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Abstract

Late Quaternary climate reconstructions for southern Africa remain poorly constrained due to the scarcity of paleotemperature
data, particularly across the interior, highly elevated Kalahari Plateau. This study addresses the gap by focusing on the Late
Pleistocene period in Ngamiland of NW Botswana. We conducted an integrated and multi-proxy mineralogical and isotope
geochemical study of marlstones, fossil gastropods, soil concretions, calcretes, and pan and lake sediments from short cores
and outcrops of the Kalahari Group near the Tsodilo Hills. Our approach was applied to address the following objectives: (i)
identify primary carbonates using petrographic screening, (ii) constrain the hydroclimate using 8'*C and §'30 stable isotope
signatures and processes, (iii) provide new age constraints of deposition using radiocarbon “*C dating, and (iv) interpret
paleotemperatures by analysing clumped isotopes (A47) and dual clumped isotopes (A47-Ass). This multi-proxy approach aimed
at defining a robust proxy to reconstruct the Late Pleistocene climate in the interior Kalahari. Our studies revealed that the
sediments were deposited between 49.05 = 1.98 and 24.89 + 0.13 ka BP ago based on '*C calibrated ages (SHCal20). The
marlstones, calcretes and soil concretions are micritic and sparitic with evidence of bioturbation, whereas fossil gastropods are
devoid of reworking and suited for paleoclimate studies. The §'*C and §'0 values range between 0.1 and 4.2 %o VPDB and -
0.3 and 9.4 %0 VPDB, respectively while measured A47 temperatures range between -3.1 and 47.5 °C. Stable isotope variations
suggest a strong biological control in the soil concretions, whereas the groundwater signature is likely overprinted in the
calcretes, and a combination of meteoric and groundwater has influenced the texture of marlstones. The extreme temperatures

are attributed to organic contaminants in the sediments. It is interpreted that fossil gastropods retain the primary geochemical
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signatures based on the stable and clumped isotope variations and therefore represent the most reliable material for climate
reconstructions in the region. Our study has provided the first direct temperature estimates of the Late Pleistocene for the
interior Kalahari region from these gastropods which appear to be cooler than the present at ~15 °C. This study therefore

addresses a major data gap in southern African paleoclimate records, which has implication for global climate models.

1 Introduction

Quaternary paleoclimate records in southern Africa are limited. Natural archives include speleothems (e.g. Shaw and Cooke,
1986; Chase et al., 2021), lake sediments (e.g. Ringrose et al., 2009; Burrough et al., 2009), and palynological assemblages
(e.g. Cordova et al., 2017). Several proxies such as stable isotopes, pollen and diatom assemblages as well as organic
biomarkers have been applied to interpret the paleoenvironment and paleoclimate in terms of fluctuating humid and arid
episodes during the Pleistocene (Cordova et al., 2017; Kristen et al., 2007). However, developing a coherent model of the
Quaternary paleoclimate of southern Africa remains challenging due to a paucity of terrestrial records across the region. Much
of the existing understanding of Quaternary polar glaciations is derived from stable 3'30 and 8D isotopes measured in ice core
records from Antarctica (Vostok, Epica Dome C) and central Greenland (NGRIP and GISP2) (Jouzel et al., 2007, NGRIP
Members, 2004), as well as from benthic foraminiferal 5'*0 records from marine sediment cores (Shackleton et al., 1984;
Zachos et al., 2008). Paleoclimatic reconstructions and models used to predict global warming are therefore geographically
biased, especially in the Southern Hemisphere. This is of particular importance considering the far-reaching implications on
global climate change policy and governance.

This study aims to narrow this gap by providing direct paleotemperature quantifications, which is a novel approach in the
region. The late Quaternary Kalahari sediment cover in the region is a complex sedimentary setting due to periods of reworking,
however, its widespread occurrence in the southern African region does provide opportunity to reconstruct the paleoclimate
of the region with an integrated approach. Here, we present results from a multi-proxy investigation of a diverse set of
carbonate archives, including calcrete, soil concretions, marlstones, gastropods, and lake sediments of the Kalahari sediments
in Ngamiland, NW Botswana. Our approach utilises detailed petrography of the carbonates, radiocarbon “C age dating, stable
carbon and oxygen isotope measurements, and carbonate clumped isotopes, which provide a direct constraint on mineral
formation temperatures. To ensure the robustness of these estimates, carbonate preservation has been carefully evaluated to
identify materials that yield reliable temperature estimates appropriate for climate and hydrological model simulations. This
study thus provides the first direct temperature estimates for the interior Kalahari region thereby addressing a major data gap

in southern African paleoclimate records, with important implications for global climate model inputs.
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2 Background
2.1 Regional Climate

The Kalahari region is largely classified as a sub-humid to semi-arid climatic zone, with only its southwestern extent classified
as arid (Figure 1). The position of the South African anticyclone and the Intertropical Convergence Zone (ITCZ) controls the
rainfall variability with the regional climate system strongly influenced by moisture transport from both the Indian and Atlantic
Oceans (Tyson and Preston-Whyte, 2000; Lutjeharms, 2006). Easterly circulation from the Indian Ocean provides the
dominant source of summer rainfall, while the cold Benguela Current along the Atlantic margin suppresses convection and
limits moisture availability in the western Kalahari, reinforcing a strong west—east rainfall gradient. Variability in rainfall on
decadal timescales has been linked to large-scale climate oscillations such as El Nifio, and may also reflect broader,
hemispherical synchronous climate patterns (Nicholson, 2000). On longer, millennial timescales, orbital forcing is considered
a key driver of shifts in the ITCZ, monsoon dynamics, and rainfall distribution across the southern African summer rainfall
zone (Partridge et al., 1997; Marret et al., 2001).

