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Establishing robust environmental proxies at newly investigated terrestrial sedimentary
archives is a challenge, because straightforward climate reconstructions can be hampered
by the complex relationship between climate parameters and sediment composition,
proxy preservation or (in)sufficient sample material. We present a minimally invasive
hyperspectral bidirectional reflectance analysis on discrete samples in the wavelength
range from 0.25 to 17 µm on 35 lacustrine sediment core samples from the Chew Bahir
Basin, southern Ethiopia for climate proxy studies. We identified and used absorption
bands at 2.2 μm (Al–OH), at 2.3 μm (Mg–OH), at 1.16 μm (analcime), and at 3.98 μm
(calcite) for quantitative spectral analysis. The band depth ratios at 2.3/2.2 μm in the
spectra correlate with variations in the potassium content of the sediment samples, which
also reflect periods of increased Al-to-Mg substitution in clay minerals during drier climatic
episodes. During these episodes of drier conditions, absorption bands diagnostic of the
presence of analcime and calcite support this interpretation, with analcime indicating the
driest conditions. These results could be compared to qualitative analysis of other
characteristic spectral properties in the spectral range between 0.25 and 17 µm. The
results of the hyperspectral measurements complement previous sedimentological and
geochemical analyses, allowing us in particular to resolve more finely the processes of
weathering in the catchment and low-temperature authigenic processes in the sediment.
This enables us to better understand environmental changes in the habitat of early
humans.
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INTRODUCTION

Reliable and precise climate indicators (proxies) are essential for
reconstructing paleoenvironmental conditions from sedimentary
archives. The development of robust climate proxies is a challenge
due to the complex and often highly site-specific relationship
between various potential indicators (such as, geochemical or
physical composition, micro- or macro fossils that are typically
found in terrestrial climate archives) and actual climate
conditions of the past (Mann, 2002; Huntley, 2012; Chevalier
and Chase, 2016; Wilke et al., 2016; Foerster et al., 2018).
Paleoenvironmental studies are often hampered by constraints
on sufficient sample material, discontinuous preservation of
proxy carriers through the record, or missing contextualization
of data sets. Efforts to link geochemical high-resolution X-ray
fluorescence data (XRF) with mineralogical X-ray diffraction data
(XRD) from lacustrine sediments of the Chew Bahir Basin, south
Ethiopia, have shown that the establishment of new climate
proxies necessitates a multi-dimensional understanding of
processes in the catchment that control the ultimate
composition of the sediments, including the relative impact of
weathering and erosion, transport and deposition, and post-
depositional processes (Foerster et al., 2018; Viehberg et al.,
2018).

A profound understanding of the nature and amplitude of past
hydroclimatic variations has become increasingly important to
the growing debate on the role of climate in the evolution, cultural
development and dispersal of Homo sapiens (e.g., Roberts and
Stewart, 2018; Mounier and Lahr, 2019; Stewart et al., 2019). As a
contribution toward an enhanced understanding of human-
climate interactions, the Hominin Sites and Paleolakes Drilling
Project (HSPDP) has cored five fluvio-lacustrine archives
covering the last ∼3.5 Ma of climate change in eastern Africa.
All five sites in Ethiopia and Kenya are adjacent to key
paleoanthropological research areas encompassing diverse
milestones in human evolution, and times of dispersal and
technological and cultural innovation (Cohen et al., 2016;
Campisano et al., 2017; Owen et al., 2018, 2019; Potts et al.,
2018). In late 2014, the Chew Bahir Drilling Project (CBDP),
addressing one of the key HSPDP sites, recovered a ∼293 m-long
composite sediment core from Chew Bahir (CHB), a tectonically-
bound basin (4°45′40.5″N, 36°46′1.0″E) in the southern
Ethiopian Rift (Figure 1). The ∼620 ka Chew Bahir record
covers recent phases of hominin evolution, a time interval
marked by intense climatic changes and including milestones,
such as, the transition from the Acheulean to the Middle Stone
Age and the emergence of archaic and modern H. sapiens in
Africa, as well as the dispersal of this species (e.g., Stringer, 2016;
Stringer and Galway-Witham, 2017; Roberts et al., submitted).

As part of the Chew Bahir Drilling Project, X-ray
diffractometric investigations were carried out on a set of over
1,000 samples (Foerster et al., 2018). The results provided
information through time on the sediment origin, potential
transport mechanisms, post-depositional conditions and
inferred precipitation distributions. Micro-X-ray fluorescence
analyses (µXRF) showed that potassium content of the CHB
sediment appears to be a reliable proxy for aridity (Foerster et al.,

2012; Trauth et al., 2015, 2018, 2019; Viehberg et al., 2018).
K-fixation in the sediment smectites was found to be enhanced by
changes in octahedral occupancy of clay minerals. These results
suggest that the most likely process linking climate with
potassium concentrations is authigenic illitization of smectites
during periods of higher alkalinity and salinity in the closed-basin
lake of CHB, due to a drier climate (Foerster et al., 2018; Fischer
et al., 2020).

Hydrochemical processes of authigenic clay alteration can
readily be tracked by means of visible and infrared spectral
investigation methods. This paper reports the results of a
study that applied advanced hyperspectral analysis to support
the non-destructive study of CHB sediment core samples. We
examine the relationship between the derived mineralogical and
geochemical properties of selected samples to test their linkage to
the hydroclimate history of the CHB region. Visual and infrared
reflectance spectroscopy (VIR) is a well-known and remote
sensing evaluated method for composition analysis (e.g., Clark

FIGURE 1 |Geologic map of the Chew Bahir Basin based on Omo River
Project Map (Davidson, 1983), Geology of the Sabarei Area (Key, 1987),
Geology of the Yabello Area (Hailemeskel and Fekadu, 2004), and Geology of
the Agere Maryam Area (Hassen et al., 1997). The red star marks the
location of CHB14-2 coring site.
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et al., 1999). In sedimentology, methods for visual and near
infrared (VNIR) spectral characterization in the range of
0.35–2.5 µm have been applied, e.g., by Grosjean et al. (2014),
Butz et al. (2015, 2017) and Körting et al. (2015).

In contrast to these earlier analyses, a very wide spectral range
of 0.2–17 µm was used for the CHB samples investigated. The
wide wavelength coverage allows use of both the absorption
bands of electronic solid state processes in the ultraviolet/
visual (UV, VIS) spectral range, and the fundamental lattice
vibration absorption bands in the mid infrared (MIR), as well
as their overtone and combination tone vibration bands in the
short wavelength infrared (SWIR). Synergy in the use of the
overall complex of compositional and textural information
resulting from these spectral surveys will ensure improved and
unambiguous mineralogical analysis. Aspects of this method have
already been partly tested in planetary remote sensing (e.g.,
Christensen et al., 2003; Bibring et al., 2006; Bishop et al.,
2008) and are being extended here for the analysis of CHB
samples. Our goal is to characterize wet and dry climate
phases based on the spectral properties of the CHB samples
and to compare them with the results of previous XRF and XRD
analyses, and thus to contribute to improvements in climate
proxy interpretation.

