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A B S T R A C T

Numerous evaporative saline playa lakes exist within the Thar Desert in Northwest India. Some are active 
seasonally, whereas others are dry and preserve up to several meters of sedimentary deposits. These deposits 
feature a variety of evaporite minerals, including the hydrated mineral gypsum (CaSO4⋅2H2O). The isotopic 
composition of gypsum hydration water preserves the δ18O and δD of paleolake water at the time of gypsum 
formation. This provides a way to understand the hydrologic balance in a part of the world where it is typically 
very difficult to obtain any paleoclimate records. We present paleohydrological records from two dry playas 
(Karsandi, Khajuwala) and one active playa (Lunkaransar) in the Thar Desert using the oxygen and hydrogen 
isotopic composition of gypsum hydration water. We present a theoretical model to explain differences in how 
the gypsum records water isotopic composition from perennial playas (consistent paleoclimate recorders) as 
opposed to seasonally fed or ephemeral playas (that reflect evaporated meteoric water inconsistently). Results 
suggest that enhanced direct precipitation, with associated higher groundwater and possibly fluvial sources, 
maintained active playa lake basins in the central Thar Desert for the Early through Middle Holocene. We also 
examine δ34SSO4, δ18OSO4, and 87Sr/86Sr of the gypsum sulfate to explore the source and evolution of solutes in 
the Thar Desert playas. Results indicate that seasalt aerosols likely accumulated in aeolian sands during glacial 
dry periods and concentrated in playa deposits once a threshold level of moisture was reached in the Early 
Holocene. By the Late Holocene, after c. 4.4 ka BP, these water sources diminished and some playas were again 
covered by aeolian deposits. The Thar Desert gypsum deposits provide valuable insight into local moisture 
balance during a time period that featured important cultural transformation in the surrounding region, 
including the South Asian Neolithic agricultural societies around 8 ka BP, the full span of the Indus Civilization 
(5.3–3.3 ka BP), and periods of human occupation after 3 ka BP.

1. Introduction

The Thar Desert, an area covering approximately 200,000 km2 with 

annual rainfall of 100–500 mm, stretches across western India (almost 
the entire state of Rajasthan) and eastern Pakistan. As the most densely 
populated desert in the world with a population of more than 16 million 
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people today, the Thar Desert presents a unique and rich cultural history 
flourishing in an extreme environment. Adaptations to drought, heat, 
and general water scarcity are essential, and have led to innovative ar
chitecture, the use of unique endemic plants, and distinctive nomadic 
lifestyles (Arora et al., 2010; Baghel et al., 2024). The Thar Desert is 
surrounded by Bronze Age archaeological sites of the Indus Civilization.

The Thar Desert features expanses of gypsum and calcrete deposits, 
which reveal a dynamic past climate. Although such continuous sedi
mentary deposits are diagnostic of regions where evaporation exceeds 
inflow (i.e., arid regions), these deposits can only form when the 
necessary solutes are available and when the moisture supply is suffi
cient to dissolve and accumulate the solutes in low-lying areas. Lacus
trine gypsum may precipitate in so-called saline playas, which have a 
negative water budget for most of the year (Rosen, 1994), as well as 
>5000 ppm of dissolved solutes (Hardie et al., 1978). Solute precipita
tion begins with the least soluble minerals (e.g., calcite and dolomite) 
and then progresses to gypsum and halite on the more soluble end of the 
spectrum (Schreiber and El Tabakh, 2000).

The Geological Survey of India (GSI) has surveyed the vast quantities 

of gypsum in Rajasthan, which contains >1000 million tons of gypsum 
reserves and provides over 90 % of the gypsum mined in India, mainly 
used for cement production, among other industrial uses (Shrivastava 
et al., 2011). Gypsum is found across playas of the Thar desert, along 
with other evaporites such as halite and calcite (Roy and Smykatz-Kloss, 
2007). Deeper (250–1000 m) deposits of ancient evaporites stem from 
the Hanseran Evaporite Group (Shrivastava et al., 2011). Mapping 
gypsum deposits from available GSI maps indicates accumulation in 
low-lying depressions, valleys, and paleochannels, often following a 
NE-SW trend that suggests a tectonic or paleochannel control on 
drainage (Fig. 1) (Sundaram and Rakshit, 1994).

Playa lake systems are attractive to study because of their location in 
sensitive ecosystems where small changes in rainfall have a great 
impact. Playa lakes in the Thar Desert have received attention for their 
paleoclimatic and archaeological significance (Singh et al., 1972; Kajale 
and Deotare, 1997; Prasad and Enzel, 2006; Madella and Fuller, 2006; 
Roy and Singhvi, 2016; Deotare et al., 2022), but the gypsum deposits 
specifically have not been extensively researched. Two studies laid out 
pioneering groundwork describing the distribution, morphology, and 

Fig. 1. Present-day river channels (dark blue) and paleoriver channels (light blue) in the interfluve region (Orengo and Petrie, 2017) surround the Thar Desert 
(yellow shading). Surficial gypsite interdunal valley deposits (green) and gypsum, calcrete, halite, and copper mines (green, yellow, turquoise, and orange diamonds, 
respectively) were reconstructed from available Geological Survey of India (GSI) maps. Unmapped areas include the western Thar Desert in Pakistan, also known as 
the Cholistan Desert (considering that many local ancient structures feature gypsum block walls, it is very likely that significant gypsum deposits extend into this 
area). The three gypsum-rich playa lakes (dark blue triangles) sampled as part of this study include Khajuwala, Lunkaransar, and Karsandi, the water sampling 
location at Riwasa is shown as a purple circle, and other playas are shown with smaller light blue triangles.
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potential climatic implications of gypsum deposits in the Thar Desert, 
highlighting the difference between lacustrine bedded gypsum and 
pedogenetic crusts with massive, powdery, or nodular gypsum 
(Sundaram and Rakshit, 1994; Rakshit and Sundaram, 1998). Dixit et al. 
(2018) provided the first detailed paleoclimatic interpretation of the 
Karsandi gypsum deposit in the northern Thar Desert.

The source of solutes to such an extensive region of the Thar Desert, 
particularly sulfate for gypsum formation, remains an open question, 
because saline lakes require not only evaporation to exceed inflow but 
also a perennial source of inflow to maintain their salinity (Eugster, 
1980). Solutes are most commonly transported by rivers or streams, 
storm runoff, or perennial springs, and generally involve a component of 
bedrock or surficial sediment weathering within the catchment (Eugster, 
1980). Paleochannels underlying the playas, even if inactive on the 
surface, might route groundwater containing solutes to actively 
recharge the lake. The surficial sediments of the Thar Desert feature a 
vast supply of sand deposits, which contain marine-derived aeolian 
material (notably, foraminifera are found in Thar Desert sand up to 800 
km north of the Arabian Sea) (Goudie and Sperling, 1977). Finally, the 
underlying geology needs to be considered: ancient marine evaporites 
underlie much of the Thar Desert region (Wadhawan and Kumar, 1996; 
Banerjee et al., 2012; Cozzi et al., 2012), and consequently, deep saline 
aquifers or brine springs could be another source of solutes. Source in
terpretations can be derived from the analysis of the sulfur and oxygen 
isotopic composition of sulfate (SO4

2− ) in gypsum (e.g., Sun et al., 2018) 
as well as measurement of 87Sr/86Sr that readily substitutes for the 
calcium component (e.g., Denison et al., 1998).

Gypsum is also a uniquely useful paleoenvironmental recorder. 
Gypsum (CaSO4⋅2H2O), a hydrated evaporite mineral, consists of 20.9 % 
water by weight. This structurally bonded crystallization water, also 
known as gypsum hydration water (GHW), can remain unaffected by 
post-depositional processes such as re-crystallization or isotope ex
change via water diffusion (Gázquez and Hodell, 2022) and thereby 
reflects the oxygen and hydrogen isotopic composition of the water in 
which it was formed (Sofer, 1978; Khademi et al., 1997; Hodell et al., 
2012). By using the oxygen and hydrogen isotope fractionation factors 
between GHW and its parent water (which are largely insensitive to 
temperature and salinity) (Gázquez et al., 2017; Liu et al., 2019), the 
isotopic composition of the parent solution can be calculated. Thereby, 
changes in oxygen and hydrogen isotopic composition of evaporated 
waters can be reconstructed from gypsum deposits in saline lakes. 
Furthermore, d-excess, a parameter derived from the relationship be
tween δ18O and δD, is driven by relative humidity conditions as well as 
temperature (Gázquez et al., 2018), while 17O-excess is generally 
considered to be a temperature-independent relative humidity indicator 
(Luz and Barkan, 2010). These measurements provide an insight into the 
evaporation history of the playa lake through time, allowing us to infer 
changes in local hydrology, and by extension regional – and even global 
– climate.

This paper presents three Holocene gypsum records from playa lakes 
spanning a rainfall gradient in the Thar Desert (Supplemental Fig. 1). In 
the west-central region, Khajuwala receives 200 mm of annual precip
itation and has a relative humidity of 30 % (winter) to 50 % (summer) at 
present. Lunkaransar in the north-central desert has 260 mm of annual 
rainfall and 35–55 % humidity, while Karsandi on the north-eastern 
margin has the highest rainfall of 320 mm per year and average rela
tive humidity ranging 40–55 %. More than 85 % of rainfall at these study 
sites occurs in the summer (May through October), arriving via the In
dian Summer Monsoon and increasing towards the east. Winter rainfall 
is mainly linked to Western Disturbances (WDs) (Midhuna et al., 2020) 
carried by westerlies, and is highest in the northwestern part of the Thar 
Desert. We examine gypsum from these three playa lakes to study the 
prevailing environmental conditions during deposition, with 

implications for interpretation of gypsum sequences and the use of 
gypsum hydration water as a paleoclimate proxy. We also discuss the 
possible source of solutes for gypsum formation in the Thar Desert, using 
strontium isotopes and the sulfur and oxygen isotopic composition of 
sulfate in gypsum. Finally, we consider the archaeological implications 
of Holocene water availability in the Thar Desert.