The Ngamiland region of NW Botswana is in the semi-arid climatic zone of the central interior Kalahari Plateau. Mean annual
temperatures range from ~18°C in the cooler months (June—August) to ~32°C in the austral summer (December—February),
with average annual precipitation of 400-600 mm, mostly concentrated in the summer months (October—March). The
Okavango River originates in the Angolan Highlands, where it is fed by austral summer rainfall before passing through the
Caprivi Strip in Namibia and terminating in NW Botswana. Consequently, paleoclimate studies centred around the Okavango

Delta are influenced by hydroclimatic factors further north.
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Vast paleolakes, pans and rivers in the region are suggestive of previous wetter or more humid conditions. Located at the
southwest end of the Okavango Delta, Lake Ngami is bounded to the south by the Kunyere Fault (Figure 2). Sedimentological
and geochemical reconstructions of Lake Ngami sediments, based on *C and thermoluminescence dating techniques, estimate
ages that range between 3.670 £ 0.030 ka and 40.499 + 3.187 ka, between depths of 90 and 440 cm (Huntsman-Mapila, 2006;
see also Shaw, 1985). The Makgadikgadi Pans to the southeast are older - dated between 41.24 + 3.03 and 108.56 + 9.02 ka
using thermoluminescence dating techniques on siliceous sediments (Burrough et al., 2009). Further west, calcretes from the
Etosha Pans in Namibia yield radiocarbon ages that range between 30 to 40 ka and younger organic residues that range between
3 and 19 ka (Brook et al., 2011). These records interpret multiple periods of arid and humid episodes in the Kalahari region;

however, there is a lack of direct temperature quantification.

2.1 Regional Geology

The region is underlain by Precambrian granite and gneiss sequences of the Kalahari and Central African shields forming the
bedrock, which includes the sporadic inselbergs of the Neoproterozoic Tsodilo Hills (Figure 2). The Cretaceous to Cenozoic-
aged Kalahari Group unconformably overlie the basement sequences. Isolated paleolakes remain preserved among the

outcropping basement inselbergs, such as the Paleolake Tsodilo (Figure 6; Geppert et al., 2021). The Kalahari Group comprises

4
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a relatively thin veneer of duricrust and unconsolidated to semi-consolidated sediments (Linol, 2013; Musa, 2023) that
currently stands at an elevation of about 1100 m a.s.l. (Doucouré and de Wit, 2003, Tinker et al., 2008). The unconformable
contact between the basement and the Kalahari Group sediments marks a subcontinental peneplanation surface referred to as
the African Erosion Surface. This surface is a significant episode in the regional geological evolution because it was formed
as a result of the breakup of Gondwana and the beginning of the Kalahari Epeirogeny (King, 1963; de Wit, 2007; Linol et al.,
2015). The epeirogeny was the key driver of exacerbated erosion and denudation that resulted in the deposition of the Kalahari
Group.

Early works of Passarge (1904) identified four specific domains within the Kalahari Group. This includes the lowermost basal
gravels and limestone of the Botletle Beds, unconformably overlain by various pan sequences of the Kalahari Kalk.
Unconsolidated sediments of the Kalahari Sand overlie the Kalahari Kalk. The uppermost sequence comprises unconsolidated
alluvium. The stratigraphy of the Kalahari Group is generally not well defined, and age constraints are limited. The sequences
are constrained by a minimum Late Cretaceous age of 84 + 4 Ma, based on a U-Pb perovskite of a kimberlitic intrusion within
which xenoliths of the Kalahari Group are found (de Wit et al., 2017). In the more recent sediments, optically stimulated
luminescence dating of linear sand dunes near Tsodilo Hills have been dated between 11.8 + 1.6 and 98.1 + 9.2 ka (Thomas et
al., 2003). However, reworking of the dune fields in the northern Kalahari has provided inconsistent chronologies (e.g. Cooke,
1980; Thomas and Burrough, 2016). These uppermost unconsolidated sequences extend up to 2.5 million km?.

The East African Rift System, which developed during the Oligo-Miocene, likely influenced the deposition of the upper
sequences of the Kalahari Group sediments, as propagating rifts caused uplift, faulting, and subsequent graben formation of
the basement rocks. This includes NE-SW oriented faults such as the Gumare and Kunyere faults. The underlying geology has
thus had a significant influence on the drainage patterns in the Kalahari region. This is evident in the Kalahari Desert that
paradoxically hosts the largest intra-continental alluvial fan — the Okavango Delta — which occurs in Ngamiland, Botswana
(Figure 2). This sedimentary system is interpreted to be a graben structure of the East African Rift System across Precambrian
basement (Modisi et al., 2000; Gumbricht et al., 2001) as evidenced from airborne magnetic surveys and sediment cores
(Haddon, 2005).