GEOGRAPHIC AND GEOLOGIC SETTING
OF THE CHEW BAHIR BASIN

Study Site
Chew Bahir is a deep tectonically-bound basin (4.1–6.3°N;
36.5–38.1°E) in the southern Ethiopian Rift. It holds an
extensive saline playa mudflat, but was repeatedly filled with
paleolake Chew Bahir during pronounced pluvial phases
(Foerster et al., 2012; Viehberg et al., 2018; Fischer et al.,
2020) (Figure 1). The north-south trending rift basin is
separated from the Turkana Basin to the west by the Hammar
Range and bound to the east by the eastern Rift escarpment, the
Teltele Plateau, part of the Teltele-Konso Range. The Hammar
Range is underlain by Neo-Proterozoic basement rocks
dominantly composed of granitic and mafic gneisses with
minor occurrences of meta-sedimentary rocks. The basement
rocks are partially covered by largely Oligocene to Quaternary
volcanic rocks. The Teltele range on the other hand is
predominantly composed of Miocene basaltic lava flows with
subordinate rhyolite-trachyte and felsic tuff intercalations. The
northeastern, northern and northwestern parts of the catchment
comprise basalt flows with subordinate rhyolites, trachytes, tuffs
and ignimbrites in most cases overlying the Precambrian
basement (Davidson, 1983; Foerster et al., 2012, 2018).

Various feldspars and micas with different degrees of
resistance to weathering, and volcanic glass in volcanic terrain
have been characterized as precursors of the sediments in the
Chew Bahir Basin. Metamorphic rocks of the Hammar Range are
the most probable source of primary feldspars, such as, albite,
anorthite and orthoclase (Pawar et al., 2008; Sak et al., 2010;
Locsey et al., 2012; Foerster et al., 2012, 2018). They are also
potential suppliers of potassium and the basis for the formation of

smectite by aqueous weathering which in turn is the starting point
for further alteration processes of the sediments. Therefore the
deposits transported into the Chew Bahir Basin contain, among
feldspars, mica and quartz, clay minerals (smectite, illite), zeolites
(analcime) and carbonates (calcite) (Navarre-Stichler and
Brantley, 2007; Vebel and Loisak, 2008; Navarre-Stichler et al.,
2009; Sak et al., 2010; Ehlmann Mc et al., 2012; Foerster et al.,
2012; Viehberg et al., 2018). Alternatively, the smectites could
have resulted from weathering of basalts in the eastern and
northeastern part of the CHB or silicate hydrolysis during wet
climate conditions and diagenetic reactions (Renaut, 1993; Hay
and Kyser, 2001; Foerster et al., 2018). Post-depositional
processes have been shown to alter detrital deposits within the
Chew Bahir Basin, mostly driven by the extreme hydrochemistry
of the lake and paleolake. Saline and alkaline paleolake brines
alter the octahedral composition of deposited minerals, while
samples associated with wet phases reflect di-octahedral Al-rich
phases. Mg-rich minerals dominate the spectra during arid
intervals and an increase of trioctahedral phases has been
observed (Foerster et al., 2018).

The 32,400 km2 catchment is drained by the perennial rivers
Segen and Weyto in the northeast and northwest, respectively
(Figure 1). The endorheic Chew Bahir Basin is a terminal sink for
detrital weathering products from the wider catchment and
surrounding rift flanks. It was hydrologically connected to
lakes Chamo and Abaya to the north via overflow from lake
highstands during pluvial phases (Fischer et al., 2020). Paleolake
Chew Bahir reached the overflow sill to Lake Turkana in the south
during maximum lake-level high stands at ∼45 m above the basin
floor. The extensive alluvial fans along the escarpment, draining
the Hammar Range to the west and the Teltele Plateau to the east,
become seasonally and episodically reactivated after strong
rainfall events, when they contribute coarser fluvial sediment
flux into the basin (Foerster et al., 2012).

Silt-sized aeolian sediments are deposited mainly during
predominantly drier conditions and are of more distal origin,
mostly from the south of the catchment. Evidence of pyroclastic
components in the Chew Bahir core is scarce, mainly due to
intense alteration processes after deposition. The Konso Silver
Tuff (154 ± 7 ka, Clark et al., 2003) as a tuffaceous marker (Silver
Vitric Tuff, SVT) could be identified at ∼75 mcd in the Chew
Bahir core (Roberts et al., submitted). The at least ∼2.5 km deep
Chew Bahir Basin infill, representing predominantly Miocene to
Quaternary fluvio-lacustrine sedimentary deposits, has been
largely undisturbed by tectonic processes because rifting
declined after the formation of the Chew Bahir rift (Pik et al.,
2008). However, the sediments have been subject to intense post-
sedimentary authigenic alteration processes that are indicative of
paleohydrochemical variations of paleolake and porewaters
(Foerster et al., 2018).

Modern Climate
The present-day climate in eastern and northeastern Africa is
influenced by a number of major air streams and convergence
zones, with their effects superimposed on regional influences
associated with topography, large lakes, and the nearby oceans.
Rainfall in the area is associated with the seasonal migration of the
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tropical rain belt, resulting in bimodal rainy seasons in March-
May and October-November (Nicholson, 2017, 2018). However,
Chew Bahir is adjacent to regions of unimodal and trimodal
rainfall distributions, which may have shifted in the course of
long-term climate change (Nicholson, 2017, 2018). Inter-annual
rainfall intensity also strongly depends on Atlantic and Indian
Ocean sea-surface temperature (SST) variations caused by the
Indian Ocean Dipole (IOD) and the El Niño-Southern Oscillation
(ENSO) (Viste and Sorteberg, 2013).

MATERIAL, XRD AND XRF METHODS AND
DATA

Coring, Sampling and Core Processing
From the western margin of the Chew Bahir Basin, duplicate
cores CHB-2A and CHB-2B (hereafter in summary also referred
to as CHB14-2) were retrieved, to 278.58 and 266.38 m below
surface (mbs), respectively, with the parallel coring sites being
∼20 m part (Cohen et al., 2016; Figure 1). The Chew Bahir long
cores consist of more than 115 sections each, which all sum up to
nearly 3 t of lacustrine sediment. All core sections were opened,
lithologically described, processed, photographed, measured and
sampled (∼32 cm routine resolution) according to the HSPDP
laboratory protocols at the U.S. National Lacustrine Core Facility
(LacCore), the University of Minnesota. The two CHB14-2 cores
2A and 2B were subsequently spliced together on a common
depth scale (meters composite depth � mcd). The merged CHB
profile comprises 292.87 m in composite depth (mcd) and is with
∼90% near continuous. (Cohen et al., 2016; Campisano et al.,
2017; Roberts et al., submitted). The standard core analyses
included Multi Sensor Core Logger (MSCL)-based color
reflectance values from 360 to 740 nm in 10 nm steps,
magnetic susceptibility, gamma-ray density and p-wave
velocity, X-ray fluorescence (XRF) scanning and entailed a
detailed multi-proxy campaign, including geochemical,
biological, physical analyses on ∼14,000 discrete samples.

