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Abstract

The Thar Desert, India has desert pavements comprising angular-subangular to well-

rounded gravels at marginally higher elevations than the surrounding terrain. Sedi-

mentological and geomorphic analyses suggest that the pavements are lags of

weathered Mesozoic and older bedrock. The presence of Palaeolithic artefacts on

the pavement surfaces and occasionally within their matrix was used to infer their

antiquity and landscape stability.

This study presents the first surface exposure ages based on cosmic-ray-produced
10Be and 21Ne for pavements at four sites in the Thar Desert, viz. Bhojka, Hamira,

Solanki and Jayal. The computation of model exposure ages assumed that (a) the

gravels were derived from cemented conglomerates, uplifted by tectonics and there-

after disintegrated by climate, and (b) cosmogenic nuclide production in the gravels

began when the conglomerates approached the surface and, continued during their

disintegration, gravity sliding of individual gravels and storage, until the present.

Assuming an average burial depth of 50 cm, 21Ne and 10Be data provide ages ranging

from 1.30 to 2.92 Ma and 1.11 to 5.4 Ma, respectively, for the two nuclides.

Published electron spin resonance ages of Thar calcretes suggest the presence of

water and extreme seasonality since 1.54 Ma. Such conditions facilitated the mobili-

zation and precipitation of carbonates. The pavement ages and the minimum age of

the conglomerate at 2.51 Ma extend the time of such desertic conditions to >

2.51 Ma and suggest that the initiation of desertic conditions in the Thar was possi-

bly linked to global aridity beginning around 3.6 Ma.

Depending on assumptions, cosmic ray surface exposure (10Be) ages at Jayal range

between 0.76 and 2.43 Ma. In the context of the Indian Palaeolithic, the presence of

tools on the gravel surfaces and within dunes, suggests frequent occupation of this

region from at least 0.76 Ma and, parallels Early to Middle Pleistocene Acheulian

assemblages from Southern India.
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1 | INTRODUCTION

1.1 | Desert pavements

In arid environments, desert pavements are mappable anomalous geo-

morphic features, which reflect arid/hyper-arid phases that assist their

formation and preservation over long durations (Fitzsimmons

et al., 2013; Pietsch & Kuhn, 2012). Conditions for their preservation

include minimal erosion, low slope angles and minimal bioturbation.

Fujioka & Chappell (2011) and Seong, Dorn, & Yu (2016) presented

global reviews of the time scales of desert pavements using chronolo-

gies, mostly based on cosmogenic radionuclides. Important regional

studies are (a) the Atacama in Chile (Dunai, López, & Juez-Larré, 2005;

Evenstar et al., 2009; Nishiizumi et al., 2005; Wang et al., 2015),

(b) the Gibber plains in Australia (Fujioka et al., 2005), (c) the southern

Levant in Israel (Amit et al., 2011; Matmon et al., 2009), (d) the Gobi

in China (Lü et al., 2010) and (e) the Thar Desert in India (Moharana &

Raja, 2016; Rajaguru, Mishra, & Ghate, 1996).

In the Thar Desert, gravelly pavements occur over an area span-

ning up to approximately 10,000 km2. Key localities are observed at

Bhojka, Hamira near Jaisalmer, Solanki near Barmer and Jayal near

Nagaur (Figure 1). The sites at Jayal and Bhojka have Palaeolithic

artefacts which provide a minimum age for the gravel (Misra

et al., 1979 and references therein; Misra & Rajaguru, 1989;

Misra, 2006, 2007).