Despite its significant geographical distribution, the Kalahari Group remains poorly constrained in age and depositional
conditions. This is primarily attributed to the limited number of studies, paucity of outcrops showing the complete record, and
scarcity of cores to the base of the Group. In addition, carbonates occurring within the Kalahari Group, which could be good
indicators of paleoclimatic and paleoenvironmental setting during deposition, have been subject to intense physical weathering

due to bioturbation and chemical weathering by surface and groundwater (Haddon and McCarthy, 2005; Linol et al., 2015).
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Figure 2: Simplified geological map of the studied areas in Ngamiland, NW Botswana (after Mallick, 1978), with location of sampled
outcrops and boreholes.

3 Material and Methods

This study integrates field observations, petrography, and isotope geochemistry in order to understand the preservation state

of the various carbonates, and to correctly interpret the proxy records.

3.1 Sampling

Selected samples from seven sites in the Kalahari region include marlstones, fossil gastropods, soil concretions, pan sediments,
and modern shells (Table 1 and Appendix). The KGP borehole cores are housed at Tsodilo Resources Limited in Shakawe,
Botswana. Two borehole cores, KGP 58 and KGP 71, drilled 7 km apart, west of the Okavango Panhandle are logged and
sampled. Core Tsol and Core Nga2, drilled close to the Tsodilo Hills and Lake Ngami, respectively, were studied by Linol
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(2014). These are resampled for clumped isotope analysis. Outcropping sampling locations of Pleistocene age include Tsodilo

Hills as well as a quarry in Sepopa, where marlstones, fossil gastropods, and soil concretions are sampled (Figure 2).

Recent and modern carbonates are sampled to test the validity of clumped isotope thermometry and to identify which lake-to-

air temperature transfer function best reproduces modern mean annual air temperature from different types of samples in the

Kalahari region. Recent pan evaporites are sampled using an auger to the depth of 1.25 m; a surficial lake sample is collected

from the margin of Barberspan; and a modern freshwater snail (Canistes ovum sp.) and a mussel (Coelatura sp.) from the

Thamalakane River are analysed as analogues.

Table 1: Site location and elevations of carbonate samples collected

Locality Site Latitude Longitude Outcrop and
borehole head
elevation (m.a.s.L.)

Tsodilo Hills

Core Tsol -18.78277778 21.71972222 1007

Outcrop 01 -18.79406300 21.73804900 1000

Outcrop 02 -18.79303900 21.73041000 1008

Outcrop 03 -18.79408900 21.73637400 1003
Shakawe

Core KGP58 -18.4877590 21.87189000 1013

Core KGP71 -18.50188100 21.93858900 992.5
Sepopa

Outcrop 04 -18.73280753 22.12561667 994

Outcrop 05 -18.74356858 22.16715800 989
Lake Ngami

Core Nga2 -20.49416667 22.72888889 925
Maun

Outcrop 06 -19.94329100 23.48853400 944
Kang

Core Ka -23.69899600 22.80246800 1122
Barberspan

Outcrop 07 -26.58985800 25.60346700 1331
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3.2 Petrographic screening

Petrographic screening using a light microscope was conducted at Nelson Mandela University to identify the different

carbonate microfabrics, such as micritic and sparitic phases, in order to assess the preservation states of the various samples.

3.3 Radiocarbon dating

Radiocarbon dating was conducted on 11 marlstones and fossil gastropod samples of the Bulinus and Radix species at the UCI
Keck-CCAMS facility (Table 5). The samples were leached with 10 % HCI prior to analysis with 85 % phosphoric acid. All
results are corrected for isotopic fractionation according to the conventions of Stuiver and Polach (1977), with §'*C values
measured on prepared graphite using the AMS spectrometer. Radiocarbon concentrations are given as fractions of the modern

standard, D14C, and conventional radiocarbon age, following the conventions of Stuiver and Polach (1977).

3.4 63C and 6'%0 isotope analysis

Stable carbon and oxygen isotopes were measured on 18 carbonate samples at the University of Cape Town (Table 3). Samples
were powdered either by drilling using a Dremel at low speed with dental drill bits attached or homogenization using a mortar
and pestle. Between 0.25 and 0.4 mg of the collected carbonate powder was weighed into 12 ml borosilicate tubes kept at a
temperature of 72 °C. The tubes were flushed with helium to remove atmospheric air using the CTC Analytics A200S
autosampler. Each sample was digested with 5 to 7 drops of a mixture of 85 % Orthophosphoric acid and Phosphorus pentoxide
(SG of solution = 1.92). The acid digestion reaction was 2.5 h. The evolved gas was drawn through a Thermo Finnigan model
IT gasbench, where it passed through a Nafion water removal unit. Following this, the Poraplot Q GC column separated the
gas compounds released by the reaction before the gas was drawn through a second Nafion water trap. The purified gas was
released into the gas bench to a Delta Plus XP isotope ratio mass spectrometer (Thermo Electron, Bremen, Germany). The unit
was controlled by Isodat software that recorded the §'3C and 8'%0 values. The gas flow was controlled to give 8 sample peaks
and 5 reference peaks to which the gas was standardized. The COz reference gas of 99.995 % purity was introduced into the
mass spectrometer via the gas bench and controlled by the Isodat software. The Cavendish Marble in-house standard and the

international Carrara Z & TAEA-COS standards were used.