2. Materials and methods

2.1. Field

Sediment sections from the three Thar Desert playa lake sites were 
described and sampled between 2010 and 2019 (Fig. 2).

Khajuwala (28◦ 35′ 46.932″ N, 72◦ 19′ 18.084″ E) was identified 
based on its location as an active gypsum mine and was visited in 2017/ 
2019 with permission of India’s Border Security Force. According to the 
local miners, the gypsum deposits extend ~0.24 km2, and the deepest 
sections are 3 m. This would put the maximum gypsum volume at 
720,000 m3, or 2.3 million tons of gypsum. Quaternary flood plain de
posits and aeolian sand comprise the surrounding surficial geology. 
Khajuwala samples were collected at 2-cm resolution from a 3-m deep 
section exposed by mining, along with three luminescence samples. The 
sequence can be divided into eight gypsiferous units, with gray and then 
yellow sand layers below the gypsum and a variably-thick yellow-brown 
sand layer at the surface (Fig. 2) (see the Supplemental Materials for a 
more detailed description of each unit’s characteristics, including 
mineralogy and identified gastropods and ostracods).

Lunkaransar (28◦ 28′ 1.96″ N, 73◦ 42′ 7.99″ E) was sampled in 
February 2019. The playa is actively used for selenite mining (selenite is 
a variety of gypsum), and the surrounding surficial geology comprises 
Quaternary fluvio-lacustrine and aeolian sediments, with gypsite and 
calcrete pockets in the interdunal valleys. Prior investigation showed 
that the lake basin is underlain by calcareous deposits, and a >1-m thick 
sequence of low-permeability clay deposits at the base acts to retain 
water (Singh et al., 1972). Lunkaransar falls between a set of tectonic 
lineaments that control the drainage system (Wadhawan and Kumar, 
1996), and tectonically-driven stream segmentation has been suggested 
as the formation mechanism for the depression of this playa lake (Roy, 
1999). A 1.36-m-deep exposed trench was cleaned and sampled at 2-cm 
intervals. Its sediments are wet and partially submerged even during the 
dry season, which limited the sampling depth. The top 32 cm consist of 
overburden material (from trench excavation before our sampling). The 
remaining 104-cm sequence consisted of five units, all containing some 
form of gypsum crystals except for Unit II (Fig. 2) (see the Supple
mental Materials for a detailed description of each unit’s 
characteristics).

Karsandi (28◦ 59′ 29.6″ N, 74◦ 45′ 53.8″ E) was first identified by Saini 
et al. (2005). Karsandi lies 21 km south of a paleotributary of the now 
seasonal Ghaggar-Hakra river (Fig. 1), which was supplied with 
monsoonal rainfall and water originating in both the Aravalli and Hi
malayan mountain chains (Orengo and Petrie, 2017). Besides collecting 
and channeling groundwater and moisture today, the presence of pale
ochannels raises the question of whether active streams or rivers could 
have fed Karsandi via surface overflow or flooding during rainier periods 
in the past. Karsandi’s gypsum sequence was sampled at 2-cm resolution 
in 2010 and was revisited for two luminescence dates and additional 
sampling in 2014 (Dixit, 2013; Dixit et al., 2018). Its 2.2-m sequence 
consists of eight gypsum-rich units (Saini et al., 2005; Dixit et al., 2018) 
underlain by yellow-brown sand, and overlain by 47 cm of sand at the 
surface. The published δ18O and δD gypsum dataset and age model 
(Dixit et al., 2018) was augmented in this study by adding δ17O, δ34SSO4, 
87Sr/86Sr, and δ18OSO4 data.

In addition, we sampled Thar Desert water from 19 sites (wells, 
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ponds, lakes, reservoirs) during the 2017/2019 fieldwork seasons and 
combined these with six Riwasa well water measurements from 2010 
(Dixit, 2013) in order to establish a local evaporative line (LEL) baseline 
(Supplemental Fig. 2). We additionally conducted a 36-h pan evapora
tion experiment near Khajuwala (28◦ 41′ 22.092″ N, 72◦ 35′ 13.848″ E) in 
February 2019 to investigate the desert’s diurnal evaporation charac
teristics as an analogue for summer vs. winter conditions (these results 
are not further discussed here, but see the Supplemental Materials, 
including Supplemental Tables 1–3 for more details).

2.2. Laboratory analyses

2.2.1. Chronology
A total of 20 Accelerator Mass Spectrometry (AMS) dates were run on 

the Khajuwala sequence, based mainly on Zootecus insularis shells as well 
as plant remains (Supplemental Table 4). Lunkaransar’s samples yielded 
a piece of charcoal and a shell fragment for AMS dating (Supplemental 
Table 5). AMS and luminescence dates for Karsandi are described in 
Dixit et al. (2018). Samples for AMS radiocarbon dating were picked out 
of the wet-sieved >300 μm size fractions. Five samples were measured 
with conventional AMS at the University of Oxford, and all other AMS 
dates were analyzed at the University of Bern using a MICADAS system 
specialized for small samples sizes. Luminescence dating of three sam
ples from Khajuwala (KF2, KF6 and KF7) was performed at the Uni
versity of Liverpool using density-separated K-feldspar grains (90–125 
μm) to determine the paleodose, which was divided by the environ
mental dose-rate derived using high-resolution gamma spectrometry to 
determine ages. The Supplemental Materials contain additional AMS 
and luminescence method details.

2.2.2. Mineralogy
The mineralogy of the playa lake deposits, as well as the overlying 

and underlying aeolian sands, were investigated with X-Ray Diffraction 
(XRD) and Scanning Electron Microscope (SEM) instruments (see Sup
plemental Materials for details of the methods). The assessed XRD 
samples included Khajuwala (n = 13) and Lunkaransar (n = 8). Karsandi 
was not measured due to lack of sample material.

2.2.3. Stable isotope ratios of gypsum hydration water
Two methods were used to measure gypsum hydration water isotope 

ratios: the “off-line” method for large sample sizes (>150 mg) that was 
used for the majority of samples, and the “on-line” method for a few 
samples where we had limited amounts. The main difference in results is 
that the on-line method does not produce 17O results, due to the different 
instrumentation used for this set-up, but all other results are comparable 
(see Supplemental Materials for more details). All samples were 
analyzed at the Godwin Laboratory at the University of Cambridge.

The off-line gypsum hydration water extraction method follows 
Gázquez et al. (2015). Gypsum was present between 47 and 223 cm depth 
at Karsandi (82 total samples, including seven depths run in duplicate or 
triplicate), Khajuwala gypsum spanned 0.5–298 cm (280 total samples, 
with duplicates or triplicates run for more than half of the depths), and 
Lunkaransar’s section featured gypsum at 30–56 cm and 92–136 cm 
depth (40 total samples with five depths run in duplicate or triplicate). 
The water oxygen and hydrogen isotopes (16O, 17O, 18O, 1H, 2H) were 
then measured using Cavity Ring-Down Spectroscopy (CRDS) with a 
Picarro L2140i, equipped with a A0211 high-precision vaporizer. The 
results were calibrated using four internal water standards (JRW, BOTTY, 
SPIT, and ENR), which were calibrated against the international water 
standards Vienna Standard Mean Ocean Water (VSMOW) and Standard 
Light Antarctica Precipitation (SLAP), and are thus reported relative to 
VSMOW-SLAP. A NEWGYP in-house gypsum standard was extracted with 
each set of five gypsum samples to assess reproducibility, showing ± 1σ 
analytical precision of 0.2 ‰ for δ18O, 0.1 ‰ for δ17O, and 0.8 ‰ for δD 

Fig. 2. Sediment lithologs and chronology for the three playa sequences (left) and landscape overview photos from the three playas (right), with AMS dates (open 
black circles) and luminescence dates (orange circles with black outlines). Italicized dates for Khajuwala fall out of sequence and were not used for the chronology). 
Roman numerals signify distinct units within each of the stratigraphic columns.
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(Supplemental Table 6). The precision was 12 per meg for 17O-excess and 
1 ‰ for d-excess.

For n = 15 size-limited gypsum samples (<150 mg) from Lunkar
ansar, the alternative on-line method was applied using the combined 
NETZSCH TGA and Picarro L2130i differential thermal isotope analysis 
(DTIA) approach (Bauska et al., 2018) (see Supplemental Materials for 
more details), which only delivers 16O, 18O, 1H, and 2H results (not 17O). 
A set of internal gypsum standards (DEVAUX, GEODA, SALINA, and 
UALGYP) were each run three times before the samples to provide a 
gypsum-based calibration for the NETZCH-Picarro procedure. Three 
NEWGYP standards were included for the NETZSCH extraction of 15 
samples, yielding ± 1σ analytical precision of 0.04 ‰ for δ18O and 1.0 
‰ for δD (Supplemental Table 6).

The raw isotopic composition of the gypsum hydration water is 
corrected to reflect the true “parent water” isotopic composition by 
using the known gypsum formation fractionation (α) factors: 1.003464 
for δ18O, 0.9807 for δD, and 1.001833 for δ17O (Gázquez et al., 2017), 
also supported by theoretical predictions (Liu et al., 2019). These α 
factors assume a temperature of 25 ◦C and salinities <30 g/L (realistic 
for these Thar Desert playas where gypsum is the main precipitate). The 
α factors are generally unaffected by a temperature range of 10–35 ◦C, 
and α18O is unaffected by salinities <150 g/L, whereas αD increases with 
salinities >30 g/L (Gázquez et al., 2017). Diagenesis or isotopic ex
change is unlikely to affect large (>250 μm) gypsum crystals after pri
mary deposition in the playa has occurred (Gázquez and Hodell, 2022), 
and our samples exceeded this size threshold (e.g., Supplemental Ma
terials). We thereby assume that all GHW results discussed in the 
following sections reflect the parent (playa) water isotopic composition.