X-ray Data
XRF Scanning Data
To determine the varying elemental composition of the CHB
sediment profile, X-ray fluorescence (XRF) core scanning was
performed at 5mm resolution at the Large Lake Observatory
(LLO) of the University of Minnesota following HSPDP protocols
(Campisano et al., 2017). The Itrax core scanner (https://www.coxsys.
se) was used with a chromium (Cr) tube as radiation source, a tube
voltage of 30 kV, current of 30mA and scanning time of 10 s. For
normalization, and compensation of the aging of the Cr tube
(Schlolaut et al., 2018), the element counts were divided by
coherence scattering and multiplied by a correction factor (c.f.),
that was determined for all XRF data by dividing the week’s
measurements by long-term average values of a set of SRM
(Standard Reference Materials). Finally, all compositional data sets
have been cleaned sub-cm wise by a quality flag system, avoiding
coring artifacts, such as, cracks and voids (Trauth et al., 2020).

CHB Aridity Proxy: Potassium
The potassium (K) content of the sediment has been established
as a reliable proxy for dry climate phases in the Chew Bahir Basin,
corresponding to increased evaporation, reduced vegetation
cover and a lower lake level (Foerster et al., 2012; Trauth
et al., 2015, 2018, 2020; Fischer et al., 2020). Figure 2 displays
the variations in potassium (K) content of the composite CHB14-
2 core (in normalized counts per second) plotted against age and
core depth.

Increased influx of detrital K-rich weathering products may be
associated with arid phases, when the extensive, sparsely-vegetated
alluvial fans became activated during rare and short-lived strong
rainfall events, transporting weathered feldspar and mica from the
potassium-rich gneisses and granites of the adjacent Hammar
Range into the basin (Foerster et al., 2012, 2015; Trauth et al.,
2018). In addition, high K abundances in the Chew Bahir sediment
cores are linked to an increase in alkalinity and salinity of the
paleolake and porewater favoring so-called reverse weathering
processes, such as, the low-temperature authigenic illitization of
smectites. The hydrochemistry can be shown to control the degree
of mineral alteration in the sedimentary deposits, and in the case of
K-concentrations, Al-to-Mg substitutions lead to excess octahedral
layer charge, which in turn further enhances K fixation in smectites
(Foerster et al., 2018).

X-ray Diffraction
Mineral compositions of 1,040 discrete samples at 32 cm
resolution along the composite core was determined applying
X-ray diffraction (XRD). All samples were processed and
analyzed at the University of Potsdam following the principles
of Moore and Reynolds (1997) on an EMPYREAN X-ray
diffractometer (PANalytical) using CuKα radiation. HighScore
Plus version 4.0 (including the PDF reference data base) was used
as analytical reference software for phase identification following
the protocols developed for the Chew Bahir short cores (Foerster
et al., 2018). Selected clay separates were further treated by air
drying (N), ethylene glycol (EG) solvation and heating (H) at
550 °C for 1 h for phase identification. Analcime occurrences in
the Chew Bahir sediment cores are markers for pronounced arid
conditions with increased evaporation, pH and salinity (Renaut,
1993; Foerster et al., 2012, 2018; Viehberg et al., 2018). For
smectites, variations in semi-quantitative abundances
downcore were determined by a PCA that clustered similar
diffraction patterns into clusters 0–10. To see tentative shifts
in analcime occurrences downcore, the 112 analcime peak
intensities (Bravais Miller index) of XRD patterns were used
in counts and normalized by baseline correction.

Chronology
For age-depth control, a Bayesian stratigraphic age model was
applied to independent directly dated chronometers including
radiocarbon dating of ostracodes, OSL dating of quartz, 40Ar/39Ar
dating of K-feldspar grains from tuffaceous zones, and
geochemical correlation of the Konso Silver Tuff (Silver Vitric
Tuff, SVT) to a visible tephra unit in the core (Brown and Fuller,
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2008; Clark et al., 2003; Brown et al., 2012; Roberts et al.,
submitted). With a basal age of ∼617 ka BP, and a spatial
resolution for XRF elemental proxies of 0.5 cm, the temporal
resolution of the CHB14-2 K record averages ∼10 years per data
point (Trauth et al., 2020; Roberts et al., submitted)1.

REFLECTANCE SPECTROSCOPY OF THE
CHB CORE SAMPLES
Experimental Setup and Sample
Preparation
The spectral measurements were carried out in DLR’s Planetary
Spectral Laboratory (Maturilli et al., 2018). PSL is a multi-
country access facility that operates two identical Bruker Vertex
80V Fourier Transform Interferometers (FTIR) among other
instruments. They allow measurements in the ultraviolet (UV),
visible (VIS), near infrared (NIR) and mid infrared (MIR)
spectral range. With a Bruker 513 accessory the bi-
directional reflectance of samples with variable angles of
incidence and emergence between 13° and 85° can be
measured. The reflectance measurements are calibrated by
comparison with spectroscopic measurements of well
characterized standard references. These references are

certificated standards of BaSO4 for the UV range, spectralon
for the VIS and NIR and a rough gold surface standard for the
MIR spectral range. A GaP diode detector was used in the UV, a
Si diode in the VIS and an MCT detector in the MIR part of the
electromagnetic spectrum.

Thirty-five CHB samples from core CHB14-2, previously
prepared for XRD and quantitative XRF analyses including
fine-grain fractionation, were selected for spectral
measurement (Foerster et al., 2018). All 35 samples have equal
and homogeneous particle-size distributions. Sample selection
was primarily based on covering the range of XRF-determined
potassium content of the core, because K- content has been
shown to be a proxy for hydroclimate (Davies et al., 2015;
Foerster et al., 2018). In selecting the CHB14-2 samples,
importance was attached to sampling different drilling depths
and thus different chronological intervals (Table 1).

Spectral measurements were performed at atmospheric
pressure between 0.25 and 17 μm, at room temperature, at 15°

incident and emergence angles, and with a spectral resolution of
≥4 cm−1. Standardized measurement procedures and data
handling as well as a detailed error analyses for the entire
measurement procedure at the PSL guarantee standardized
and reliable measurement results, which make the obtained
spectral data comparable with those of other international
databases (Maturilli et al., 2018).

For spectral measurements, the samples were filled into
aluminum sample cups according to a standardized procedure
and placed in the Bruker 513 accessory for the measurement of
the bi-directional reflectance. The filling of sample dishes ensures
a constant packing texture by testing constant density for

FIGURE 2 | Variation in the potassium (K) content of the composite CHB14-2 core from the Chew Bahir Basin (in normalized counts per second) (Trauth et al.,
2020) plotted against age (Roberts et al., submitted) and core depth. The potassium content is an established aridity proxy for the CHB sediments (Foerster et al., 2018).
The bars and the phases refer to the results of the hyperspectral analyses as discussed in “Conclusion” section (red: dry-climate sediment; light blue: wet-to-dry-
transition-climate sediment; blue: wet-climate sediment).