3.5 Carbonate clumped isotope thermometry

Given the lack of direct temperature estimates for the late Quaternary of the interior of southern Africa, the novel technique of
clumped isotope thermometry provides a significant tool for climate reconstructions. The technique is based on the
thermodynamic preference of the rare isotopes of carbon and oxygen, '3C and %0, to bond or clump together to form clumped
isotopes. These isotopologues are distinguishable based on the differences in zero-point energies and record fractionation
processes similar to conventional stable isotopes, while being independent of the isotopic composition (Ghosh et al., 2006;

Eiler, 2007).
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The most frequently reported clumped isotopologues is mass- 47 COz (!30-13C-'0). The abundance of this isotopologue
beyond what would be expected based on statistics alone is expressed as:
R47 R4-6 R4-5

do=|gwm_1 gpeo_1 r®B_1|

Where R, R*, and R* are the measured ratio of isotopologues 47/44, 46/44, and 45/44, respectively. R* represents the
isotopologues in a stochastic distribution, calculated based on reference gases that have been heated to 1000 °C (Affek and
Eiler, 2006). The resultant A47 value is used to determine the temperature of carbonate precipitation or recrystallization. This
calculated temperature is used to back-calculate the 3'30 value of the source water from which the carbonate precipitated.
More recently, higher precision in mass spectrometry has allowed for the simultaneous measurement of both A47 and A4s. The
latter refers to the measurement of the multiply substituted isotopologue '*0-'2C-!80. This paired analysis, termed dual
clumped isotopes, may be used to identify or interpret kinetic effects in carbonates in addition to calculating the temperature
(Fiebig et al., 2019; Bajnai et al., 2020).

The primary advantage of clumped isotope thermometry is the homogeneous equilibrium of the obtained temperature, i.e., the
constituents are in a single phase independent of the bulk isotopic composition. This eliminates the complexity of added phases
that the carbonate mineral may have formed in, effectively addressing the major drawback of the inferred §'30 value of the
ambient water when applying the carbonate-water isotopic temperature scale (Urey, 1947). A direct estimation of the

temperature at which the carbonate formed is thus possible.

3.5.1 Sample preparation

A total of 23 carbonate powders were prepared and analysed at the Eagle-Tripati laboratory at UCLA (Table 4 and Table 5).
Biogenic carbonates were cleaned by sonication at 5-minute intervals so as not to introduce heat and were further cleaned with
sharp tools under a microscope before being homogenised with a mortar and pestle. Calcrete and marlstone samples were
drilled using a Dremel at low speed with dental drill bits attached. The carbonate content was calculated by loss on ignition
(Heiri et al., 2001). Sample replicates analysed on the Thermo Fisher MAT 253 had masses between 6—11 mg, and sample
replicates analysed on the Nu Perspective instruments had masses between 0.35-0.49 mg. The powder was weighed into silver

capsules prior to analysis.

3.5.2 Instrumentation

Three mass spectrometers were used to measure A47 and Ass. A Thermo Fisher MAT 253 gas source dual inlet mass
spectrometer was used to measure A47, and two Nu Instruments Perspective gas source dual inlet mass spectrometers were
used to simultaneously measure A47 and Ass. A detailed description of the methods used here, along with inter-instrument data
comparisons and statistical analyses have been reported previously (Defliese and Tripati, 2020; Upadhyay et al., 2021;
Lucarelli et al., 2023a; Lucarelli et al., 2025).
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For each instrument, an analytical session consists of an equal number of standards and samples, where standards bracket the
samples at the beginning and end of the session. Acid digestion of the sample powders was performed at 90 °C in a common
acid bath to produce the resultant CO2 gas, which was then cryogenically purified in a purification autoline modelled after
Passey et al. (2010) to remove water and other contaminants. The purified gas was then transferred into the respective
instruments. A minimum of 3 replicates per sample were analysed to reduce the uncertainty.

For each replicate, the MAT 253 spectrometer acquires 9 blocks of data, where each block contains 10 cycles. Each cycle
consists of 8 s of integration and 16 s of changeover delay, yielding a total integration time of 720 s per replicate. Replicate
measurements on the Nu Perspectives were conducted in three acquisition blocks of 20 cycles each. Each cycle included 20 s
of integration followed by an 8 s changeover delay, resulting in a total integration time of 1,200 s. For all instruments, m/z 44,
45, and 46 are registered through 3 x 108, 3 x 10'°, and 10" Q resistors, respectively. The detectors for m/z 47-49 are registered
through 10'? Q resistors. Isotopic values are measured relative to an Oztech reference gas with the values §'%0= 25.03 %o

VSMOW and 8'3C= 3.60 %o VPDB. The reference gas is maintained at a room temperature of ~ 22 °C.

3.5.3 Data Processing and Corrections

Data were processed using Easotope software (John and Bowen, 2016), and by applying the correction parameters of Brand et
al. (2010). These are based on & '*C measurements determined on CO: and corrected for the amount of '’0O. The carbonate
standards used in empirical transfer functions (Dennis et al., 2011) include ETH-1, ETH-2, and ETH-3 (Bernasconi et al.,
2018; 2021), with in-house standards Carrara Marble Tile, and Veinstrom (Lucarelli et al., 2023a; 2023b; 2025). Carbonate
standards ETH-1 and ETH-2 were used on the Nu Perspectives for linearity corrections, while the MAT 253 used ETH-1,
ETH-2, and gas standards equilibrated at 25 and 1000 °C. The gas standards have bulk isotope values with a difference of ~60
%o in their d47 value. Bonedry DI is a gas from an Airgas COz cylinder and represents the lower endmember, whereas Evap DI
+ CM is a standard prepared in-house from digesting Carrara Marble.