2.2.4. Oxygen (δ18OSO4) and sulfur (δ34SSO4) isotopic composition 
measurements

For the Khajuwala sequence, the δ34SSO4 and δ18OSO4 of the sulfate in 
the gypsum was measured for 20 depths (4 depths in triplicate for 
δ34SSO4, and all δ18OSO4 in duplicates). At Lunkaransar, the δ34SSO4 and 
δ18OSO4 was measured for 28 and 8 depths, respectively (5 triplicates for 
sulfur, and all samples in duplicate or triplicate for oxygen). The δ34SSO4 
and δ18OSO4 was determined for 10 depths throughout the Karsandi 
sequence, all of which were replicated for δ34SSO4, and 5 depths which 
were replicated for δ18OSO4.

Gypsum powder (from the gypsum hydration water preparation 
steps) was re-precipitated as BaSO4 to analyze its δ34SSO4 and δ18OSO4 
(see Supplemental Materials for additional details). The δ18OSO4 was 
measured by pyrolysis in a TC/EA coupled to a Delta V Mass Spec
trometer in the Godwin Laboratory for Paleoclimate Research, and 
δ34SSO4 was determined by flash combustion in a Flash EA under excess 
oxygen coupled to a Delta V Mass Spectrometer by continuous flow, also 
in the Godwin Laboratory. Samples were bracketed with the NBS-127 
barite standard (δ34SSO4 of 20.3 ‰ and δ18OSO4 of 8.6 ‰) to correct 
for measurement drift. All results are reported with respect to Vienna 
Canyon Diablo Troilite (V-CDT) for δ34SSO4 (‰) and VSMOW for δ18OSO4 
(‰).

2.2.5. Sr isotope measurements
For Khajuwala, the 87Sr/86Sr was determined for 11 of the 20 depths 

previously assessed in the SO4 analysis. At Lunkaransar, 8 of the 28 
depths were assessed, and for Karsandi, the 87Sr/86Sr was measured for 9 
out of the 10 depths, with 1 replicate.

For Sr isotope measurements, Sr concentrations of the gypsum powder 
were first assessed by ICP-OES (Agilent 5100). Based on these results, an 
aliquot containing 300 ng of Sr was dried down and re-dissolved in HNO3 
in preparation for standard column chemistry. Acid- and Milli-Q-water- 
cleaned columns received Eichrom Sr Specific resin and the Sr fraction 
was collected in acid-clean Teflon beakers. Sr samples were dried down in 

nitrate form for analysis on the Thermo Scientific Triton Plus Thermal 
Ionization Mass Spectrometer (TIMS). Samples were loaded onto out
gassed single Rhenium filaments with Ta activator and run alongside five 
NBS 987 standards per turret to assess the external reproducibility of the 
isotope ratio measurement. All analyses were conducted at the University 
of Cambridge (see Supplemental Materials for additional details).

3. Results

3.1. Chronology

The previously published Karsandi chronology includes seven AMS 
radiocarbon dates from terrestrial gastropods and charophytes, accom
panied by two luminescence dates (Dixit et al., 2018). These two lumi
nescence dates from the sand above and below the gypsum yielded 
boundary dates for the emergence of the playa lake (11.2 ± 1 ka BP) 
until its complete desiccation (3.2 ± 1 ka BP). Several terrestrial gas
tropods were dated in Unit III (within 4.3 and 5.3 ka BP) along with 
charophytes from Unit VI (c. 7.5 ka BP); however, no other units con
tained enough dateable material to provide an acceptable age depth 
model. Therefore, the ages of transitions between units at Karsandi 
remain imprecise.

At Khajuwala, luminescence dating places the lower gray aeolian 
sand (307–312 cm depth) at 45.1 ± 3.9 ka BP (see Supplemental Table 7
for dose rate calculations and Supplemental Fig. 3 for Abanico plots of 
equivalent dose values). XRD analysis of the sand shows the presence of 
gypsum among other common minerals (e.g., quartz, calcite, albite, 
kaolinite, rutile, illite, and chlorapatite) (Supplemental Fig. 4). The 
immediately overlying yellow aeolian sand (300–305 cm) constrains the 
beginning of gypsum accumulation to younger than 12.2 ± 1 ka BP 
(Supplemental Table 4). A luminescence date taken from the gray-green 
gypsiferous sandy Unit VII (201–211 cm) is dated to 10.7 ± 1.1 ka BP. 
Thirteen AMS radiocarbon dates on terrestrial gastropods were obtained 
from Units I-VI (ranging between 1.3 and 6.4 ka BP), but most of them 
do not correspond to their stratigraphic order and indicate reworking 
(Fig. 2, Supplemental Table 4). Freshwater aquatic gastropods and 
brackish water ostracods appear in Unit V, which stands in contrast to 
the overlying lenticular and cemented massive gypsum with sandy 
layers and terrestrial gastropods found in Units I-IV (top meter of the 
sequence). Seven modern AMS radiocarbon dates from plant remains 
(Units II, IV, and VIII) showed that vegetation, including halophilic 
algae, had grown deeper into parts of the exposure than we expected. A 
tentative chronology was adopted (Fig. 2), which accepts all lumines
cence dates and the three AMS dates that fall in stratigraphic order (ten 
other AMS dates fall out of order and were not used – see Fig. 2). It 
follows that the deepest 1 m of laminated gypsum in Units VIII and VII 
represent a span of c. 2000 years of sequential gypsum deposition during 
the Early Holocene between 12.2 ± 1 ka and 10.7 ± 1.1 ka BP. In 
contrast, the top 2 m of the sequence was deposited and subsequently 
reworked between 1.3 and 1.9 ka BP.

Two AMS radiocarbon dates were obtained from the sequence at 
Lunkaransar: one from a small fragment of charcoal (113 μg, at 80–82 
cm depth) was dated to 3.67 ± 0.2 cal ka BP, and the other from a 
gastropod (570 μg, at 102–104 cm depth) was 6.82 ± 0.2 cal ka BP 
(Supplemental Table 5).

3.2. Stable isotope ratios of gypsum hydration water

The maximum and minimum GHW stable isotope values were 
calculated (Supplemental Table 6) and the mean values were plotted for 
each playa (Figs. 3–5) after correcting for gypsum hydration water 
isotope fractionation (Gázquez et al., 2017). Standard deviations (±1σ) 
were calculated by site for each variable (Supplemental Table 6). For 
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example, for δ18O, standard deviations of the in-house water standard 
SPIT were between 0.04 and 0.14 ‰ for all sites (measuring Picarro 
precision), 0.1–0.33 ‰ for the in-house gypsum standard (reflecting 

Picarro and WASP precision), and 0.47–0.65 ‰ for sample replicates 
(accounting for sample variability while picking gypsum crystals from 
the same depth, weighing and crushing the crystals, as well as Picarro 

Fig. 3. Khajuwala multiproxy dataset, highlighting Late Holocene (post c. 1.9 ka BP) lenticular gypsum at the top (0–211 cm, red background), which includes two 
sections of very 18O-depleted GHW and aquatic gastropods (105–127 and 157–173 cm, yellow background), and Early Holocene (c. 12.2–10.7 ka BP) laminated 
prismatic gypsum at the bottom (211–299 cm, blue background). Selected calibrated 14C and luminescence dates are denoted by white circles with ± 2σ age errors. 
For each proxy, ± 1σ measurement error bars are shown near the x-axes, and the dotted vertical line represents the mean value for the dataset.

Fig. 4. Lunkaransar multiproxy dataset, highlighting Late Holocene (<4 ka BP) lenticular gypsum at the top (32–56 cm, yellow background), gypsum hiatus (56–93 
cm, red background), onset of drying (106 cm, yellow background), and Early-Middle Holocene laminated prismatic gypsum at the bottom (93–136 cm, blue 
background). Calibrated 14C dates are denoted by white circles with ± 2σ age errors. For each proxy, ± 1σ measurement error bars are shown near the x-axes, and the 
dotted vertical line represents the mean value for the dataset.
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and WASP precision).
The d-excess (derived from the δ18O/δD relationship) of the playa 

samples plot lower than the values given by the modern local evapo
ration line (Table 1 and Fig. 6) (see the Supplemental Materials and 
Supplemental Figs. 5 and 6 for details on the measurements of modern 
local evaporation). A shallower slope generally indicates drier atmo
spheric conditions in the past with more evaporative loss, assuming the 
source water has not changed (Dansgaard, 1964; Fröhlich et al., 2002). 
We also split gypsum hydration water samples from all three sites be
tween recent samples (Late Holocene, <4.2 ka BP, includes depths n =
114 from Khajuwala up to 210 cm depth, and n = 12 from Lunkaransar 
up to 55 cm depth) and older samples (Early and Middle Holocene, 
11–4.2 ka BP, includes n = 71 from Karsandi at all depths with gypsum, 
n = 42 from Khajuwala deeper than 210 cm, and n = 13 from Lunkar
ansar deeper than 95 cm depth) (Fig. 6, see also Supplemental Data and 
Supplemental Fig. 5). The Late Holocene samples have the shallowest 
slope (δ18O/δD space) (Table 1), and the δ18O values are c. 4 ‰ lower 
than the Early and Middle Holocene samples.

3.3. SO4 and Sr isotope ratio measurements

Result statistics including maximum and minimum values from 
gypsum-derived δ18OSO4, δ34SSO4, and 87Sr/86Sr are reported in 

Supplemental Table 8, and means are plotted in Figs. 3–5. Standard 
deviations (±1σ) are reported from pooled replicates of the samples 
wherever available. Machine drift was corrected for 27 of the Lunkar
ansar δ34SSO4 samples using a regression slope from NBS 127 standards 
run throughout. Blanks for 87Sr/86Sr were negligible.

The δ34SSO4 for all playas range from 7.7 to 16.2 ‰, with Lunkar
ansar at the lower end of the range and Khajuwala at the upper end. The 
δ18OSO4 ranges from 15.2 to 23.2 ‰, with highest values found at 
Lunkaransar compared to the other two playas. Covariation between 
δ18OSO4 and δ34SSO4 is apparent for all playas (Fig. 7a). Both δ18OSO4 and 
δ34SSO4 trend towards lower values in the upper parts of the Khajuwala 
and Lunkaransar records (Figs. 3 and 4). The values for 87Sr/86Sr range 
from 0.710600 to 0.712382 (lowest at Lunkaransar, and highest at 
Karsandi). The 87Sr/86Sr of each playa lake is consistent throughout 
time, with <0.0001 variability within each basin, and c. 0.001 vari
ability between basins.