1Roberts, H., Bronk Ramsey, C., Chapot, M., Deino, A., Lane, C., Vidal, C., et al.
(2021). Using multiple chronometers to establish a long, directly-dated lacustrine
record: constraining >600,000 years of environmental change at Chew Bahir,
Ethiopia. Quater. Sci. Rev., Submitted.
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comparison. After each sample measurement, the reference
standard is measured under identical environmental
conditions. The quotient of both radiances is the bi-directional
reflectivity, which is subsequently referred to as reflectance (R).
This quantity is in the UV to NIR spectral range directly
comparable with measurement results of spectral remote
sensing and in the MIR with R � 1 − ε, where ε is the
directional emissivity.

Results: Spectral Features and Climate
Indicators
Figure 3 shows three CHB14-2 spectra obtained for samples with
variable potassium content and core depth. The upper part (A)
shows the total reflectance spectra between 0.25 and 17 μm, while
B and C (centre) enhance the spectral information in the
wavelength ranges between 0.25–5 and 7–17 μm, respectively.
In addition, spectra B and C are shown with an offset for better
clarity. The UV–VIS spectral part of the spectra is dominated by
weaker absorption bands due to different electronic processes
(Burns, 1993). The overall strong slope from the UV to the VIS is
due to an Fe3+ → O2− charge transfer that results in a strong

absorption band at around 0.27 µm. Superimposed on the long
wavelength flank of this band absorption bands near 0.44 and
0.63 µm can appear that are caused by crystal field transitions.
Absorption bands at about 1 µm can be caused by Fe2+ crystal
field transitions (see spectrum 21). Features between 0.4 and
0.8 µm can be excited by Fe3+, intervalence charge transfer
transitions between Fe2+ and Fe3+ generate bands between
0.55 and 0.8 µm. These absorption bands provide useful
information on transition metal ions in minerals.

In the range of wavelengths longer than 1 μm, overtones and
combination tones of the mineral lattice vibration bands occur in
the NIR. This wavelength range is particularly suitable for the
investigation of hydrochemically weathered minerals and rocks.
The molecules of the hydroxyl and the H2O group embedded
during aqueous weathering cause characteristic absorption bands
near 1.4 and 1.9 µm, which are clearly visible in the CHB spectra.
The strong band near 1.9 µm is a combination of the H–O–H
bend and the asymmetric O–H stretch and thus indicative for
molecular water. Absorption bands at 1.4 µm are caused by an
O–H stretch in molecular water and structural OH. The
simultaneous appearance of both absorption bands is a
spectral indication of phyllosilicates with a three-layer

TABLE 1 | Overview of all spectrally measured CHB14-2 samples with information on sample ID, core depth (midpoint) in meters composite depth (mcd), and potassium
counts (normalized counts per 10 s) (Trauth et al., 2020) and interpolated sediment age in ka cal BP (Roberts et al., submitted).

No. HSPDP No Depth (mcd) K (norm. Counts) Age (ka cal BP)

1 HSPDP-CHB14-2B-2E-1 3,286 96,521 9.6
2 HSPDP-CHB14-2B-7H-1 18,971 64,855 43.5
3 HSPDP-CHB14-2B-7H-2 19,208 69,745 43.7
4 HSPDP-CHB14-2B-20H-1 41,979 31,075 78.2
5 HSPDP-CHB14-2B-22H-1 47,399 49,152 85.9
6 HSPDP-CHB14-2B-36E-1 71,246 33,767 151.5
7 HSPDP-CHB14-2A-48Q-2 99,524 54,893 199.4
8 HSPDP-CHB14-2B-58Q-2 106,194 82,058 211.0
9 HSPDP-CHB14-2B-61Q-2 115,230 42,795 226.7
10 HSPDP-CHB14-2B-64Q-2 124,220 54,465 242.3
11 HSPDP-CHB14-2B-68Q-2 134,506 90,396 260.2
12 HSPDP-CHB14-2B-70Q-1 139,637 109068 269.1
13 HSPDP-CHB14-2B-70Q-2 139,957 75,027 269.7
14 HSPDP-CHB14-2A-65Q-1 140,625 110765 270.9
15 HSPDP-CHB14-2A-75Q-2 170,966 62,388 323.6
16 HSPDP-CHB14-2A-80Q-2 187,205 69,610 351.8
17 HSPDP-CHB14-2B-86Q-1 187,693 63,456 352.7
18 HSPDP-CHB14-2A-82Q-1 193,132 60,818 362.1
19 HSPDP-CHB14-2A-82Q-2 193,775 59,540 363.2
20 HSPDP-CHB14-2B-96Q-1 219,133 48,049 407.3
21 HSPDP-CHB14-2A-93Q-2 223,374 101099 414.7
22 HSPDP-CHB14-2A-93Q-3 224,014 95,633 415.8
23 HSPDP-CHB14-2B-100Q-1 230,980 62,104 427.9
24 HSPDP-CHB14-2A-96Q-1 232,652 67,831 430.8
25 HSPDP-CHB14-2A-96Q-2 232,967 55,257 431.3
26 HSPDP-CHB14-2B-103Q-1 240,861 128597 453.7
27 HSPDP-CHB14-2A-99Q-3 242,462 85,497 458.7
28 HSPDP-CHB14-2A-99Q-3 243,102 64,241 460.6
29 HSPDP-CHB14-2B-107Q-1 252,746 82,888 490.4
30 HSPDP-CHB14-2B-107Q-2 254,028 48,760 494.4
31 HSPDP-CHB14-2B-110Q-3 265,201 82,769 528.8
32 HSPDP-CHB14-2A-108Q-2 268,633 66,275 539.4
33 HSPDP-CHB14-2A-109Q-3 271,624 59,976 548.7
34 HSPDP-CHB14-2A-112Q-1 279,670 69,719 574.4
35 HSPDP-CHB14-2A-115Q-2 286,218 70,780 596.4
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structure, such as, smectites. These clay minerals are dioctahedral
smectites with, primarily Al, but also Mg and Fe ions in
octahedral coordination with oxygen and hydroxyl in a sheet-
like structure. These layers are loosely bond to each other with
cations (e.g., Ca and Na) and variable amount of water in the
interlayer (Grim, 1968; Singer, 1982).

Spectra of smectites are known to form weak absorption bands
in the spectra between 2 and 2.5 µm. These absorption bands can
be attributed to combination overtones of structural hydroxyl
stretches with lattice modes. The exact wavelength position
depends on the cation present. An Al–OH vibration results in
an absorption band near 2.2 µm and is therefore typical for
montmorillonite. Magnesium, on the other hand, causes a
corresponding absorption band at 2.3 µm, as occurs for
saponite (Gaffey et al., 1993). Al–Mg mixing stages and
contributions of other metal ions can influence the variability
of the band positions between 2 and 2.5 µm. The exact positions
and spectra of the CHB sample within this range are shown in
Figure 5 in more detail. The X-ray examinations of the CHB
samples suggest that during dry climate episodes, an illitization of

the CHB smectites and an octahedral Al-to-Mg substitution takes
place. The authigenic enrichment of Mg in clays has been
observed in several other saline and alkaline lakes, such as,
Paleolake Olduvai and is diagnostic for the intense clay
mineral alteration under increasingly saline and alkaline
conditions (Deocampo et al., 2009; Deocampo and Tactikos,
2010; Foerster et al., 2018). Therefore, especially the
investigation of these absorption bands should provide
valuable information about these processes.