Final corrected sample values were reported on the Intercarb-Carbon Dioxide Equilibrium Scale (I-CDES; Bernasconi et al.,
2021). The measured A47 values were interpreted as temperatures using the calibration of Anderson et al. (2021), given the
wide range of temperatures this is applicable to. The measured Ass values were interpreted as temperatures using the calibration

of Fiebig et al. (2021), given the wide range of temperatures this is applicable to.

3.6 Temperature reconstruction

A transfer function was applied to correlate the A47 values of the lake sediments and shells to mean annual air temperatures
(MAAT).

The transfer function of Hren and Sheldon (2012) was calculated from 88 lake sediments, with most occurring in the northern
hemisphere. This highlights the need to test the validity of the transfer function in the Kalahari, in the Southern Hemisphere.
Modern samples were used to test the validity of clumped isotope thermometry as well as the applied transfer function on

different types of samples in the studied area. More recently, the applied transfer functions of Terrarez et al. (2025) are based

10
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on a much larger dataset. In this study, we compare the calculated MAAT from both studies to the modern analogues in order

to determine which function is best suited.

4. Results
4.1 Lithostratigraphy of the Kalahari Group

Two drill cores, KGP 58 and KGP 71, intersect a basement of weathered gneiss at depths of 47 and 68 m, respectively (Figure
3). These sections show basal conglomerates and fine to coarse-grained sandstones grading upward into fine to coarse-grained
variegated sands. The upper, poorly consolidated sequence comprises marlstones (Figure 4) and carbonate sands with chalky
textured concretions interpreted to represent Bk soil horizons. In the Tsol drill core, the equivalent Kalahari Group section is
42 m thick, overlying a silcrete (Linol et al., 2013). It comprises 30 m of unconsolidated aeolian sand overlain by fossiliferous
grey marlstones and soil concretions. In contrast, the 125 m deep drill core at Lake Ngami (site Nga-2), comprises almost
exclusively fine sands with organic-rich muddy horizons as interpreted from the drill cuttings. Sample descriptions are

summarized in the appendix.
West East
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Figure 3: Sedimentological logs of Tsol (Tsodilo Hills), KGP58, and KGP71 drill cores (Figure 1 for location). At KGP58,
radiocarbon dates of a fossil gastropod and sediments between 8 and 23 m range between 49 and 31 ka BP (see Table 2), which
reveal a sedimentation rate of ca. 0.8 m per thousand years.

4.2 Radiocarbon ages

The measured '*C calibrated ages (SHCal20) of the Kalahari Group marlstones and fossil gastropods range between 49.0 = 1.9
ka and 24.8 £ 0.1 ka (Table 1). These data are calibrated according to SHCal20. The oldest date is from a depth of 23 m in

11
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borehole core KGP 58, whereas the youngest date is from a depth of 4.5 m in borehole core KGP 71 (Figure 3). Fossil
gastropods yield '*C results with a smaller range in comparison to the marlstones. Radiocarbon dating results on modern
gastropods from the region indicate present-day ages (Riedel et al., 2014), therefore, the fossil gastropods in this study are not
corrected for any reservoir effect, as it has been shown that old carbon is not readily incorporated into shells.

Table 2: Radiocarbon ages of selected carbonates from Ngamiland, Botswana (see Figure 2 for location and appendix for sample
description).

Sample name 14C age ka SHCal20 ka Elevation
(m a.s.l.)

01 a 24670 £ 150 28.89 £0.15 1000
Olsn_a 30160 =190 34.53 +£0.15 1000

03 b 27930 + 220 31.82+0.27 1003
03sn_e 39810 +600 43.12 £ 54.5 1003
KGP58 e 27660 £240 31.54+£0.22 1005
KGP58 f 36430 + 480 41.38 £0.36 1002
KGP58sn_a 28420 + 160 32.52+0.35 1002
KGP58 h 46400 £+ 1600 49.05 +£1.98 990
KGP71 b 20680 + 70 24.89 £0.13 992.5
KGP71 e 28520+ 170 32.62+0.15 991.5
KGP71sn_a 29930 + 220 3438 £0.16 991.5

4.2 Petrographic screening

The calcitic microfabrics of the marlstones in the core and the outcrops are both micritic and sparitic (Figure 4 and Figure 5).
However, the primary matrix is micritic. Evidence of root traces and bioturbation is preserved, which are indicative of
pedogenic processes. Preserved shell fragments and quartz grains exhibit dissolved boundaries indicative of alkaline conditions
(Figure 5). Outcropping marlstones also preserve reprecipitated needle-fibre textured calcic microfabrics. In places, the

marlstones are diatomaceous within a micritic fabric that is capped by a thin layer of calcrete (e.g. Figure 6 1).
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5cm

Figure 4: KGP 58 core (see Figure 3 for location) and thin sections from a sample at a depth of 8.3 m from this core. The grey-green
biomicritic groundmass in the upper 15 cm preserves root traces indicating pedogenic processes. In the photomicrographs, which is
of the red square on the core section: a) quartz grains are poorly sorted with dissolved boundaries, indicating alkaline conditions,