4. Discussion

4.1. Origin of sand and gypsum in the Thar Desert

Dune activity is an indicator of past climate changes and provides 
useful context when examining the playa lake records. The origin of 

Fig. 5. Karsandi multiproxy dataset showing dates and δ18O, δD, and d-excess reproduced from Dixit et al. (2018) and 17O-excess, δ34SSO4, δ18OSO4, and 87Sr/86Sr 
data from this study. The horizontal panels highlight Late Holocene (c. 4.4–3.2 ka BP) gypsum at the top (46–86 cm, red background), Middle Holocene (c. 5.2–4.4 ka 
BP) gypsum in the middle (86–115 cm, blue background), and Early-Middle Holocene (c. 11.2–5.2 ka BP) gypsum at the bottom (115–224 cm, blue and yellow 
backgrounds). Luminescence and calibrated 14C dates are denoted by white circles with ± 2σ age errors. For each proxy, ± 1σ measurement error bars are shown 
near the x-axes, and the dotted vertical line represents the mean value for the dataset. Double diagonal lines on the x-axis indicate a break in scale.

Table 1 
Regression coefficients for slopes in Fig. 6; see full table in Supplement (Supplemental Table 3).

δ18O/δD R2 Intercept Slope SE T statistic P value

Thar Desert LEL (n = 26) 0.98 − 13.01 5.18 0.17 31.04 6.94E-21
Late Holocene GHW (n = 126) 0.93 − 19.86 4.48 0.11 40.01 9.65E-73
Early-Middle Holocene GHW (n = 126) 0.91 − 16.62 5.22 0.15 34.48 2.19E-65
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dune formation in the Thar Desert extends to at least 200 ka BP (Singhvi 
and Kar, 2004; Singhvi et al., 2010). Despite dry conditions with ample 
sediment supply during the last glacial maximum, modern dune for
mation could not properly take place until the Indian Summer Monsoon 
gained strength c. 14 ka BP (Chawla et al., 1992; Glennie et al., 2002) 
with increased SW winds contributing to higher sand accumulation 
(Singhvi and Kar, 2004). Wasson et al. (1983) also describe the dunes of 
the Thar Desert as a unique kind of desert system that is “formed by the 
southwest monsoon.” Major dune-building episodes occurred during 
transitions to wetter climates, such as during the Middle Holocene up 
until c. 7 ka BP (Usman et al., 2024). Thereafter, sustained increases in 
rainfall and ensuing pedogenesis and vegetation growth eventually shut 
off this mechanism by c. 6 ka BP in most parts of the Thar Desert (Singhvi 
and Kar, 2004). Not long after this window of maximum humidity, dune 
activity recommenced from c. 5 to 3.5 ka BP in parts of the Thar Desert 
and continued from c. 2 to 1 ka BP, pointing to renewed periods of 
weakened Indian Summer Monsoon (Thomas et al., 1999; Singhvi and 
Kar, 2004; Srivastava et al., 2019).

An extensive historical debate exists concerning the source of salts 
that accumulated in numerous playa lake deposits throughout the Thar 
Desert. Proposed sources have included intrusion and drying of an 
inland sea during the Quaternary (Hume, 1867–68, vide Holland and 
Christie, 1909), accumulation of marine-derived aerosols from the Rann 
of Kutch (Holland and Christie, 1909; Singh et al., 1972), dissolution of 
ancient evaporite beds within the basin (Godbole, 1952), weathering of 
local bedrock and solute transport via fluvial channels (Ramesh et al., 
1993; Mathur, 2008), and segmentation of stream channels and aridity 
leading to the concentration of solutes (Roy, 1999).

Marine-derived solute sources in the Thar Desert have been broadly 
dismissed in the literature (e.g., Ramesh et al., 1993; Yadav and Sarin, 
2009), but the analysis presented here suggests that further examination 
of this source is warranted. For example, Ramesh et al. (1993) showed 
that playa water isotopes reflect a meteoric origin rather than ancient 
marine water and suggested that bedrock weathering contributes sol
utes. Roy (1999) cited aridity and topographic depressions as the pre
requisites for forming saline lakes, but this again does not preclude a 
marine contribution of salts. Yadav and Sarin (2009) discounted marine 
salts by comparing marine and lake uranium isotopes in Sambhar playa, 
but its location on the eastern margin of the desert and influence of 
nearby Aravalli Mountains bedrock makes this an atypical comparison 
to the rest of the Thar Desert playas.

A combination of δ34SSO4, δ18OSO4, and 87Sr/86Sr signatures of the 

playa lakes helps constrain the most likely source(s) of solutes to the 
playas (Fig. 7). Strontium replaces calcium in the lattice of the gypsum 
crystal, and the 87Sr/86Sr signature is maintained as the sediments are 
transported and when gypsum precipitates; the gypsum should record 
the 87Sr/86Sr of the fluid from which it precipitates. Sulfate in the gyp
sum, on the other hand, can come from marine sea salt aerosols or 
weathering of sulfur-bearing minerals in the catchment. The δ34SSO4 is 
derived from the source of sulfur during weathering, with evaporite 
minerals and marine sulfate aerosols having higher δ34SSO4 and oxida
tive weathering of pyrite producing sulfate that has lower δ34SSO4. In 
contrast, the oxygen atoms in sulfate do not exchange with water, and 
therefore the δ18OSO4 reflects the pathway of formation the last time the 
sulfate formed, and where the oxygen atoms might have come from and 
any fractionation on their incorporation. If the sulfate comes from the 
weathering of evaporite minerals, then the δ18OSO4 will reflect the δ18O 
of the sulfate in the evaporite minerals. However, if the sulfate comes 
from the oxidative weathering of pyrite, then the δ18OSO4 reflects the 
pathway of oxidation (Relph et al., 2021). If sulfate is subsequently 
reduced through microbial sulfate reduction, then the residual sulfate’s 
δ18OSO4 and δ34SSO4 will coevolve due to isotope fractionation associ
ated with microbial sulfate reduction (Antler et al., 2013). Combining 
the sulfur, oxygen and strontium isotope data presents possible scenarios 
for the accumulation of Thar Desert solutes.

The δ18OSO4 of the playas are distinct from one another, ranging from 
15 to 19 ‰ at Karsandi and Khajuwala, and 19–23 ‰ at Lunkaransar 
(Fig. 7). These ranges exclude direct formation of the gypsum in the 
playas from a seawater source of sulfate, as marine δ18OSO4 is 8.6 ‰ in 
the modern ocean and recent past. It has been suggested that there is a 3 
‰ oxygen isotope fractionation during gypsum precipitation, but the 
δ18OSO4 in the playa gypsum is still more 18O-enriched (Llloyd, 1968; 
Horibe et al., 1973).

One possible source of solutes to the Thar Desert playas is the 
bedrock beneath the aeolian deposits. The Hanseran Evaporite Group 
(HEG) is a 100–650 m-thick late Neoproterozoic to early Cambrian 
stratum containing cycles of halite, gypsum, and carbonate, which oc
curs anywhere from 250 to 1100 m below the playa deposits 
(Wadhawan and Kumar, 1996; Cozzi et al., 2012). Its widespread dis
tribution makes it a plausible source of solutes to the groundwater in the 
Thar Desert. However, the 87Sr/86Sr of the playa gypsum 
(0.71060–0.71238) is considerably more radiogenic than the HEG (c. 
0.70866) (Mazumdar and Strauss, 2006), although the mixing of dis
solved HEG groundwater with overlying Thar Desert sands (partly 

Fig. 6. Regression slope (δD- δ18O) shown in dark gray for the LMWL from New Delhi (δD = 7.15 δ18O + 2) (Pang et al., 2004), the LEL based on Thar Desert 
groundwater measurements (light gray), Early-Middle Holocene GHW (green), and Late Holocene GHW (purple). Regression slope values are reported in Supple
mental Table 3 and 17O-excess and d-excess data from individual playa lakes and their outliers are distinguished in Supplemental Fig. 5.
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derived from Himalayan sediments) could produce a more radiogenic 
87Sr/86Sr signature (Fig. 7). However, such a supply of solutes requires a 
consistent upconing of water from the deep, higher-density, saline 
aquifers (Lorenzen et al., 2012), which is unlikely on a large spatial and 
temporal scale.

Similarly, the δ34SSO4 of the investigated playa lakes (7–16 ‰) falls 
well below that measured for the HEG (27.5–39.7 ‰) (Mazumdar and 
Strauss, 2006). Lower δ34SSO4 could be attributed to oxidative weath
ering of pyrite, or atmospheric oxidation of H2S emissions (Hoefs, 2018). 
For example, in the Lower Indus River, oxidation of pyrite generates a 
low δ34SSO4 of c. 2 ‰ in the water (Karim and Veizer, 2000). While the 
oxidation of pyrite along the groundwater flowpath could lower the 
δ34SSO4 of sulfate derived from the HEG, the resultant δ18OSO4 would be 
somewhere between the δ18O of the water in which the oxidation 
occurred and 7–12 ‰ higher, depending on how much atmospheric 
oxygen was present during the oxidation and how much it contributes 
oxygen atoms to the sulfate (Relph et al., 2021). Given the oxygen iso
topic composition of the playa lake paleowater (Fig. 6), it is hard to 
imagine how the δ18OSO4 could be as high as it is. The fact that the 
δ34SSO4 and δ18OSO4 are often correlated (Fig. 7) hints that microbial 

sulfate reduction may have occurred in the fluid from which the sulfate 
was derived. We note that the slope between the δ34SSO4 and δ18OSO4 is 
similar to other systems undergoing microbial sulfate reduction 
(Dogramaci et al., 2001). The nearest notable source of pyrite is the 
Khetri Copper Belt of the Aravalli mountains, located on the eastern 
margin of the Thar Desert (Fig. 1), with a δ34S composition between 5 
and 10 ‰ (Jaireth, 1986). Oxidative weathering of pyrite in the Aravalli 
mountains could be a further potential source of sulfate to the Karsandi 
playa lake system, which is situated <20 km from a paleochannel linked 
to the Aravalli mountains. However, such a point source of pyrite would 
be an unlikely source of sulfur for other playa deposits distributed 
widely throughout the Thar Desert.

