of authigenic illite-smectite (<0.1 µm size-fraction). Arrows in (b,c) show direction of increase in
salinity deduced from δ18Oillite−smectite.

TABLE 3 | δ18O values and octahedral cation ratios for illite-smectite from late Quaternary samples.

Samples Timing (Sample group) δ18Oillite−smectite (h)* Oct Mg Oct Fe Oct Al Oct Mg/(Fe + Al)*

CB- 05- 2010- 478 LGM (DI) +25.32 0.44 0.73 0.81 0.87

CB- 01- 2009-658 AHP (WI) +23.07 0.80 0.64 0.68 0.65

CB- 03- 2010- 468 AHP (WI) +24.52 0.99 0.75 0.46 0.47

CB- 01- 2009-730 YD (DI) +24.83 1.06 0.74 0.46 0.95

CB- 03- 2010- 570 YD (DI) +24.16 0.98 0.79 0.37 1.08

CB- 01- 2009- 450 AHP (WI) +22.44 0.64 0.59 0.76 0.32

*<0.1 µm size-fraction.

(Deocampo and Jones, 2014; Deocampo, 2015), a precursor
phase present in abundant quantities in the Chew Bahir basin
(Foerster et al., 2018).

Watershed samples also show a slightly higher degree of LREE
and HREE fractionation compared to MF samples, while all
sample groups also have negative Eu anomalies with no clear
differences between WS and MF samples (average Eu/Eu∗ of 0.85
versus 0.78, respectively; Table 1) or WI and DI samples (average
Eu/Eu∗ of 0.71 versus 0.69, respectively; Table 1). Assuming
Eu concentration is not affected by weathering, a negative Eu
anomaly is an indication of strong plagioclase fractionation in the

source rocks; notably, the Proterozoic granitic and gneissic rocks
of the Hammar Range show strong negative Eu anomalies (Asrat
and Barbey, 2003). It also suggests that the bulk sediment source
rock remained very similar through time. In short, the REE data
suggest that the detrital sediment load is predominantly derived
from the Hammar Range.

Consistent with the CIA, intergroup comparisons between
MgO/Al2O3 and K2O/Al2O3 or Ba/Sr for the bulk sediments
suggest that the intensity of weathering, inferred from Ba/Sr
data, is (and was) highest in late Quaternary WI and modern
WS samples (Figure 9a). Although the link between weathering
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and geochemical proxy formation is known to be more complex,
Ba/Sr ratios are routinely used as a weathering proxy. The power
of this proxy is provided by the selective removal of more
mobile Sr coupled with the relative immobility of Ba, which
is readily adsorbed by clay minerals during weathering (e.g.,
Nesbitt and Markovics, 1980; Middelburg et al., 1988; Deocampo
et al., 2010). By comparison, DI samples have consistently
higher MgO/Al2O3, while K2O/Al2O3 in MF samples holds
constant (Figure 10b). A strong positive relationship between
MgO/Al2O3 and K2O/Al2O3 (also between MgO and K2O)
within the mudflat samples indicates the effect of greater
exposure to salinity and alkalinity on the mudflats, with
octahedral Mg substitution and K-uptake due to incipient
illitization (Deocampo, 2015; Figure 9b). The presence of
both smectite and illite-smectite (the latter formed by low
temperature illitization of smectite; e.g., Eberl et al., 1986) is
reminiscent of similar differences observed between the late
Quaternary WI and DI samples. The geochemistry of MF
samples is most likely constrained by diagenesis and authigenic
mineral formation, rather than solely representing the end
product of weathering. Indeed, neoformation of clay minerals
in alkaline solutions is termed “inverse weathering” as it is
chemically the opposite of silicate hydrolysis, which produces
authigenic alkaline silicate minerals (Deocampo and Jones, 2014;
Deocampo, 2015).