270 within a predominantly micritic matrix (arrow); b) a laminar micritic layer (upper arrow) directly overlies a sandy matrix (lower
arrow); and c) bioturbation structure is filled with sparite (indicated with arrow on the right) and visible shell fragments (indicated
with arrow on the right).
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b ‘
O R LR, N

P 3

B Needle-fibre calcite

Figure 5: Microphotographs of selected samples from Tsodilo Hills (see Figure 2 for location). a) Bioturbation in a micritic marlstone
(sample 01_b); b) Bioturbation in micritic marlstone with laminar structures (sample 02_c); ¢) Needle-fibre calcite indicative of
reprecipitation within a white chalky groundmass (sample 03_a); d) Needle-fibre calcite and micritic matrix with coarse sub-
rounded quartz grains surrounded by microsparitic halos indicative of reprecipitation; fragments of ostracods are visible (sample
03_b) e) laminar calcrete with sandy layers (sample 02_d); and f) freshwater fossil mollusc (Bulinus sp.) filled with a sandy and
calcitic matrix (sample 03sn_b).
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4.3 Stable carbon and oxygen isotopes and carbonate clumped isotopes

Stable isotope values vary by carbonate type and texture (Figure 7). Results are presented in Tables 2, 3, and 4. Measured 3'*C
and 3'%0 values of the fossil gastropods range between -2.3 and -0.3 %o VPDB and -6.3 and 2.3 %e VPDB, respectively. In
marlstones, 8'3C and 8'30 values range between -5.8 and 1.9 %o VPDB and -9.6 and -1.02 % VPDB respectively. Calcretes
yield 8'*C values with a relatively small range between -0.23 and -1.05, and 8'80 values with a relatively large range between
-8.46 and -3.57 %o VPDB. In contrast measured 8'3C values in Bk horizons range between —5.10 and 1.0 %o VPDB and 5'%0
values range between —8.5 and —7.8 %o VPDB. Marls yield 5'*C values that range between -1.56 and 5.01 %o VPDB and §'30
values that -0.90 and 0.26 %o VPDB. Near surface pan evaporites yield §'C values that range between 0.05 and 4.22 %, VPDB
and significantly higher 8'30 values in comparison to other samples, ranging between 0.65 and 9.44 %0 VPDB.

The A47-derived temperatures of the carbonates (Table 4 and Table 5) range between —3.1 + 3.6 °C and 47.5 + 5.8 °C. The
lowest reconstructed temperature (—3.1 + 3.6 °C) was obtained from drill cuttings at Lake Ngami at a depth of 44 m. This
anomalously low value likely reflects contamination. The highest temperature of 47.5 + 5.8 °C is measured from Kang Pan
evaporites. In fossil gastropods, the derived A47 temperatures range between 13.8 + 2.2 and 19.9 £ 1.5 °C. In marlstones and

calcretes, there is a large variation in the derived A47 temperatures between 11.2 + 5.3 °C and 24.3 + 4.5 °C.
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295  Figure 6: Sampled outcrops at Tsodilo Hills (see Figure 2 for location): a) Site 03, where 6 samples were analysed for isotope analyses;
b) chalky textured carbonate vein intersecting fossiliferous marlstone; c) a fossil gastropod of the Bulinus sp. and marlstone matrix;
d) Radix sp. and Bulinus sp. fossil gastropods; ¢) Quarry face of site 02, where 5 samples were collected and analysed for isotope
analyses; f) laminar calcrete and fossiliferous marlstone; g) rhyzolith carbonate precipitates around a tubular cavity and fossiliferous
marlstone; h) Quarry face of site 01, where 2 samples were collected and analysed for isotope analyses; and i) laminar calcrete and
300 marlstones with diatom fossils, which indicate a fluvial-lacustrine depositional environment.
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Figure 7: 8'3C versus 8'0 values of measured Kalahari Group sediments, soil concretions, and fossil gastropods. The evaporites

(diamonds) have significantly higher 8'%0 values compared to the other samples due to the influence of evaporation. %0 values in

fossil and modern shells (black square delineates fossil gastropods) are distinctively higher compared to the marlstone (triangles),
305 and close to 0.
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Table 3: Stable carbon and oxygen isotope analyses on selected marlstones, fossil gastropods, and pan sediments.

Sample name 8°C (%o 1s.d %0 (%o 1s.d 80 (%o 1s.d
VPDB) VPDB) VSMOW)
Tsol ¢ -1.13 0.11 -6.16 0.12 -6.16 0.12
02 ¢ -0.23 0.05 -3.57 0.09 -3.57 0.09
02 d 1.05 0.03 -4.27 0.09 -4.27 0.09
02 e 1.74 0.17 -1.07 0.16 -1.07 0.16
03 ¢ 1.57 0.12 -2.16 0.11 -2.16 0.11
03sn_d -0.68 0.15 2.31 0.18 2.31 0.18
KGP58 a -3.05 0.16 -7.80 0.11 -7.80 0.11
KGP58 b -5.10 0.18 -8.51 0.12 -8.51 0.12
KGP58 ¢ -3.16 0.07 -5.26 0.09 -5.26 0.09
KGP58 d -2.93 0.21 -6.58 0.24 -6.58 0.24
KGP58 g -2.68 0.06 -6.67 0.07 -6.67 0.07
KGP58sn b -2.26 0.12 -6.26 0.14 -6.26 0.14
KGP71 a -0.60 0.05 -8.92 0.11 -8.92 0.11
KGP71 ¢ -2.20 0.08 -6.83 0.12 -6.83 0.12
KGP71 d -0.21 0.14 -7.26 0.19 -7.26 0.19
04 b 0.89 0.17 -2.50 0.21 -2.50 0.21
Ka e 4.22 0.24 9.44 0.20 9.44 0.20
Ka ¢ 3.31 0.23 4.41 0.18 4.41 0.18
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4.4 Validity of the clumped isotope geothermometer