No study has examined the δ34S of aerosols in the Thar Desert, and 
the nearest measurements of aerosols in New Delhi are heavily influ
enced by modern anthropogenic emissions (Sawlani et al., 2019). In the 
Thar Desert, prevailing southwesterly winds during the Indian Summer 
Monsoon make a source from marine seasalt aerosols a potential 
contributor. Modern marine sulfate has a δ34SSO4 of ~20.3 ‰ and a 
δ18OSO4 of 8.6 ‰ (Rees et al., 1978; Böttcher et al., 2007; Tostevin et al., 
2014). As marine-derived seasalt aerosols are formed and travel over the 

Fig. 7. Top panel (a) shows δ18OSO4-δ34SSO4 at Lunkaransar (purple), Karsandi (red), and Khajuwala (green). ± 1σ measurement error bars are shown nearby each of 
the regression equations. Bottom panel (b) shows the δ34S and 87Sr/86Sr ranges of Thar Desert water and sediments, including 1 Ahmedabad rain (Chatterjee and 
Singh, 2012), 2 Thar Desert aerosols (Yadav and Rajamani, 2004), 3 NE Thar Desert sands (Tripathi et al., 2013), 4 Ghaggar paleochannel sediments (Singh et al., 
2016), 5 Himalayan sediments (Krishnaswami and Singh, 1998), 6 Hanseran Evaporite Group deposits (Mazumdar and Strauss, 2006), 7 modern marine water (Rees 
et al., 1978; Burke et al., 1982), and 8 the modern lower Indus River water (Karim and Veizer, 2000). Double diagonal lines on the x-axis indicate a gap and break in 
scale. Vertical colored bars are shown for data that only report 87Sr/86Sr ranges, and shaded boxes reflect ranges of measured samples. Interaction with dime
thylsulfide (DMS) and H2S decomposition products decreases the δ34S of marine aerosols, as shown by the dashed blue arrow.
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continent, their sulfur isotope signature can be lowered by oxidation of 
dimethylsulfide (c. 15 ‰) (Calhoun et al., 1991) or H2S typically from 
organic matter in aerosols (Norman et al., 1999; Hoefs, 2018). Whether 
there would be enough dimethylsulfide or H2S to impact the overall 
sulfur isotopic composition isn’t clear. The δ34SSO4 from seasalt sulfate 
would be accompanied by a marine δ18OSO4 signal (8.6 ‰), which could 
include some amount of sulfate that results from oxidation; this sulfate 
would typically be higher in its δ18OSO4 because of oxygen isotope 
equilibration in water vapor that tends to promote equilibration be
tween sulfide and water. We note that if the sole source of sulfate to the 
Thar Desert playa lakes is seasalt aerosols mixed with sulfate oxidation 
products along the transport route, then this would not explain the 
co-variation between the δ34SSO4 and δ18OSO4.

The mixing of rainwater with aerosols derived from the continent 
influences the 87Sr/86Sr. Modern marine sulfate has a 87Sr/86Sr of 
0.70916 (Burke et al., 1982). In Ahmedabad, south of the Thar Desert, 
rainwater was recorded to have a 87Sr/86Sr of 0.70878–0.71027, which 
was attributed to aerosol mixing of seasalt aerosols with Deccan basalts 
and Himalayan silicate minerals (Chatterjee and Singh, 2012). Bulk Thar 
Desert aerosols from Bikaner and Jhunjhunu (cities proximal to the 
playa lakes) have a more radiogenic 87Sr/86Sr of 0.71520–0.71943 
(Yadav and Rajamani, 2004), and Thar Desert sand (incorporating 
fluvial Himalayan sediments) is even more radiogenic at 
0.72895–0.73901 (Tripathi et al., 2013). The mixing of rainwater, sea
salt aerosols, and Thar Desert sand, along with microbial sulfate 
reduction in each playa, could therefore produce δ34SSO4, δ18OSO4, and 
87Sr/86Sr in the range of the playa lakes. Each playa lake would record a 
distinct signal based on the proportion of different source material in its 
catchment.

A final consideration involves the remarkably constant value of 
87Sr/86Sr over thousands of years of deposition (all between 0.71060 
and 0.71238, and clustered for each location) (Fig. 7). This lack of 

variance implies an unchanging mixing ratio between sources, or a 
single source, and makes an inherently variable source such as 
groundwater from the HEG less likely. A plausible scenario involves the 
deposition of marine-derived aerosols in Thar Desert sands over many 
thousands of years of aridity and dune-building. As moisture increased 
in the Early Holocene, overland meteoric water run-off into interdunal 
valleys would dissolve the salts accumulated over this time, preserving a 
uniform and unique 87Sr/86Sr signature for each locality based on a 
mixture of ancient to modern marine aerosols in a relatively homoge
neous matrix of aeolian sediments (Fig. 8). While highly soluble salts 
like halite would easily dissolve and enter the groundwater, less soluble 
minerals like gypsum and carbonate would deposit and be preserved in 
the sedimentary record. An exclusively marine aerosol source of sulfur is 
not required, and sulfur could also be partially derived from Himalayan 
fluvial deposits spread throughout the Thar Desert. However, active 
formation of halite in Lunkaransar playa lake, as well as halite in Did
wana, Sambhar, Kanod, Bap-Malar, Pachpadra, Pokhran, and Phulera 
playa sediments (Roy et al., 2008; Roy and Singhvi, 2016) suggests at 
least some marine contribution throughout the Thar Desert. The alter
native scenario of saline groundwater sourced from the HEG involves 
less stable mixing pathways because groundwater recharge would 
continually mix with different volumes of meteoric water. Such mixing 
also requires a process of oxidation of sulfide minerals in the aquifer to 
explain the depletion of 34S seen in the playa gypsum.

In conclusion, we suggest that a marine aerosol mixture with Thar 
Desert sediments and subsequent local modification via microbial sul
fate reduction is a plausible scenario for the source of solutes in the 
majority of playas, due to the stability of 87Sr/86Sr and δ34SSO4 
throughout thousands of years of gypsum accumulation. This proposal 
lends support to one of the original models for Thar Desert salt accu
mulation posited more than 100 years ago (Holland and Christie, 1909). 
Similarly, the formation of extensive gypsum deposits in the Central 

Fig. 8. Conceptual model of solute accumulation during dry dune-building phases and concentration of solutes in playa lakes as gypsum and carbonate deposits 
during wet and dry periods.
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Namib Desert (Eckardt and Spiro, 1999) and the southern and central 
Australian playas (Chivas et al., 1991), as well as the Atacama desert soil 
sulfates (Bao et al., 2004; Klipsch et al., 2023), is primarily linked to the 
deposition of atmospheric sulfate rather than bedrock sulfide sources. In 
the Australian case, a 55 % contribution of marine “cyclic salts” was 
estimated for playas up to 1000 km inland (Chivas et al., 1991). Con
clusions from these comparable regions lend further credence to the 
scenario of gypsum formation activated by moisture availability during 
the Holocene. Theoretically, marine-derived aerosols can contribute 
salts to the desert during hyper-arid phases with strong winds, and when 
moisture increases, these sands are a rich source of solutes to form 
gypsum deposits in depressions such as interdunal valleys (Fig. 8). The 
solutes dissolve and mix with the local catchment sediments during an 
influx of rain and groundwater and create a playa-distinct geochemical 
signature.

4.2. Crystal morphology and implications for playa lake depth

The morphology of gypsum crystals, and what this might reveal 
about their formation environment, has been studied at great length (e. 
g., Warren, 1982; Schreiber, 1987; Magee, 1991; Martegani et al., 2024, 
2025). While a consensus exists on some diagnostic aspects, other fea
tures (e.g., lenticular crystal form) are found in multiple settings, which 
can complicate their interpretation without additional information 
(Jafarzadeh and Burnham, 1992; Mees et al., 2012). In the Thar Desert 
playa lakes from this study, two main forms of gypsum crystals were 
identified: prismatic and lenticular.

Prismatic crystals (including elongated acicular crystals) are gener
ally found to grow subaqueously on the sediment-water interface of 
gypsum-saturated brines (Warren, 2006). In contrast, lenticular or len
soidal forms tend to grow in warmer and organic-rich brines (Cody and 
Cody, 1988), and are often found growing as displacive crystals within 
surface sediments of seasonally fluctuating regimes (Warren, 1982).

In Lunkaransar, deeper sections of laminated clays containing elon
gated prismatic gypsum crystals (Supplemental Fig. 7) suggest that they 
formed in relatively deep water with upward growth, rather than in 
interstitial sedimentary porewater (Bowler and Teller, 1986). These 

laminated sediments are similarly interpreted as a lake highstand in 
previous studies (Singh et al., 1972; Enzel et al., 1999). Clear, prismatic 
gypsum crystals are also found in the deeper/older section of Khajuwala 
gypsum deposits (Fig. 9), suggesting a similar stable formation envi
ronment with relatively deeper water. The laminations of this unit have 
classic slump structures that occur due to uneven crystal expansion, 
which are a defining characteristic of lacustrine gypsum beds identified 
in the nearby Jamsar gypsum mines (Sundaram and Rakshit, 1994). 
Prismatic gypsum crystals, which precipitate on the lakebed in 
sequential order through time and remain preserved, provide the 
optimal gypsum morphology for making paleoclimatic interpretations 
based on GHW.