The presence of analcime, a precursor zeolite formed under
conditions of increasing lake water salinity and alkalinity, is
noteworthy in all MF samples and WS samples collected near
the desiccated lake floor (Figure 4). Analcime is also present
in cores collected from the center of the Chew Bahir basin
(e.g., Viehberg et al., 2018). Analcime can form under diverse
physical, chemical and geological settings including marine and
hydrothermal alteration, but it is much more common in saline
and alkaline lake deposits (e.g., Hay and Sheppard, 2001). We
have considered a range of possibilities to explain diagenetic
formation of analcime in the Chew Bahir basin. In some other
eastern African lakes such as Lake Magadi, analcime is thought
to form by reaction of precursor zeolites, volcanic glass, hydrous
sodium aluminosilicate gels or a combination of all three phases
in saline alkaline solutions (e.g., Surdam and Eugster, 1976). In
other eastern African rift lakes such as Lake Bogoria, authigenic
analcime has been shown to form from poorly crystalline smectite
clay minerals reacting with saline, alkaline pore fluids (e.g.,
Renaut, 1993).

Hydrogeochemical Processes in the
Chew Bahir Basin
The Geochemist’s Workbench§ model results indicate that
evaporative concentration increases the amount of calcite
precipitation, eventually eliminating calcium from evolved
waters (Deocampo and Jones, 2014). The next phase to
reach supersaturation in the model system is analcime
(NaAlSi2O6•H2O; Figure 11). This reflects the high alkalinity
of the waters in the presence of reactive aluminosilicates
(Hay, 1978). Although analcime is stable in these modeled
waters, however, only a small mass of mineral was predicted to
precipitate. This suggests that the significant accumulations of

FIGURE 11 | Modeled hydrochemical evolution and mineral reaction
pathways in the Chew Bahir basin showing the immediate precipitation of
calcite, and followed by analcime and sepiolite, calculated based on Lake
Chamo dissolved solid composition (Table 2; Ayenew, 2005).

analcime observed in the Chew Bahir sediments (e.g., Foerster
et al., 2018) result not only from evaporative concentration, but
also from alteration of locally abundant volcanic glass in alkaline
waters (Hay and Sheppard, 2001).

Sepiolite [Mg4(Si6O15)(OH)2•6H2O] is the final phase to
reach supersaturation in the modeled system (Figure 11).
Although sepiolite has not been observed locally and is
not expected to precipitate in this setting, we can use its
thermodynamics to model the behavior of Mg-silicates more
generally (Deocampo, 2005, 2015). Abundant aluminous
detrital clay minerals in fluvio-lacustrine environments
provide reactive substrates with low kinetic barriers for
precipitation of Mg-rich interstratifications rather than
pure Mg-silicate such as sepiolite (Deocampo, 2015).
The model prediction of sepiolite precipitation shows the
potential for Mg-rich authigenic clay minerals to form,
which is well known as an indicator of elevated salinity
in lake deposits in the region (Deocampo et al., 2017;
Foerster et al., 2018).

In sum, thermodynamic modeling of evaporating Lake
Chamo water produces an authigenic mineral assemblage typical
of both modern lake mudflats in the Chew Bahir basin and
Late Quaternary sediments recovered from cores (Foerster
et al., 2018). These data suggest that the mineral assemblage
of calcite, analcime, and Mg-enriched authigenic illitic clay
minerals is indicative of environments of enhanced evaporative
concentration in the basin.

Refining Interpretation of the Chew Bahir
K Record Using Whole-Rock and Clay
Mineral Geochemistry
Foerster et al. (2018) demonstrated that K content in the Chew
Bahir sediments is likely derived from enhanced K-fixation
during dry high-salinity episodes. Salinity in the hydrologically
closed paleo-Lake Chew Bahir was controlled by the amount of
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TABLE 4 | Arid and humid phases identified based on multi-proxy indicators.