Recent and modern samples analysed to test the validity of clumped isotope thermometry include freshwater shells, as well as
pan and lake sediments. The 3!*C and 3'®*0 measurements reveal similar values with an average of -5 and 3% VPDB,
respectively, regardless of whether it was the Canistes ovum sp. or Coelatura sp. The modern biogenic carbonates reveal a
combined average temperature of 24.0 = 1.1 °C (Table 4), which is in agreement with modern water temperatures (values of
23.9 °C +/- 4.2 °C; Oromeng et al., 2021). These findings demonstrate that the geothermometer is valid for application to these
types of terrestrial samples within the Kalahari region, when samples are well preserved.

However, modern to recent pan evaporites yield temperatures that are much lower (9 °C) and therefore we would caution
against their use for temperature reconstructions. This is highlighted with the inconsistent results yielded from the older
evaporite samples (Table 4). The relatively high 80w values recorded from the evaporite samples likely reflects intense

evaporation and possible kinetic effects.

4.5 Transfer functions for MAAT

In NW Botswana, the modern annual average air temperature is 22 °C (Oromeng et al., 2021). For the modern samples, the
transfer function of Hren and Sheldon (2012) yields measured MAAT temperatures that correspond to a MAAT of 21.7+ 1.9
°C and Terrarez et al. (2025) yields measured MAAT temperatures that correspond to a MAAT of 23.0 + 1.9 °C. Both transfer
functions are therefore within error of the expected annual average air temperature. It should be noted, however, that transfer
functions assume a seasonal window during which carbonate formation occurs, meaning that reconstructed temperatures may
reflect the conditions prevailing during periods of active carbonate precipitation rather than a strict annual mean. In the semi-
arid environment of NW Botswana, carbonate formation is likely associated with periods of increased moisture availability
and soil activity, which may bias the signal toward the wetter season. The transfer functions take note of this and the close
agreement between the reconstructed values and the observed MAAT suggests that a reasonable approximation of regional
temperature conditions is provided. Given the small sample set, we apply the transfer function of Terrarez et al. (2025) in this
study as the equation has a reduced error and incorporates latitude and altitude effects, making it more appropriate for this

region.

5. Discussion
5.1 Isotope variation in carbonates

The variation in the stable isotope measurements in this study indicates that a primary source of uncertainty in the interpretation
of the results is the possible influence of weathering and diagenetic processes. The thin and primarily unconsolidated

sedimentary cover enables in-situ weathering of underlying Precambrian basement rocks by bottom-up processes. This is
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compounded by the evidence of bioturbation, as well as meteoric influences that gave rise to the various textures observed in
the micromorphology (Figure 5). The variations in the isotope geochemistry corroborate the post-depositional interpretations.
The greater range in the 680 values suggests the predominant influence of surface and groundwater in the precipitation of
carbonates (Figure 7). Samples with the lowest §'*C and 5'%0 values are comparable to previous results of Kalahari Group
calcretes sampled in a drill core (KPH4), that represents highly recrystallized sparitic calcrete (Figure 8; Linol, 2013). In
marlstones closer to the surface, the more enriched §'3C values are attributed to the influence from the biological components

in the overlying soil.

0.0
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-1.0- A A A Biomicritic maristone
b A A Needle fibre calcite
2.0 A, Rhyzolith precipitate
1 Calcrete:
'3-0- A .
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Figure 8: 8'3C versus 8'0 values of measured Kalahari Group sediments and calcretes from Tsol, KGP58, KGP71 and KPH drill
cores (see also Linol, 2013). The reworked calcretes, identified by petrographic screening (squares) have relatively lower 5'30 values
in comparison to the marlstones (triangles).

The variation in stable isotopes due to weathering is not reflected in the measured As47 temperatures, and thus secondary

carbonate precipitation cannot be interpreted from these values alone. However, it is likely that post-depositional influences
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are reflected in the 3'30w values calculated from the A47 temperatures, as there is a clear distinction between samples influenced
by present-day meteoric and groundwater (Figure 9; McCarthy et al., 1998).

In soil concretions and Bk horizons, the measured A47 temperatures are generally warmer than other carbonate types. However,
the calculated 3'*Ow value of 6.2 + 1.2 % VSMOW is comparable to that of the subsurface marlstones influenced by meteoric
and groundwater (Figure 9). This is attributed to secondary carbonate precipitation during post-depositional processes. In
addition, site-specific factors in soil carbonates complicate the interpretation as surface temperatures, diurnal fluctuations, and
the calculated ‘damping’ depths of soil profiles where the fluctuations of climatic parameters may no longer influence the
precipitation of carbonates need to be considered (Breecker et al., 2009; Quade et al., 2013). This is expected from the recent
surficial sediments analysed in this study, as they do not record average climate conditions, but rather much warmer
temperatures.