Gypsum disappears at 93–56 cm depth in Lunkaransar, during 
desiccation of the lakebed, but it re-appears in twinned and lenticular 
form at the top of the section (Supplemental Fig. 8). Twinned crystals 
(Supplemental Fig. 8c) are thought to be diagnostic of brines with high 
concentrations of Ca2+, Na+, SO4

2− , and Cl− (Rodríguez-Aranda et al., 
1995), such as those present in Lunkaransar. The lenticular crystal size is 
generally smaller, which may indicate faster formation at the air-brine 
interface due to quick supersaturation of a shallow or seasonal regime 
(Magee, 1991). Such cyclic lake level oscillations tend to form uniform c. 
1 mm sized crystals, often as displacive gypsum within the sediment 
matrix and by evaporation at the capillary fringe of the water table 
(Magee, 1991). Lenticular gypsum is found throughout most of the 
Karsandi sequence (Supplemental Fig. 9a), as well as the top 2 m of 
Khajuwala. In Khajuwala, a distinct zone with tubular encrusted gypsum 
(Fig. 9b) signifies crystallization around roots or insect burrows during 
pedogenesis, which indicates yet a further stage of desiccation (cf. 
Bowler and Teller, 1986).

Finally, the deepest deposits of gypsum at Karsandi have a unique 
morphology suggesting an initial formation mechanism of this playa in 
the Early Holocene (Supplemental Fig. 9b). Here, large well-rounded 
clasts of gypsum (with notably 18O-depleted GHW of − 4.78 ‰, mark
edly lower than the >4 ‰ measured in overlying gypsum) could 
represent an initial phase of (fluvial) water flowing over gypsiferous 
sand that produced conglomerate pebbles of gypsum and sand.

Fig. 9. In Khajuwala, (a) section 115–270 cm includes (b) gypsum-encrusted tubular structures from a zone of pedogenesis and groundwater infiltration at 117–119 
cm depth, in contrast to (c) clear, prismatic gypsum crystals from 221 to 223 cm depth.
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4.3. Seasonal vs. deep playa lakes

Along with the patterns shown by the gypsum crystal morphology 
(clear prismatic crystals in deep water vs. small sandy lenticular crystals 
in seasonal pools), we can use the gypsum hydration water isotope 
values to differentiate environmental conditions. Our samples follow 
distinct isotopic patterns depending on the depth of playa lake and the 
likely seasonality of solute saturation (Figs. 6 and 10). This finding 
agrees with the difference in GHW values measured for gypsum forming 
in soils vs. playas in the Atacama Desert (Gázquez et al., 2024).

We posit that the GHW isotopic composition of deep playa lakes 
reflects the isotopic composition of the playa lake water at a fairly 
consistent time of year when solutes reach supersaturation. In the case of 
a perennially saturated playa lake in the Thar Desert, the bulk of pre
cipitation (and influx of new solutes) occurs during the Indian Summer 
Monsoon months during the summer. Following these rainiest months 
(with minimal additional inputs from the Indian Winter Monsoon 
months), the lakes trend toward net evaporation during the late winter 
and spring, concentrating the solutes to the point of supersaturation and 
gypsum formation (Fig. 10). The timing of supersaturation would 
remain relatively stable, resulting in GHW isotopic composition that 
reflects changes in the evaporative balance of the lake (where δ18O of 
GHW increases when monsoons are weaker and the lake has experienced 
more evaporation, and vice versa). The deposition process in deep or 
perennial playas matches the Early-Middle Holocene scenario depicted 
in Fig. 8, showing relatively high freshwater inputs to the playa, with 
gypsum precipitation occurring during periods of high evaporation-to- 
inflow.

In contrast, the GHW isotopes of seasonal or mostly dry playas are 
more variable and cannot necessarily be used as a paleohumidity proxy. 
Here, the supersaturation and deposition of gypsum occurs more un
predictably after rainfall events, which leads to an overall more negative 
and variable δ18O (Fig. 10). This matches the Late Holocene scenario in 
Fig. 8, showing more saline and ephemeral inputs to the playa, where 
the GHW records a wide range of conditions including very early on in 
the evaporative process. This aligns with findings that modern GHW 
isotopes measured across a cross section of a lake in southern Spain 
reflect progressive drying and evaporation when moving closer to the 
depocenter of the ephemeral lake (Cañada-Pasadas et al., 2024). While 
the GHW isotopic composition of lenticular crystals in the upper zones of 

these playa lakes reflect meteoric and/or groundwater composition at 
the time of gypsum formation, it may also be difficult to confirm the 
stratigraphic order of this type of gypsum because of the possibility that 
solute-rich water infiltrated to variable shallow depths in a seasonally 
fluctuating playa system (this is unlikely to affect underlying gypsum 
deposits imbedded in clay). Therefore, we assigned broad age spans to 
collective units of the playa lake sequences for the following discussion 
of the GHW paleoclimatic interpretation.

4.4. Paleoclimate inferred by playa lake records

4.4.1. Early Holocene onset of moisture
The start of gypsum deposition and playa lake development in the 

Thar Desert by itself tells an important story about monsoon intensifi
cation after deglaciation, keeping in mind that the age control for all the 
playa sequences remains imprecise. Deotare et al. (2022) reviewed 
several Thar Desert playa paleorecords (Sambhar, Didwana, Lunkar
ansar, Bap-Malar, and Kanod) and concluded that most of these playas 
were active since at least 15 ka BP and dried by 4 ka BP. The start of 
playa lake formation is estimated to be post-11.2 ka BP for Karsandi 
(Dixit et al., 2018), between c. 12.2 and 10.7 ka BP for Khajuwala, and 
extrapolated to 11.5–9.4 ka BP for Lunkaransar (Singh et al., 1974). 
Similarly, Kanod and Bap-Malar have layers of silt and aeolian sand 
followed by laminated silts beginning in the Early Holocene (Deotare 
et al., 2004), indicating an increase in water depth at that time. Evap
orite minerals like halite were accumulating at Didwana since the LGM, 
but a freshening of the lake was recorded around 13 ka BP (Wasson 
et al., 1984). Sambhar, on the eastern Thar Desert margin, also has an 
earlier origin c. 30 ka BP (Sinha et al., 2006), but a transition from sand 
to clay, marking lake expansion, was dated at just prior to 10.5 ka BP 
(Singh et al., 1972). The coincidence of these dates point to a regional 
climatic origin for the increase in moisture throughout the Thar Desert 
after c. 12 ka BP, possibly aligned with the end of the Younger Dryas 
(12.9–11.7 ka BP) or the second phase of monsoon intensification pro
posed around 11.5–10.8 ka BP (Overpeck et al., 1996), as well as a 
stabilization of dune activity throughout the Thar Desert (Juyal et al., 
2003). Increased moisture availability throughout the Thar Desert since 
12 ka BP likely drove a desert-wide shift in moisture availability and 
formation of playa lakes. Local factors including dune activity and river 
channel movement would also govern the collection of water in these 

Fig. 10. The seasonal evolution of δ18O in a playa lake, with solutes and fresh water arriving primarily by summer monsoon rainfall. Evaporation will concentrate 
the solutes, eventually leading to gypsum supersaturation. The GHW δ18O will depend on the point at which gypsum supersaturates, which should occur at a similar 
point of evaporation each year unless the input of solutes is not constant or the playa lake seasonally dries out.
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early playa basins, so further collection of basal dates from other playa 
sequences in the region would be a valuable contribution towards this 
analysis.

The average Early to Middle Holocene GHW δ18O of the three 
investigated playa lakes was c. 3.9 ‰, and the steeper δD-δ18O regres
sion slope (Fig. 6 and Supplemental Fig. 5) may indicate that conditions 
were more humid than during the Late Holocene, assuming the pre
cipitation source water composition was similar. In the bottom meter of 
Khajuwala’s sequence, constrained by two luminescence dates of 12.2 
ka BP and 10.7 ka BP, clean prismatic gypsum crystals indicate forma
tion in stable deep playa conditions. During this Early Holocene period, 
the trend of GHW δ18O decreases by c. 2.5 ‰ (Fig. 3), suggesting 
increasingly humid conditions and deepening lake levels in the most 
arid western part of the Thar Desert. A gradient in relative humidity 
(drier at Khajuwala in the west, more humid at Karsandi in the north
east) is suggested by the playa-specific clusters of d-excess values in 
Supplemental Fig. 5. The Middle Holocene part of the gypsum record 
from Khajuwala appears to be missing due to a hiatus or post- 
depositional erosion.

Progressing into the Middle Holocene, other playa-based re
constructions in the Thar Desert point to a more humid phase with 
increased rainfall. For example, pollen reconstructions from Lunkar
ansar, Sambhar, and Didwana lakes indicate a more humid vegetation 
landscape with species such as Artemisia and Oldenlandia that today 
rarely exist within the arid belt, as well as Mimosa rubicaulis in the semi- 
arid belt, which today mainly grows in regions with >500 mm rainfall 
(Singh et al., 1974). By c. 5 ka BP, Syzygium cuminii, a tropical black 
plum tree that today grows in areas with >850 mm of annual rainfall, 
was growing by the easternmost lake at Sambhar, and its distribution 
appears to have extended as far west as Lunkaransar (Singh et al., 1974). 
A grassy steppe savannah with scattered trees dominated the landscape 
during this phase (Singh et al., 1974). Using Lunkaransar’s pollen data, a 
winter and summer rainfall transfer function estimated a c. 200 mm 
increase in annual rainfall during this period, as well as a doubling of 
winter precipitation by c. 5 ka BP (Swain et al., 1983). The increase of 
winter rain (even though only representing a c. 30 mm difference in 
annual precipitation totals) would have had an especially important 
effect in decreasing evaporative losses during the dry winter season, 
thereby resulting in overall higher precipitation efficiency (Bryson and 
Swain, 1981). The Lunkaransar playa sequence shows laminated clays 
with prismatic gypsum crystals and GHW δ18O values decreasing to a 
relatively low value of 0.9 ‰ (indicating less evaporation) before 6.8 ka 
BP (Fig. 4). Some of the depths surrounding this gypsum sample con
tained no gypsum at all, suggesting the lake water did not reach su
persaturation needed for gypsum precipitation during this humid phase. 
The proposed increase in winter rainfall is in good agreement with playa 
highstands and low GHW δ18O values at Karsandi between c. 5 and 4.4 
ka BP (Fig. 5) (Dixit et al., 2018), as well as a period of higher winter 
monsoon strength between 4.5 and 4.3 ka BP reconstructed from marine 
core 63KA by the Indus River delta (Giesche et al., 2019).