Figure 4 shows spectra of possible CHB mineral endmembers
in the 0.25–5 µm range (kaolinite, analcime, saponite, illite, Ca-
and Na-montmorillonite). Figure 4 can directly be compared to
Figure 3B. The kaolinite belongs to the phyllosilicate type with
two-layer structure. It primarily bonds OH not H2O, which is
shown in the spectra by an only weakly pronounced water
absorption band at 1.9 µm. Analcime can be discriminated
among the possible sediment candidates by an absorption
band at 1.16 µm. Montmorillonites and saponite can be
distinguished using the 2–2.5 µm band positions. While the
montmorillonite spectra are characterized by an Al–OH band

FIGURE 3 | (A) Typical reflectance spectra of three selected CHB14-2 drill core samples in the wavelength range from 0.3 to 7 μm. (B, C) Detailed view of the
0.3–5 μm and the 7–17 μm range. (D, E) Continuum removed spectra between 0.25 and 5 μm and between 7 and 17 μm. For reasons of clarity, the spectra are
presented with an offset in reflectance (left and right offsets are different).
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near 2.2 µm in the absence of other absorption bands in this
region, the saponite spectra show an Mg–OH absorption band
at 2.3 µm and no absorption band near 2.2 µm. Illite spectra, on
the other hand, show several absorption bands of variable band
depth close to 2.2, 2.3, and 2.38 µm depending on the Al/
Mg ratio.

With increasing wavelength (Figure 3) the first fundamental
lattice vibration bands occur at about 2.7 µm and close to 6 μm,
which can be assigned to the OH complex and the bond water.
These bands are strong and nearly saturated. They are also
significantly overlaid by adsorbed water bands, which are not
indicative of the crystal structure of the CHB sediments
(Figure 3). The long-wave flank of the 2.7 µm absorption
band is superimposed by low-contrast bands in the 3.4 µm
range. These absorption bands are associated with organic
components. Of particular interest is an absorption band in
the vicinity of 4 µm. It is clearly visible in the CHB spectra that
are also marked by high potassium values (see Figures 3A,B).
This feature can be attributed to calcite (Clark et al., 1999;
Arnold et al., 2020). This absorption band thus also proves to be
an important spectral paleoclimate indicator, as it can be a
measure of evaporative concentration of the lake water during
dry periods.

In the MIR the fundamental vibration bands of silicates and
other minerals occur in the reflectance spectra. Low-contrast
double structure occurs in the CHB spectra around 11 µm
together with an absorption band at ∼9.5 µm (see Figure 3C).
This behavior is consistent with smectites, predominately
montmorillonites. The depth of the MIR absorption bands is
reduced due to the fine particle size structure of the samples
(Arnold 1991). The double structured band around 11 µm is a
result of an Al–Fe–OH vibration (∼11.1 µm) and an Al–Mg–OH
vibration (∼11.7 µm). The band at ∼9.5 µm is from a Si–O
stretching and bending vibration. Weaker absorption bands,
which are hardly discernible in the spectra of Figure 3C
(sample spectrum 17, blue color), occur at ∼8.25 and
∼12.35 µm. The 8.25 µm band is due to SiO2 and the 12.35 µm
absorption band is produced by an Mg–Fe–OH vibration
(Farmer and Russel, 1964; Bishop et al., 1994, 2008). In
addition, a local reflectance minimum appears at ∼8 µm in the

spectrum of sample 17 (Figure 3C, blue color). This is the
Christiansen Feature (CF) (Salisbury, 1993), which is a result
of the optical properties of the mineral grains and their
environment (air). At the specific wavelength of the CF the
optical properties of the mineral and the medium surrounding
it are very similar. This results in a reflectance minimum, which is
diagnostic for the mineral as well. However, CF can only be used
for spectra of CHB samples with low calcite concentration. As
Figure 3C demonstrates, the presence of calcite masks the
spectral properties of spectra 11 and 21 (red color) in the
8 µm spectral range.

Overall, the simultaneous use of the spectral indicators in the
wavelength ranges from the UV to the MIR allows a
comprehensive evaluation of the aqueous weathering processes
of the CHB sediments. For further discussion and quantitative
data evaluation, the use of the defined spectral indicators next
requires a continuum correction of the spectra. The spectral
continuum is defined as a series of linear progressions and
then the continuum-correlated reflectance spectrum is
calculated. This common method ensures the exact
determination of the wavelength positions of absorption bands
and allows the calculation of band depths. Since all 35 CHB
samples have the same particle size distribution, particle size
effects due to grain size variations need not be considered.
Figures 3D,E show the results of the continuum correction
for CHB samples 11, 17, and 21. The continuum-corrected
reflectance spectra form the basis for further data handling.

DISCUSSION: SPECTRAL PROPERTIES OF
CLIMATE PROXIES

Hyperspectral Properties
We used the spectral properties of climate-relevant indicators
near 1.16, 2.2, 2.3, 2.4, and 3.98 µm to quantify climate-related
dependencies and to analyze cross-correlations with the X-ray
data. Other spectral indicators mentioned above are discussed as
qualitative indicators.

The CHB14-2 sample reflectance spectra show that the
sediment core samples are mainly composed of smectites, with

FIGURE 4 | Left–Relative reflectance spectra between 0.25 and 5 μm of possible mineral endmembers for comparison to CHB. Right—Detailed view of the
spectral range between 1 and 2.5 μm with marking of characteristic absorption bands: 1.16 μm—analcime, 1.4 μm—OH, 1.9 μm—H2O, 2.2 μm—Al–OH,
2.3 μm—Mg–OH and bands at 2.4 and 2.5 μmwhich can be assigned to illite. The positions of the absorption bands of the structural H2O and OH as well as those of the
Al–OH and Mg–OH absorption bands are marked in the plot.
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a dominance of montmorillonites. In addition, calcite is present
in samples with high potassium content (see Figure 3A, red
spectra). At low K content of the samples, pronounced Al-OH
absorption bands near 2.2 µm appear in the reflectance spectra
while the calcite band near 3.98 µm does not occur or is only
weakly pronounced (see Figure 3A, blue spectrum). In contrast,
spectra of samples with high calcium content show absorption
bands near 2.3 and 2.38 µm due to an Mg–OH stretch while the
2.2 µm absorption band either disappears completely or is only
weakly pronounced. Simultaneously, strong calcite absorption
bands at 3.98 µm are observed to be correlating with high K
values. At the highest potassium contents, an additional
absorption band at 1.16 µm appears in the spectra, which
indicates the presence of analcime. Furthermore, there are
differences in the characteristics of absorption bands in the
UV–NIR range, of organic constituents that occur on the
long-wave flank of the 2.7 µm band and some variations of the
strength of MIR absorption bands. In the UV–NIR spectral range,
differences in mean reflectance must also be considered. These
differences can be caused by materials that can act as gray body
reflectors without producing selective absorption bands (dark
agents). Such dark materials can reduce the spectral contrasts of
the other absorption bands, an effect that is stringently
considered in quantitative data evaluation of the 2.2 and
2.3 µm bands by the use of spectral ratios.