The genesis of these gravels has been widely debated. Early stud-

ies suggested that the gravel pavements near Nagaur-Jayal are of

post-Vindhyan to recent age (i.e., < 1,200 Ma, Hackett, 1880). Later

studies considered the gravels as evidence for rivers and mega-floods

that do not exist anymore (Agrawal et al., 1980; Bakliwal &

Grover, 1988; Ghosh, 1977; Oldham, 1983; Tiwari, 1992). Fluvio-

glacial processes were also suggested based on the presence of sur-

face striations, grooves, polished clast surfaces and heterogeneity of

gravel size (Biswas & Ghosh, 1981; Mukhopadhyay & Ghosh, 1976). It

is now generally considered that these gravels are desert pavements

and have been formed through autochthonous weathering of

F I GU R E 1 Hillshade image of the study area showing three major sedimentary basins of the Thar Desert in India, its geomorphological
features, and the spatial distribution of gravel spread pavements (see Figure S2). The Thar is limited by the Indus Basin and the Aravalli
Mountains. Sedimentary basin boundaries are adopted from Wadhawan (2018) and National Data Repository, Directorate General of

Hydrocarbons (DGH), Ministry of Petroleum and Natural Gas, Government of India (https://www.ndrdgh.gov.in/NDR/?page_id=656).
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conglomerates of Mesozoic and older geological phases (Rajaguru,

Mishra, & Ghate, 1996; Sharma, 1987).

The gravel spreads originated from sedimentary sequences

deposited within the Jaisalmer, Bikaner-Nagaur and Barmer Basins

(Wadhawan, 1988, 2018; Roy & Jakhar, 2002; Figure 1). Deposition

of gravel-bearing conglomerates was episodic and their stratigraphic

ages range from the Mid Miocene to the Pleistocene in the Barmer

Basin; the Mesozoic in the Jaisalmer Basin, and the Permian-

Carboniferous to the Pleistocene in the Bikaner-Nagaur Basin

(Wadhawan, 1988, 2018; Roy & Jakhar, 2002; see Table S1). Previous

studies based on geological and geophysical investigations identified

lineaments that were linked to horst and graben structures on the

west Rajasthan shelf (Brahmam, 1993; Roy & Jakhar, 2002; Sinha

Roy, 1986; Wadhawan, 1988) as well as in the Luni Basin, Eastern

Thar (Bajpai, 2004).

The Aravalli Mountains supplied sediments to the three sedimen-

tary basins located to their west and created alluvial fans with undu-

lating topography (Wadhawan, 1988, 2018; Roy & Jakhar, 2002 and

references therein; Figure 1). Fan sediments were later cemented by

carbonates and iron oxides. Subsequent tectonic activity associated

with the lineaments uplifted the sediments and exposed them to

denudation by sub-aerial processes (Rajaguru, Mishra, & Ghate, 1996;

Wadhawan, 2018). Cemented conglomerates that approached the

surface lost their matrix and disintegrated over time, providing loose

gravels which were redistributed through gravity sliding, creating a

surface layer of loose clasts, now termed desert pavements

(Adelsberger et al., 2013; Knight & Zerboni, 2018; Rajaguru, Mishra, &

Ghate, 1996).

1.2 | Pavement chronology: present status

The gravels at Nagaur and Jayal were assigned a late Neogene age

based on fossil wood (Ganjoo et al., 1984). At and around Jayal

(Misra, 2007; Misra et al., 1980), Palaeolithic tools were discovered

on the surface of the gravel and occasionally within. These studies

proposed a long-term stability of these gravels and the entire land-

scape with repeated occupation of the region by successive prehis-

toric populations that were attracted by the abundance of raw

material (Allchin, Goudie, & Hegde, 1978; Agrawal et al., 1980;

Misra et al., 1979 and references therein, Misra et al., 1980, 1982,

Misra, 2006, 2007, Misra & Rajaguru, 1989, Rajaguru, Mishra, &

Ghate, 1996). At Amarpura, in this region, electron spin resonance

(ESR) ages on carbonates exceed 797 ka (Kailath et al., 2000).

Gaillard et al. (2010) considered that this age estimate could be

used to date the Acheulian at Amarpura in the Thar Desert. Overall

in India, the Acheulian dates to the Early Pleistocene

[Attirampakkam, �1.7–1.1 Ma (Pappu et al., 2011); Isampur

�1.2 Ma (Mishra et al., 2010; Paddayya et al., 2002) and several

sites in Western India (Gaillard et al., 2010; Mishra et al. 2010;

Sangode et al., 2007)]; while the early Middle Palaeolithic begins at

�380–200 ka (Akhilesh et al., 2018; Anil et al., 2022; Blinkhorn

et al., 2021; Singhvi et al., 2010).