4.4.2. Middle to Late Holocene drying
Deotare et al. (2022) concluded that Sambhar, Didwana, Lunkar

ansar, Bap-Malar, and Kanod playas dried by 4 ka BP. Singhvi and Kar 
(2004) noted that the western Thar Desert was more quickly destabi
lized by a lack of rain in the Middle Holocene, with western margin lakes 
such as Kanod and Bap-Malar drying earlier around 6 ka BP (Deotare 
et al., 2004), and eastern margin lakes such as Didwana drying by c. 4 ka 
BP (Singh et al., 1990). Lunkaransar, located midway on the rainfall 
gradient between Bap Malar and Didwana, shows a transition from 
laminated clays to oxidized sands that indicates desiccation between 4.7 
and 5.5 ka BP (Enzel et al., 1999) or perhaps as late as 4 ka BP (Singh 
et al., 1974). Sambhar (highest rainfall in the Thar Desert) did not have 
lowered lake levels until 2.5 ka BP, and even today the lake never 
completely desiccates (Sinha et al., 2006). Playas in the most arid en
vironments of the western Thar Desert are therefore more sensitive to a 

retreat in summer monsoon rainfall than eastern playa lakes. Appar
ently, even a Middle Holocene increase in winter rainfall was not able to 
compensate for the ongoing retreat in the summer monsoon, producing 
a sequential drying pattern from west to east. The age control of all lakes 
is still problematic, and differences in carbon reservoir effects in the 
dates could explain discrepancies, so this drying pattern requires further 
testing. Just northeast of the Thar Desert, the drying of Kotla Dahar by 
4.1 ka BP appears to be a relatively abrupt event (Dixit et al., 2014). 
Further north, a Himalayan stalagmite reconstruction shows that both 
winter and summer rainfall patterns were weakened for several cen
turies after 4.2 ka BP (Giesche et al., 2023), and a marine core recon
struction from the Arabian Sea suggests a drier regional climate (Giesche 
et al., 2019), which may correspond to the shallower or in some cases 
completely desiccated playa lakes in the Thar Desert.

A shift to drier conditions during the Middle to Late Holocene tran
sition is supported by the gypsum hydration records at Lunkaransar 
(Fig. 4) and Karsandi (Fig. 5). For example, after the radiocarbon date of 
6.8 ka BP, Lunkaransar’s laminated sediments become increasingly 
oxidized and have a higher proportion of sand mixed into the gypsum 
crystals matrix, suggesting shallower lake levels and increased aeolian 
activity. Simultaneously, GHW δ18O increases from 1 to 6 ‰, indicating 
more evaporative conditions during the Middle-Late Holocene transition 
(Supplemental Data and Fig. 4). For some time, gypsum deposition at 
Lunkaransar completely stops, and does not recommence until sometime 
after 3.7 ka BP in the Late Holocene, with dirty lenticular crystals in a 
sandy matrix suggesting an ephemeral or shallow playa lake setting. 
Karsandi’s gypsum deposition also ceases between 4.4 and 3.2 ka BP, 
replaced by aeolian sand accumulation thereafter (Fig. 5, Dixit et al., 
2018).

At Khajuwala, the time period covering 4 ka BP is obscured by a 
hiatus or post-depositional erosion, though the upper meter of sediments 
generally indicates a shallow seasonal playa with intermittent presence 
of water and possible pedogenesis and aeolian accumulation during dry 
phases. Playa lakes thereby reveal limitations for making any high- 
resolution paleoclimatic inferences, at least for as long as their chro
nology remains poorly resolved. However, there is some evidence for a 
Late Holocene recovery in moisture at Khajuwala that likely spanned at 
least 1.9–1.3 ka BP, where a phase of gypsum accumulation (shallow or 
seasonal playa) coincides with the presence of freshwater aquatic gas
tropods and brackish water ostracods (Supplemental Materials). 
Gypsum deposition also restarts in the top 25 cm of Lunkaransar, with 
crystal morphology and GHW indicating lower seasonal lake levels and 
relative humidity compared to the Early-Middle Holocene gypsum 
(Fig. 4 and Supplemental Fig. 5). This deposition aligns with renewed 
preservation of pollen at Lunkaransar estimated c. 1.2 ka BP (Singh 
et al., 1974). However, none of the other playas (including Karsandi) 
accumulate new gypsum deposits or other sediments formed by water 
during this time, which points to either a more muted change in climate, 
or a local factor such as shifts in fluvial pathways or groundwater routes. 
Aeolian activity was rejuvenated throughout the Thar Desert between 2 
and 0.8 ka BP (Singhvi and Kar, 2004), which could have played a role in 
choking stream pathways and reorganizing water flow along the 
northern desert margins, as suggested for the Late Holocene (Orengo 
and Petrie, 2017).

4.4.3. Archaeological implications
The margin of the Thar Desert represents an important climatic 

ecotone for human subsistence during the Holocene. Indus Civilization 
sites lie to the north and west of the Thar Desert, and a large number of 
sites extend into its northern margin (Fig. 11). The region was also 
inhabited in the Early Historic and Medieval periods. These settlement 
patterns highlight the importance of playa lake research in the Thar 
Desert, because the question of water supply (by river, lake, rain, or 
wells) to such an arid region would have been a primary concern of any 
settlement (Petrie et al., 2017).

The period of increased moisture from c. 5 to 4.4 ka BP at Karsandi 
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coincides with the appearance of Mature Harappan cities c. 4.6–4.5 ka 
BP (Dixit et al., 2018). This period may also correspond to the wettest 
conditions reconstructed by 5 ka BP at Lunkaransar (Singh et al., 1974) 
linked to increased winter rain (Swain et al., 1983), but is in conflict 
with another Lunkaransar age model proposing earlier highest lake 
levels between 7.2 and 5.5 ka BP (Enzel et al., 1999). Overall, during the 
process of Indus urbanization, it seems likely that the Thar Desert 
margins were contracted, with relatively higher groundwater levels, 
increased year-round moisture availability, and lower salinity levels of 
the playa lakes. The Thar Desert would thus have been an amenable 
passageway, but, notably, no Indus sites have been identified in the 
interior desert or its eastern areas (Fig. 11).

The transition to aeolian sediments at Karsandi sometime between 
4.4 and 3.2 ka BP broadly overlaps with the onset of urban decline and 
start of the Late Harappan phase c. 3.9 ka BP (Dixit et al., 2018; also 
Petrie et al., 2017). This shift would correspond to desiccation dates of 
4.0 ka BP at Didwana and Lunkaransar (Singh et al., 1974, 1990), 
though, again, not with the alternate Lunkaransar date of 5.5 ka BP 
(Enzel et al., 1999). Our GHW results from Lunkaransar point to 

progressively more evaporative conditions before eventual desiccation, 
along with a relatively protracted transition from clay to silt, which 
would suggest that the transition to aridity was not abrupt here. A 
gradual decline in moisture would have provided more time for adap
tation and migration, as was observed in the transition from more 
densely populated urban cities to the increase in the number of more 
resilient rural settlements in the eastern summer-monsoon dominated 
regions of the Indus region (Possehl, 1997; Petrie et al., 2017; Green and 
Petrie, 2018; Petrie, 2019).

The possible increase in moisture availability (whether climatic or 
due to regional fluvial/groundwater factors) during the Late Holocene, 
noted at Lunkaransar and Khajuwala at c. 1.9–1.3 ka BP, overlaps with a 
number of historic empires and entities, including the rise of the Kushan 
and Gupta Empires in India c. 1.9–1.4 ka BP (see Petrie, 2020).

5. Conclusion

This investigation into Thar Desert gypsum has highlighted the wide 
extent of gypsum as a surficial deposit in Rajasthan, as well as the 

Fig. 11. Thar Desert (yellow shading) playa lakes (blue): Khajuwala, Karsandi (Dixit et al., 2018), Lunkaransar (Singh, 1971; Singh et al., 1972, 1974; Enzel et al., 
1999), Sambhar (Singh, 1971; Singh et al., 1972; Sundaram and Pareek, 1995; Sinha et al., 2006), Didwana (Singh, 1971; Singh et al., 1972, 1974, 1990; Wasson 
et al., 1984), Nal Sarovar (Prasad et al., 1997), Kanod and Bap-Malar (Deotare et al., 1998, 2004), and Pachpadra (Roy et al., 2008). Archaeological sites of the Indus 
region (orange shading) are shown for the Early Harappan (yellow circles, 5.0–4.6 ka BP), Mature Harappan (orange circles, 4.6–3.9 ka BP), and Late Harappan (red 
circles, 3.9–3.6 ka BP), with modern mean annual precipitation contours (turquoise) from 0.25◦ GPCC v2018 1951–2000 rain gauge data (Meyer-Christoffer 
et al., 2018).
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tendency for gypsum to accumulate in low-lying interdunal valleys. 
Although gypsum deposits are generally thought to be a feature of 
aridity because they require an evaporative environment, they can 
conversely be regarded as a signal of increased moisture in an arid re
gion with a sufficient supply of solutes. The presence of gypsum in playa 
lake deposits, in areas that are presently arid or only hold seasonal 
water, is interpreted as an indicator of enhanced moisture during the 
Holocene.

Our δ34SSO4 and 87Sr/86Sr data from three playa lakes show that 
marine aerosols should not be discounted as a source of solutes to the 
Thar Desert. Mixing between meteoric water, accumulated marine- 
derived aerosols, and Thar Desert sand could explain the stable and 
playa-distinct 87Sr/86Sr signal over thousands of years of gypsum 
accumulation. Future work, including geochemical measurements of 
modern aerosols and sand nearby the playas, should be completed in the 
Thar Desert to explore this theory in more detail, and to estimate the 
contribution of marine aerosols to the total sulfur content in the Thar 
Desert. Measuring the 17O and δ33S of the sulfate component of gypsum 
could also yield source insights (e.g., Bao et al., 2000; Guibourdenche 
et al., 2022).