Figure 5 displays continuum removed reflectance spectra of
the 35 CHB14-2 samples in the spectral ranges between 1 and
1.25 µm (left), 2.15 and 2.45 µm (middle) and between 3.7 and
4.3 µm (right). The spectra are shown with a vertical offset to
illustrate the evolution of the sediment composition over time
(samples down-core). The left diagram of Figure 5 displays the
variation of the 1.16 µm absorption band characteristic for
analcime. The middle diagram shows three groups of spectra.
Spectra in dark blue color have clearly visible and dominant
Al–OH absorption bands near 2.2 µm with larger band contrasts,
and moderately pronounced bands at 2.3 and 2.38 µm. In the
light blue spectra (group 2) the absorption bands are weaker near
2.2 µm. In the third group (red spectra 1–3, 11–14, 21, 22, and
26–28), contrasts of the absorption band near 2.2 µm are either
very small or the band disappears completely. On the other hand,
theMg-OH absorption band near 2.3 µm is clearly visible and can
completely dominate the red spectra in individual cases. These
spectra in red correspond to those samples for which higher
potassium contents were determined from the XRF
measurements whereas the spectra in blue belong to samples
with lower potassium content. Spectra of samples with high
potassium content (red) have distinct calcite absorption bands
at 3.98 µm (Figure 5, right, red spectra). The appearance of
absorption bands at 1.16 µm, near 2.2 and 2.3 µm and at
3.98 µm correlates with the trend potassium contents and can
be used to evaluate the degree of mineral alteration in the course
of varying pore water alkalinity and salinity. Consistently, this
means that during humid climate episodes the formation of
aluminum-rich montmorillonites is favored. In dry climate
periods, however, aluminum is replaced by magnesium
resulting in an enhanced K-fixation and formation of a
trioctahedral phase under alkaline and saline conditions

(Foerster et al., 2018). This is consistent with authigenic
illitization and at the same time a higher alkalinity and salinity
in the closed lake of CHB, due to the drier climate, which can be
associated with the calcite enrichment of the high potassium
samples.

In this argument, it is possible to divide the spectra into groups
that can be assigned to (a) dry-climate sediments, (b) wet-to-dry-
transition-climate sediments, and (c) wet-climate sediments. This
is done in Figure 5 by assigning a color: (a)—red spectra, (b)—
light blue spectra and (c)—blue spectra. Only the spectra of
samples 27 and 28 show a deviation from the general trend in
the range around 3.98 µm (Figure 5, right), which is manifested
by the fact that despite the absence of the 2.2 µm band and a clear
band at 2.3 µm, no or only a weakly contrasted calcite band
occurs. These spectra are shown in black on the right side of
Figure 5. This could possibly be related to the fact that during the
corresponding short dry period between the longer humid
climate episodes an Al-to-Mg substitution was initiated, but
the period was too short to deposit significant amounts of
calcite for spectral detection. With these results a general
picture of the temporal sequence of weathering within the
alternating humid and dry climate phases in the CHB Basin is
obtained.

Relation of Indicative Band Depths to X-ray
Values
Figure 6 shows a comparison of XRF and XRD results for the
selected 35 samples in this study with indicative band depths near
2.2 and 2.3 µm caused by Al and/or Mg inclusions in the minerals
of the CHB14-2 samples vs. their core depth. The first column (A)
in Figure 6 shows the elemental variations in between samples for
Al (scanning XRF data in normalized counts per second). The
second column (B) indicates the variations in smectite
abundances, determined in groups 0–10 according to
diagnostic variations in diffractograms (XRD results). The
third, middle column (C) displays the variation in the
potassium (K) content among CHB14-2 samples, each
displayed data point representing an average of 5 data points,
determined by X-ray fluorescence (XRF) core scanning in 5 mm
resolution in normalized counts per second (cps). Each discrete
sample equals a 2 cm increment. A clear inverse relationship
between K-values and smectite abundances (reflecting illitization
at the expense of smectites) is apparent. The aluminum content of
the samples follows this trend showing that primarily
montmorillonites dominate the mineral spectrum during wet
phases as products of aqueous weathering. Smectites in CHB are
weathering products and poor in potassium. Inverse correlation
of K contents and smectite abundances supports the hypothesis
that K concentration is largely controlled by the K-fixation in
smectites altering them into low-temperature authigenic illite.
Thus, high potassium contents correlate with dry climate periods
whereas wet episodes are characterized by lower potassium
values. Under dry climatic conditions and with increasing
evaporation, octahedral Al-to-Mg substitution in the
phyllosilicates leads to an increase in the layer charge, which
facilitates potassium fixation (Deocampo et al., 2009; Foerster
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et al., 2018). Therefore, the potassium content is a direct indicator
for paleohydrological conditions in the Chew Bahir Basin.

The following three columns D–F in Figure 6 show the ratios
of the band depths at 2.2 and 2.3 µm divided by those at 1.4 µm
and the ratio of the two band depths at 2.3 µm against 2.2 µm
from left to right. The use of ratios for the comparison takes into
account the possible influence of variable dark agents of the
different samples. In addition, rationing to 1.4 µm enables to
control significant variation of molecular water and structural
OH by comparing the single sample spectra with each other. The
colored crossbars in the three right-hand columns are based on
the results of the discussion in Figure 5. Red crossbars
correspond to dry-climate sediments, light blue to wet-to-dry-
transition-climate sediments and blue ones to wet-climate
sediments.

The analysis of the spectral indicators (absorption bands near
2.2 and at 2.3 µm) shown in the right part of Figure 6 are in full
agreement with these previous X-ray measurement results.
Column D with the depth of the 2.2 µm band, which is
generated by an Al–OH stretch, shows higher values mainly
for wet-climate samples. Thus, higher aluminum contents
correspond to lower absorption bands at 2.2 µm. The diagram
in column D is therefore highly correlated with the smectite XRD
results and anticorrelated with the XFR potassium values. The
opposite is the case for the vibration band caused by Mg–OH at
2.4 µm, whose depth is presented in column E. Column E in
Figure 6 confirms that during dry climate phases more Mg is
incorporated and the 2.3 µm absorption band increases in depth.
The comparison of diagrams 4 and 5 clearly demonstrates that the
incorporation of Mg takes place by substitution of Al.