This study aims to further the understanding of the event chro-

nology of the evolution of the Thar by providing model surface expo-

sure ages of gravelly pavements, using in-situ produced cosmogenic
10Be and 21Ne.

2 | GEOLOGY AND GEOMORPHOLOGY

The Thar Desert is bounded between the Aravalli Mountains and the

Indus basin (�25–30�N and �70–76�E) and comprises diverse land-

forms such as sand dunes, sand sheets, alluvial flats, fluvial channels,

rocky pediments and lakes (Dhir, Joshi, & Kathju, 2018; Singhvi &

Kar, 1992). The basement comprises granite, rhyolite and gneiss.

Most of the sedimentary record of the Thar is preserved in three sed-

imentary basins with up to �200–350 m sediment piles, resting on

rocks of the Precambrian and Mesozoic eras (Bakliwal &

Wadhawan, 2003; Roy & Jakhar, 2002; Singhvi & Kar, 1992; Sinha

Roy, Malhotra, & Mohanty, 1998; Wadhawan, 1988, 2018). Sedimen-

tation in these basins, viz. Bikaner-Nagaur, Jaisalmer and Barmer

began during the Proterozoic (Figures 1 and S1) under fluvial, conti-

nental and shallow marine environments (Table S1) and produced

alternating sequences of pebbly sandstone, conglomerate and lime-

stone (Bakliwal & Wadhawan, 2003; Bhandari, 1999; Das

Gupta, 1975; Dolson et al., 2015; Roy & Jakhar, 2002). Marine or lit-

toral environments prevailed during the Eocene to the late Tertiary

(Dhir, 1976; Misra, 1961; Misra et al., 1982). Thereafter, tectonics

and retreat of the sea during the late Tertiary exposed the basin sedi-

ments to subaerial weathering, erosion and re-deposition

(Misra, 1961).

Palaeoenvironmental data for the Thar during the mid-late Qua-

ternary has been summarized in Singhvi (2004). The widespread pres-

ence of calcretes of varied forms and contexts suggests that the Thar

region experienced a semi-arid to arid climate with accentuated sea-

sonality, which enabled the mobilization of carbonates and the precip-

itation of calcretes. ESR ages of calcretes near the Jayal area (from

Katoti village) and Nimbli-Jodhan suggest that such conditions existed

from 1.54 ± 0.15 to 0.84 ± 0.07 Ma (Dhir et al., 2004; Kailath

et al., 2000). Desiccation increased with time, and during the late Qua-

ternary widespread evidence of aeolian activity with intermittent

phases of fluvial episodes is recorded (Bajpai, 2004; Dhir et al., 2010;

Dhir & Singhvi, 2012; Jain et al., 2005; Jain & Tandon, 2003; Misra

et al., 1980; Singhvi, 2004; Singhvi & Kar, 2004).

3 | FIELD OBSERVATIONS

Gravel occurrences reviewed by Rajaguru, Mishra, & Ghate (1996)

were revisited, remapped using Google Earth satellite imagery and

verified in the field (Figures 1 and S2). Sites at Bhojka, Hamira near

Jaisalmer, Solanki near Barmer and Jayal near Nagaur and others

cover � 10,000 km2 area (Figures 1 and 2). These were sampled for

cosmogenic nuclide-based chronology, and sediment attributes com-

prising clast sizes, clast orientation and depth profiles were docu-

mented. A brief account of each of these sites is given below.

3.1 | Bhojka

This gravel spread extends laterally over several kilometres (�23 km2;

Figure 2) and at places forms an � 9 m thick, gently rounded ridge

(Dhir et al., 1992; Rajaguru, Mishra, & Ghate, 1996). Surface gravels

have a b-axis (intermediate axis used for width measurements) rang-

ing from 1 to 8 cm. The gravels comprise large pebbles, occasional
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cobbles and rare boulders of siliceous rocks with occasional angular

slabs of local ferruginous sandstone, brown limestone, calcrete, jas-

per, rhyolite and granite pebbles (Figure 3a-d). The gravels are moder-

ately sorted. The base is cemented by calcrete resting on the

sandstone and shale of the Lathi Formation (Roy & Jakhar, 2002;

Figure 4).