In contrast, the 3'%0 values in fossil gastropods are distinctively higher (Figure 9), which are comparable with a previous study
(Wiese et al., 2020). In addition, paired analyses on a subset of fossil gastropods indicate carbonate precipitation in equilibrium
(Table 5). This geochemistry is indicative of primary carbonate precipitates and are thus suitable for paleoclimate
reconstructions. Fossil gastropods as a proxy are supported by the “C ages (Figure 3). Marlstone collected in drill cores from
the same depths as these fossils yield differing ages, which can be attributed to the heterogeneous microfabrics exhibited
(Figure 7 and Figure 8) and suggests contamination between different carbonate forms during homogenization. However, the

recurrent age of ~33 ka for fossil gastropods at similar depths supports relatively good preservation.
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Figure 9: Measured A4; temperatures of Kalahari Group sediments, calcrete, soil concretions, and fossil gastropods. The samples
from outcrops preserve relatively higher 5'®*0Ow values compared to subsurface samples in KGP 58 and KGP 71 drill cores. The
meteoric and groundwater lines are from McCarthy et al., 1998.

5.2 Limitations

The multi-proxy approach has identified that not all samples are suitable for paleoclimate reconstructions using clumped
isotopes due to the secondary carbonate precipitation and heterogeneity in texture. The most robust results are therefore derived
from fossil gastropods of the Radix and Bulinus species. In this study the dataset is limited for these gastropods, which
constrains the broader applicability for global climate model inputs. Despite the limited dataset, these results identify a valuable

archive for future investigation and provide initial direct temperature estimates for the interior Kalahari Plateau.

5.3 Paleoclimate significance

Late Pleistocene fossil gastropod shells of the Radix and Bulinus species are identified as robust potential archives for

paleotemperature and paleohydrology reconstructions. The application of carbonate clumped isotopes on terrestrial snails in
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the northern hemisphere has also yielded results that suggest snail are a useful archive (e.g. Bricker et al., 2023). The fossil
gastropods that are determined to be best preserved yield an average temperature of 17.6 °C (Figure 10), which corresponds to
a MAAT of ~15 °C. The reconstructed temperature is several degrees lower than the modern mean annual air temperature of
~22 °C in northwest Botswana, suggesting cooler climatic conditions across the Kalahari Plateau during this interval in
comparison to the present (Figure 1). These cooler conditions are comparable with results from other parts of southern Africa.
Speleothem-based paleotemperature reconstructions from the Cango Caves indicate cooler conditions during the Late
Pleistocene relative to the present, with temperature estimates several degrees lower than modern values (Talma and Vogel,
1992). Similarly, sedimentary and geochemical records from Tswaing Crater Lake suggest substantial climatic variability
during the Late Pleistocene, including cooler intervals associated with changes in hydrological balance and regional circulation
patterns (Kristen, 2007). Although these archives represent different depositional environments and are located outside the
Kalahari Basin, the broadly cooler conditions inferred from these studies are consistent with the lower mean annual air
temperatures reconstructed here from fossil gastropods.

The Kalahari Plateau remains underrepresented in regional paleoclimate datasets, and the fossil gastropods identified in this
study provide a promising archive for future more extensive quantitative temperature reconstructions. Integrating these records
with other regional archives and global climate model simulations will help clarify the spatial patterns and drivers of Late

Pleistocene climate variability in southern Africa and aid in increasing the accuracy of global climate models.
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Figure 10: C and O stable and clumped isotope results of modern and fossil shells from the Kalahari Group. a) The depleted '*0
value suggests incorporation of the sediment matrix in the analysis. The difference in the §'3C values between the modern and fossil
carbonates is attributed to the influence of organic matter in the river channels from C4 and C; vegetation and loss of aquatic
dissolved inorganic carbon (Meier et al., 2015), where the modern samples were collected; b) The measured A4; temperatures are
distinctively lower in the fossil gastropods compared to the modern mussel and snail.

6. Conclusion

This study aimed to identify a suitable archive for climate reconstructions from the carbonates preserved in the Kalahari Group
sediments. The multi-proxy approach applied to the study of carbonates from the Kalahari Group sediments has identified
well-preserved, late Pleistocene fossil gastropod shells as reliable archives for reconstructing quantitative temperature in

southern Africa. The results of this study will contribute to resolving the conflicting interpretations regarding the driving forces
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behind the late Quaternary climate of southern Africa, which have been long hampered by the lack of quantitative temperature
estimates.
Despite the limited number of samples, our temperature reconstructions from the gastropod shells revealed an average mean
415 annual air temperature of ~15 °C between 32.52 + 0.35 ka and 34.53 £ 0.35 ka, suggesting cooler conditions during the Late
Pleistocene. Future work should focus on obtaining additional direct temperature estimates from fossil gastropods within the
Kalahari region, as well as integrating these results with paleoclimate records, including speleothem archives from the Cango
Caves and lake sediments from Tswaing Crater, in South Africa as well as lake sediments from the Makgadikgadi Lakes
(Kahsay et al., 2026). Expanding such datasets will help refine regional paleotemperature reconstructions and improve our
420 understanding of the mechanisms driving Late Pleistocene climate variability in southern Africa. Additionally, in a global

context this is essential in narrowing the gap in climate models that are biased towards the northern hemisphere.
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