FIGURE 5 | Continuum removed reflectance spectra of all 35 CHB14-2 samples. Left—Spectral range between 1.0 and 1.25 μm (analcime). Middle—2.15 and
2.45 μm. Right—Spectral range from 3.7 to 4.3 μm (calcite). All spectra are offset relative to the spectrum of sample 35. For information on sample depth and age see
Table 1.
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Consequently, both diagrams are clearly anticorrelated. The last
column (diagram F, Figure 6) summarizes the result as a ratio of
both band depths at 2.3 µm relatively to 2.2 µm confirming this
inverse relationship. The local maxima of this ratio can be clearly
assigned to dry climate episodes. Moreover, it shows the degree of
Mg substitution, which is mostly higher for samples with high
potassium content. Maxima of this ratio occur in younger time
periods <45 ka BP (core depths <20 m) and around 270 ka BP
(∼140 m). But the hyperspectral measurements are also sensitive to
weaker changes in the ratio of these absorption band depths. Local
weaker maxima almost always coincide with a higher potassium
content and thus with drier climate phases. Examples are spectra of
the dry-climate sediment samples 9, 21, 22, 26, 27, 28 (see core
depth and age date from Table 1).

These findings are consistent with the model according to
Foerster et al. (2018), and with surface sediment samples from the
CHB catchment. The results are also a methodologically
independent test of the weathering model based on short core
results (Foerster et al., 2018). Beyond this confirmation of
authigenic processes evident on shorter timescales applying
also on longer timescales, the hyperspectral data reveal new
capacities for climate-relevant studies. In the spectral range
between 1 and 2.5 µm it is possible under controlled

laboratory conditions not only to prove Al-substitution by Mg
and low-temperature illitization, but also to perform semi-
quantitative analyses with the help of these spectral indicators
and their relationships to each other. This provides valuable and
more detailed information about the degree of weathering
processes, their duration and their correlated fine structure;
crucial information for the reliable establishment, validation
and advanced understanding of paleoclimatic proxies.

Figure 7 compares the shifts in 112 analcime peak intensities,
indicative for varying abundances of analcime in discrete samples
(XRD results, column A) and the potassium content from XRF
data (column B) with further hyperspectral indicators that
complete these studies. These spectral indicators are an
absorption band at 1.16 µm, which can be attributed to
analcime and a band at 3.98 µm caused by calcite. Columns C
and D in Figure 7 display the band depth variation at 1.16 and
3.98 µm (right two columns) against the core depth in meters
(mcd). The shifts of analcime abundances, indicated in variations
of XRD peak intensities of the 112 analcime peak, are consistent
with high potassium values (see columns 1 and 2). The analcime
absorption band at 1.16 µm (column C) is not observed inmost of
the CHB14-2 sample spectra or it is characterized by a very low
spectral contrast. It is only found in the spectra of CHB14-2

FIGURE 6 |Comparison of absorption band ratios at 2.2/1.4, 2.3/1.4 and 2.3/2.2 (hyperspectral analysis) (D–F) for the CHB14-2 samples with elemental variations
(XRF, A, C) and semi quantitative phase abundances (XRD, B) of analyzed samples downcore. (A) Aluminum, (B) smectite, (C) potassium, (D) 2.2/1.4 band depth ratio,
(E) 2.3/1.4 band depth ratio, and (F) 2.3/2.2 band depth ratio. CHB potassium values (K) (scanning XRF, in normalized counts per second) show an inverse correlation
with smectite abundances (XRD) in corresponding samples. Al content (scanning XRF, in normalized counts per second) largely follow smectite abundances (XRD)
that are typically rich in Al. Color shading indicates inferred hydroclimate: red: dry-climate sediment; light blue: wet-to-dry-transition-climate sediment; blue: wet-climate
sediment, derived from spectral analysis.
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sediment samples with the highest potassium contents
corresponding to pronounced dry climate phases. Although
one of the maximum values of XRD data for analcime in
sediment samples from a core depth of 134.5–139 mcd
(samples 11 and 12) corresponds to a weaker band depth at
1.16 µm, the band is clearly identifiable in the spectrum of the
134.5 mcd sample and is also increased in contrast to spectra of
samples with low potassium levels. The maximum depth of the
1.16 µm absorption band is observed in the spectrum of sediment
samples from depths of ∼224 mcd (samples 21 and 22), which
correlates with a high potassium abundances and dry climate
conditions. Further consistency between high analcime and
potassium values and the band contrast at 1.16 µm is shown
for younger sediment samples (1–3) from depths 3 and 20 m and
for sample 26 from ∼241 m.

Of particular interest is that even for sediment samples for
which the XRD method could not provide analcime detection,

1.16 µm bands could be recorded with the hyperspectral method.
The corresponding depths of this absorption band follow, apart
from some already discussed deviations, the course of the
potassium content determined by XRF methods to a large
extent (compare Figure 5, 2nd and 3rd column). This opens
up the possibility of refining the sediment investigations for the
detection of analcime with hyperspectral methods for future
analysis.

Diagram D in Figure 7 shows the corresponding depths of the
absorption band at 3.98 µm. As this band is indicative for calcite,
it enables a link to be established to the salinity of the samples,
which in turn is also an important marker in CHB sediments for
the change from humid to dry climate conditions. High band
contrasts are an evidence of high calcite concentrations. Their
occurrence correlates to dry climate episodes that could be
typically connected with increased salinity. The curve of the
band depth as a function of the core depth of the samples

FIGURE 7 | Comparison of absorption band depths at 1.16 μm (characteristic for analcime) and at 3.98 μm (calcite) with K values (scanning XRF, normalized
counts per second) and analcime intensities (XRD, normalized). (A) Analcime, (B) potassium, (C) band depth at 1.16 µm, and (D) band depth at 3.98 µm. Color shading
indicates inferred hydroclimate: red: dry-climate sediment; light blue: wet-to-dry-transition-climate sediment; blue: wet-climate sediment, derived from spectral analysis.
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follows the corresponding curve of the potassium content
(column B). Maximum potassium contents are consistent with
high band contrasts of the 3.98 µm band. This applies to almost
all samples investigated except for sample 9 (∼115-m core depth),
which has a relatively high band depth compared to the
determined potassium content. The correlations between
analcime and calcite band contrasts must also be considered.
Here, too, apart from the spectra of samples 9, 11, and 12, we see a
high degree of agreement in the tendencies for the corresponding
band depths. The synergetic use of both bands therefore also
offers the potential to investigate the weathering paths in dry
periods more precisely by means of hyperspectral data.

The finding of analcime and high calcite abundances in dry-
climate samples is in line with the results of the X-ray analyses
and supports the model of Foerster et al. (2018). Since the
composition of the authigenic minerals are characteristic of
past and present hydrological conditions, all spectral indicators
discussed in this chapter are suitable proxies to track the climate
of the Chew Bahir region over the past ∼620 ka. This is further
supported by UV, VIS and MIR spectral features, which in turn
support the presence of smectites, calcite and analcime, and can
also enable further and more refined mineralogical analyses.

The UV–VIS absorption bands (see Figure 3D) offer the
possibility of detecting the involvement of certain transition
metal ions in the mineralogical solid state lattice and thus to
draw connections to the origin and nature of the initial products
of weathering. Absorption bands close to 3.4 µm (see Figure 3D)
are of organic origin and can in future also be used to study the
type of organic matter and its variations in the sediment as a
function of past environmental factors. Finally, the semi-
quantitative evaluation of spectral indicators in the mid-
infrared offers additional possibilities, e.g., to narrow down the
silicate components of the sediments more distinctly. Thus, in the
spectra of the calcite-free or calcite-poor sediment samples, such
as, the spectrum of sample 17 (blue spectrum) shown in
Figure 3E, spectral signatures like the minimum reflectance at
8 µm or the silicate fundamental vibration bands near 11 µm can
be extracted, which can be assigned to the phyllosilicate dominant
in the sample and which in the case of sample 17 clearly indicate
montmorillonite. This will be the subject of additional future
quantitative analysis of these hyperspectral data.