Gypsum accumulation began after c. 12 ka BP at all three investi
gated sites, indicating increased moisture availability throughout the 
Thar Desert from a strengthening summer monsoon. At Khajuwala, a 
progressive decrease in GHW isotope values between c. 12.2–10.7 ka BP 
shows that conditions became wetter. Gypsum crystal morphology is 
prismatic at both Khajuwala and Lunkaransar, supporting relatively 
deeper lake levels with subaqueous gypsum deposition. The Early- 
Middle Holocene shows comparatively higher relative humidity condi
tions at Lunkaransar than Khajuwala, and lower than at Karsandi, which 
reflects the modern relative humidity gradient across the desert.

The dates of Middle-Late Holocene playa lake desiccation suggest a 
west to east progression of Indian Summer Monsoon retreat in the Thar 
Desert (Singh et al., 1974, 1990; Enzel et al., 1999; Deotare et al., 2004; 
Singhvi and Kar, 2004; Sinha et al., 2006), but chronological un
certainties still present a major barrier to confidently interpreting this 
sequence of events. However, our research suggests that the Middle-Late 
Holocene transition to aridity at Lunkaransar was relatively gradual, 
with increasingly evaporative conditions that led to eventual lake 
desiccation before 3.6 ka BP (minimum age). This may predate or 
coincide with the drying between 4.4 and 3.2 ka BP reconstructed for 
Karsandi (Dixit et al., 2018). Culturally, the shift to aridity in the Thar 
Desert was combined with a shift towards settlements in the Indian 
Summer Monsoon-dominated northeastern Indus region, which also 
offers a higher total annual rainfall (Petrie et al., 2017). Compared to the 
Early-Middle Holocene, the Late Holocene was marked by earlier gyp
sum supersaturation and lower lake levels at Lunkaransar, along with 
sandy, lenticular gypsum crystals that reflect shallow or seasonal playa 
conditions. A potentially coeval episode of lenticular gypsum deposition 
was interspersed with pedogenesis at Khajuwala between 1.9 and 1.3 ka 
BP and suggests a short-lived Late Holocene increase in local moisture 
availability for the northwestern region of the Thar Desert, perhaps 
through fluvial or groundwater inflow.

Gypsum deposits investigated in this study come from the Bikaner 
and Hanumangarh districts in India, but substantial deposits in Nagaur, 
Barmer, Churu, Sri Ganganagar and Jaisalmer districts as well as gyp
sum from Pakistan should be compared in the future. A particularly deep 
sequence (>8 m) of lacustrine gypsum from Jamsar playa should be 
examined, as well as gypsum-rich sediments at Pachpadra playa (Roy 
et al., 2008), and older Quaternary sequences in Churu and Bikaner that 
likely contain additional untapped paleoclimatic information (Rakshit 
and Sundaram, 1998). With the advent of gypsum hydration water 
analysis as an important paleoclimatic tracer of water isotopes in arid 
regions (e.g., Hodell et al., 2012; Dixit et al., 2018; Evans et al., 2018), 
the scientific value of these gypsum deposits has become even more 
apparent. However, the acceleration of gypsum mining in Rajasthan for 
cement production today (Bhardwaj, 2016) poses an active threat to the 

preservation of potential paleoclimatic sequences in the Thar Desert. 
New mines are being licensed each year, targeting the deepest sections 
of gypsum. This research points to the importance of preserving archives 
of gypsum deposits for future geochemical analysis.
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Martegani, L., Gázquez, F., Voigt, C., Jiménez-Bonilla, A., Rodríguez-Rodríguez, M., 
Reicherter, K., 2025. Late Pleistocene-Holocene lake-groundwater interaction in 
Fuente de Piedra playa-lake (southern Iberian Peninsula) recorded by stable isotopes 
of gypsum hydration water. Catena 254, 108949. https://doi.org/10.1016/j. 
catena.2025.108949.

Mathur, L.N., 2008. Geoscientific studies and managing Lakes of arid and semi-arid 
regions of Rajasthan. In: Sengupta, M., Dalwani, R. (Eds.), Proceedings of Taal 2007: 
the 12th World Lake Conference. Indian Ministry of Environment and Forest), 
Jaipur, India, pp. 1928–1932.

Mazumdar, A., Strauss, H., 2006. Sulfur and strontium isotopic compositions of 
carbonate and evaporite rocks from the late Neoproterozoic-early Cambrian Bilara 
Group (Nagaur-Ganganagar Basin, India): constraints on intrabasinal correlation and 
global sulfur cycle. Precambr. Res. 149 (3–4), 217–230. https://doi.org/10.1016/j. 
precamres.2006.06.008.

Mees, F., Casteneda, C., Herrero, J., Van Ranst, E., 2012. The Nature and significance of 
variations in Gypsum crystal morphology in dry Lake basins. J. Sediment. Res. 82 
(1), 37–52. https://doi.org/10.2110/jsr.2012.3.

Meyer-Christoffer, A., Becker, A., Finger, P., Schneider, U., Ziese, M., 2018. GPCC 
climatology version 2018 at 0.25◦: monthly land-surface precipitation climatology 
for every month and the total year from rain-gauges built on GTS-based and 
historical data. https://doi.org/10.5676/DWD_GPCC/CLIM_M_V2018_025.

Midhuna, T.M., Kumar, P., Dimri, A.P., 2020. A new Western Disturbance Index for the 
Indian winter monsoon. J. Earth Syst. Sci. 129 (1). https://doi.org/10.1007/s12040- 
019-1324-1.

Norman, A.L., Barrie, L.A., Toom-Sauntry, D., Sirois, A., Krouse, H.R., Li, S.M., et al., 
1999. Sources of aerosol sulphate at alert: Apportionment using stable isotopes. 
Journal of Geophysical Research Atmospheres 104 (D9), 11619–11631. https://doi. 
org/10.1029/1999JD900078.

Orengo, H.A., Petrie, C.A., 2017. Large-scale, multi-temporal remote sensing of palaeo- 
river networks: a case study from Northwest India and its implications for the Indus 
Civilisation. Remote Sens. 9 (7), 1–20. https://doi.org/10.3390/rs9070735.

Overpeck, J., Anderson, D., Trumbore, S., Prell, W., 1996. The southwest Indian 
Monsoon over the last 18000 years. Clim. Dyn. 12 (3), 213–225. https://doi.org/ 
10.1007/BF00211619.

Pang, H., He, Y., Zhang, Z., Lu, A., Gu, J., 2004. The origin of summer monsoon rainfall 
at New Delhi by deuterium excess. Hydrol. Earth Syst. Sci. 8 (1), 115–118. https:// 
doi.org/10.5194/hess-8-115-2004.

Petrie, C.A., Singh, R.N., Bates, J., Dixit, Y., French, C.A.I., Hodell, D.A., et al., 2017. 
Adaptation to variable environments, resilience to climate change: investigating 
land, water and settlement in Indus Northwest India. Curr. Anthropol. 58 (1), 1–30. 
https://doi.org/10.1086/690112.

Petrie, C.A., 2019. Diversity, variability, adaptation and ‘fragility’ in the Indus 
Civilization. In: Yoffee, N. (Ed.), The Evolution of Fragility: Settling the Terms. 
McDonald Institute for Archaeological Research, Cambridge, UK, pp. 109–133. 
https://doi.org/10.17863/CAM.40701.

Petrie, C.A., 2020. Resistance at the Edge of Empires: the Archaeology and History of the 
Bannu Basin from 1000 BC to AD 1200. Oxbow Books, Oxford, UK. https://doi.org/ 
10.2307/j.ctv13pk77m. 

Possehl, G.L., 1997. Climate and the eclipse of the ancient cities of the indus. In: 
Dalfes, H.N., Kukla, G., Weiss, H. (Eds.), Third Millennium BC Climate Change and 
Old World Collapse. Springer, Berlin, Germany, pp. 193–243. https://doi.org/ 
10.1007/978-3-642-60616-8_8.

Prasad, S., Kusumgar, S., Gupta, S.K., 1997. A mid to late Holocene record of 
palaeoclimatic changes from Nal Sarovar: a palaeodesert margin lake in western 
India. J. Quat. Sci. 12 (2), 153–159. https://doi.org/10.1002/(SICI)1099-1417 
(199703/04)12:2<153::AID-JQS300>3.0.CO;2-X.

Prasad, S., Enzel, Y., 2006. Holocene paleoclimates of India. Quaternary Research 66 (3), 
442–453. https://doi.org/10.1016/j.yqres.2006.05.008.

Rakshit, P., Sundaram, R.M., 1998. Calcrete and gypsum crusts of the Thar Desert, 
Rajasthan, their geomorphic locales and use as palaeoclimatic indicators. J. Geol. 
Soc. India 51 (2), 249–255. https://doi.org/10.17491/jgsi/1998/510215.

Ramesh, R., Jani, R.A., Bhushan, R., 1993. Stable isotopic evidence for the origin of salt 
lakes in the Thar desert. J. Arid Environ. 25 (1), 117–123. https://doi.org/10.1006/ 
jare.1993.1047.

Rees, C.E., Jenkins, W.J., Monster, J., 1978. The sulphur isotopic composition of ocean 
water sulphate. Geochem. Cosmochim. Acta 42 (4), 377–381. https://doi.org/ 
10.1016/0016-7037(78)90268-5.

Relph, K.E., Stevenson, E.I., Turchyn, A.V., Antler, G., Bickle, M.J., Baronas, J.J., et al., 
2021. Partitioning riverine sulfate sources using oxygen and sulfur isotopes: 
implications for carbon budgets of large rivers. Earth Planet Sci. Lett. 567, 116957. 
https://doi.org/10.1016/j.epsl.2021.116957.

Rodríguez-Aranda, J.P., Rouchy, J.M., Calvo, J.P., Ordóñez, S., del Cura, M.A.G., 1995. 
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