Chew Bahir proxies Arid Humid

K concentration (counts) ↑ ↓

Clay mineralogy (Illite versus smectite) Illite ↑ Smectite ↑

Zeolite mineralogy Analcime ↑ Analcime ↓

Oxygen isotopes ↑ ↓

Ba/Sr ratios ↓ ↑

paleo-precipitation in the catchment and the rate of evaporation
in the paleolake. It is therefore conceivable that the chemical
composition of the paleolake significantly impacted the crystal
chemistry of authigenic minerals present in the sediment,
including the progress of K-fixation in clay minerals (Foerster
et al., 2018). Like many other eastern African rift lakes,
aridity and the prevalence of hypersaline conditions facilitate
authigenic illitization of smectite (e.g., Singer and Stoffers, 1980;
Deocampo et al., 2009) and consequently K-enrichment in Chew
Bahir sediments. The major element geochemistry of the late
Quaternary DI and WI samples establishes a clear relationship
between K-enrichment in Chew Bahir sediments and hypersaline
conditions in the basin (Figure 10a). It should also be noted
that sediments deposited during humid episodes (e.g., during the
AHP) had whole-rock MgO/Al2O3 ratios ranging from ∼0.2 to
0.4, whereas those deposited during arid episodes (e.g., at LGM
and YD times) had MgO/Al2O3 ratios ranging from ∼0.5 to 0.7,
indicating higher salinity (Figure 10a). These results show that
ancient sediments deposited during dry periods most similarly
resemble modern saline mudflats in dry-Lake Chew Bahir today
and had Ba/Sr values ranging from ∼0.6 to 1.2 (Figure 9a).
Conversely, sediments deposited during relatively wetter periods,
such as the AHP, have sources similar to those found presently in
upstream locations, e.g., WS samples.

The proposed relationship between basin aridity and K
uptake in the sediment is compared with oxygen-isotope analysis
of authigenic illite-smectite. The oxygen−isotope composition
of authigenic clay minerals formed in lake water at isotopic
equilibrium is controlled primarily by clay mineral composition,
structure, and water temperature (Savin and Lee, 1988). Once
formed, oxygen in the tetrahedral and octahedral sheets does
not undergo isotopic exchange with pore fluids in the absence
of dissolution−precipitation reactions. In the current study, the
δ18Oillite−smectite has been determined by the oxygen-isotope
composition of the incoming waters draining through the Weyto
River (Figures 1b,c) and the extent of lake-water evaporation
(e.g., Gebregiorgis et al., 2020a). Lake-water δ18O is certainly
influenced by the isotopic composition of the prevailing source
(i.e., Lake Chamo; see Figure 1b) during periods of rapid lake
level change. This signal, however, is likely overprinted in a
system like Chew Bahir, where the extent of lake-water 18O-
enrichment was largely driven by evaporation.

The δ18O of authigenic illite-smectite in the late
Quaternary WI and DI samples range from +22.4 to +24.5h
(average + 23.3h), and +24.1 to +25.3h (average + 24.77h),
respectively (Figures 10b,c). Notably wet (i.e., during the
AHP) and dry (e.g., at LGM and YD times) periods of the

late Quaternary have been identified from the Chew Bahir K
record, which are now largely confirmed independently by these
oxygen-isotope measurements. The authigenic illite-smectite is
generally most enriched in 18O during periods of regional aridity,
which also coincides with significant Mg enrichment (Figure 10b
and Table 3) and low-temperature illitization suggestive of
enhanced evaporative concentration in the basin (Figure 11
and Table 4). Collectively, our results confirm that, in closed-
basin lake deposits not overly diluted by detrital or biogenic
sediments, subtle changes in water balance can be detected
using both elemental and oxygen-isotope analysis of submicron
authigenic clay minerals. Our first attempt to reproduce the
climate signals recorded in the Chew Bahir K record using
oxygen-isotope measurements of authigenic illite-smectite from
notable warm/wet (e.g., during the Mid-Holocene) and cold/dry
intervals (e.g., during the LGM) has proven to be successful.

CONCLUSION

New mineralogical and geochemical data from modern and
ancient sediments in the Chew Bahir basin shed light on the
role of sedimentary processes in chemical proxy formation.
The data presented here show that the geochemistry of the
modern saline mudflats in dry Lake Chew Bahir today resemble
ancient sediments deposited during dry periods. Conversely,
the geochemistry of modern detrital upstream sources can
be compared to sediments deposited during relatively wetter
periods, such as the AHP. This study demonstrates that
interpretation of such geochemical datasets is complex and
highly site-specific, and careful evaluation of any seemingly
straightforward relationship between sediment composition and
climate is required. This knowledge is critical for understanding
proxy formation in playa sites and sedimentary records from
semi-arid regions of the world.
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