The 0.25–17 µm reflectance spectroscopy is a minimally
invasive, fast and inexpensive analytical method for studying the
chemical-mineralogical composition of sediments. In the case of
the drill core samples from the Chew Bahir Basin, the method is
shown to be a valuable tool in establishing correlations between
spectral information on themineralogy of the samples and climatic
indicators. Thus, hyperspectral spectroscopy is a suitable and
independent method for studying paleoclimatic weathering
processes in the Chew Bahir Basin. This is especially valid for
the study of the alternating processes of aqueous and dry
weathering, processes that commonly influenced sediments of
the Chew Bahir region in the past 620 ka. The spectral
measurements have shown that the CHB sediment mineralogy
is dominated by smectites with variable Al and/or Mg
incorporation. In addition, calcite is the major carbonate
component present. The calcite content is highest in samples

that can be assigned to dry climate phases. Samples that can be
attributed to the driest climate phases contain the zeolite analcime.

The hyperspectral studies show a clear positive correlation of
absorption band depth ratios 2.3/2.2 µm with the potassium (K)
content of the samples. The absorption band ratio corresponds to
increases in K values and thus reflects the increased incorporation
of Mg into Al montmorillonite during episodes of an arid climate.
The analyses support the conclusion that the illitization of the
Chew Bahir clay minerals with increasing evaporation is
enhanced by octahedral Al-to-Mg substitution in the clay
minerals, with the resulting increase in layer charge facilitating
potassium fixation. This confirms the model of authigenic
illitization of smectites under more arid conditions during
episodes of higher alkalinity and salinity in the closed-basin
lake of Chew Bahir as proposed by Foerster et al. (2018). In
comparison and in addition to the results of the XRF/XRD
analyses, however, the hyperspectral investigations also go well
beyond these former results. The high sensitivity of the
absorption band depths near 2.2, 2.3, and 2.35 µm for the Al-
to-Mg substitution and the associated illitization allows a re-
tuning of the wet and dry environmental sequences in the course
of the alteration.

Furthermore, it is possible to track analcime and calcite in
dry periods by using hyperspectral analysis close to 1.16 and
3.98 µm. The salinity of the Chew Bahir sediments is strongly
correlated to the 3.98 µm absorption band depth of calcite in the
samples. During wet climate periods the carbonate is
precipitated from solution. The drier the environmental
condition, the more calcite is formed. Variable band
contrasts at 3.98 µm indicate this. The highest band depth
values occur at the highest potassium abundances and in the
driest climatic phases. Only within these highly arid periods can
analcime be detected in the sediment spectra as authigenic
formation by reverse weathering of clay minerals. Since the
formation of analcime requires high alkalinity and salinity of the
paleolake water, linked to desiccation in terminal lakes, the
synchronous finding of high calcite content and analcime is
conclusive.

CONCLUSION

Based on the spectral investigations presented here, a climatic
record can be built, comprising the following phases:
∼600–500 ka wet phase, ∼460–454 ka dry episode, ∼431–428 ka
weak humid phase, ∼415–407 ka dry conditions, ∼363–324 wet
phase, ∼270–260 ka dry episode, ∼242 ka short humid phase,
∼227 ka short dry phase, ∼211–78 ka wet episode and since
∼44 ka dry conditions. These results are shown as colored
shading in Figure 2 and can be directly compared with the
geochemical analyses of variations in potassium content as a
function of core depth and sample age. This record is largely
consistent with the wet-dry variations as suggested by the aridity-
proxy K (Trauth et al., 2020). Those wet-dry variations can be
discerned into three phases with similarities in the central
tendency and dispersion: a long-term drying trend in Phase I
(∼620–413 ka BP), a generally wetter but increasingly fluctuating
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Phase II (∼413–195 ka BP) and finally a long-term drying trend
that is marked by rapid climate oscillations from ∼195 ka BP on
(Phase III).

The results of the spectral analyses presented here can also
further qualify the degree of past aridity/humidity, which has
important implications for understanding environmental influence
on past human populations. Climatic fluctuations may have had a
critical impact in shaping human habitats (Campisano et al., 2017;
Owen et al., 2018; Mounier and Lahr, 2019). The oscillating
environmental extremes in the final part of Phase I may have
been strongly selective in driving evolutionary and cultural change,
including the abandonment of Acheulean technology (e.g., Potts
et al., 2018). The hyperspectral results support the aridity-proxy
record (Figure 2) but suggest that there were also narrower time
windows where the climate was neither fully humid nor arid, but
moderately humid, which would have had an impact on the
connectivity of potential corridors of population dispersal.
Favorable humid conditions during Phase II, pulsed by short
arid excursions, interpreted as having played a key role in the
emergence ofHomo sapiens, are confirmed by the results presented
here. Similarly, the results confirm the occurrence of short-term
oscillations in Phase III, whichmay have played a role in the timing
of migration events out of Africa (Stringer and Galway-Witham,
2017; Stewart et al., 2019).

In summary, the hyperspectral reflectance measurements
show that for the continuum-corrected spectra obtained under
well-defined laboratory conditions in terms of sample
preparation and measurement performance, four spectral
indicators can be clearly defined that can be reliably
correlated directly with the climatic conditions under which
the sediments were formed. These are absorption bands at 1.16,
near 2.2, near 2.3 and at 3.98 µm and their band depths. It could be
demonstrated in this paper that the synergetic use of these climate-
relevant spectral indicators offers a complementary and enhancing
contribution to previous climate proxy studies in the Chew Bahir
Basin (e.g., Foerster et al., 2018; Trauth et al., 2020). Overall there is
very good agreement between the geochemical and hyperspectral
mineralogical results.

Further spectral signatures are currently being tested for semi-
quantitative climate proxy studies. These include the UV/VIS
absorption bands caused by electronic processes on transition
metal ions, features due to organic matter near 3.4 µm, the MIR
reflectance minima on the short-wave flank of the silicate
reststrahlen bands and the fundamental vibration bands
themselves. They have the potential to provide further
information from the entire wavelength range from 0.25 to
17 µm in order to extract additional climate-relevant information

in future studies. To the extent that the number of climate-relevant
spectral indicators can be expanded and themethod can be extended
to a larger number of drill core samples, statistical methods up to
machine learning algorithms can be used in the future to further
professionalize climate proxy studies with hyperspectral analyses and
potentially apply these methodological findings to other coring sites
and environmental archives. Finally, the hyperspectral reflectance
spectroscopy method allows a direct comparison with spectral
remote sensing data and thus a combination of investigations of
the current surface composition in the Chew Bahir Basin and its
connection to past climate data.
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