3.2 | Hamira

The gravel spread at Hamira, �10 km NW of Bhojka (Figure 2a), is

a gently undulating terrain, comprising a 10–15 cm thick gravel

layer draped over underlying bedrock. This site covers an area of

�3 km2 (Figure 2a). Surface gravels have a b-axis ranging from

1 to 6 cm. Occasional quartz clasts are angular, possibly being

broken fragments of larger boulders or pebbles. The gravels,

comprising quartzites, are wind polished, well sorted and rounded

to subrounded. To the north, a subdued hillock about 1 m high

has scattered pebbles derived from ferruginous sandstone beds

(Figure 2e). These locally add angular clasts and slabs to these

gravels. The basal part of the gravel exhibits carbonate

cementation and rests unconformably on sandstone and shale

beds of the Lathi Formation of the Jurassic age (Kaila &

Roy, 1989).

F I GU R E 2 Spatial distribution of gravel spread sites across the Thar Desert. (a-c) Gravel spread sites (Bhojka, Hamira, Solanki and Jayal) are
overlaid on the digital elevation model to show topographic variations. (d-g) Google satellite images of these four sites provide synoptic, zoomed-
in subsets of gravel spreads, showcasing their surface characteristics.

4 KAUSHAL ET AL.



(a)

Gravel spreadW E

(b)

(c) (d)Angular clasts Sub-rounded/rounded clasts

W E

12 cm

12 cm

Gravel spread: Hamira(e)

(e)

Sub-rounded/rounded clasts(f)

Gravel spread: Solanki(g) Gravel spread: Jayal (h)
F I GU R E 3 (a) Panoramic view of gravel spread at Bhojka; (b) Bhojka gravels show extensive spread (see person for scale); (c) presence of
angular clasts released from local bedrock (sandstone and limestone); (d) sub-rounded/rounded clasts. (e-f) Hamira gravels show flat surface
armouring by mosaic of highly resistant lithology. (g) Solanki gravel spread site shows sub-rounded/rounded pebbles and angular clasts of
sandstone. (h) Jayal site shows boulders and gravel-sized clasts. A hand-held GPS, pen and hammer provide the scale.
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3.3 | Solanki

Near Barmer, gravel spreads typically 8–10 cm thick covering an

area of �5 km2. The accessible part of the gravel spread is limited

due to a cover of aeolian sands. Two exposures at Bishala and

Solanki were examined. The exposure at Bishala comprises angular

to sub-angular metavolcanic rocks on flat terrain (Figure S3a-b).

The gravel exposure at Solanki comprises pebbles, cobbles, angular

sandstone clasts and angular sharp-edged granitic pieces

(Figure 3g, S3c-f). The b-axis ranges from 1 to 4 cm for the

surface gravel. These gravels occur as a thin (5–8 cm) sheet,

derived from the erosion of sandstone and conglomerate rocks of

the Fatehgarh Formation of Palaeocene age (Table S1). This forma-

tion comprises coarse-grained sandstone and conglomerate with

pebbles of quartz and granite (Dolson et al., 2015; Sisodia &

Singh, 2000).

3.4 | Jayal

At Jayal, a gravel spread covers an area of approximately 35 km2

(Figure 2c) and exhibits a 40–70 m high gently rounded ridge (Dhir

et al., 1992; Rajaguru, Mishra, & Ghate, 1996). It comprises a poorly

sorted, boulder-cobble unit with a yellowish-brown, carbonate-

cemented silty sand matrix. Rock types here include quartzite, vein

quartz, quarzitic sandstone and schist. The disintegrated gravels and

boulders at the Jayal site were classified as a part of a petromict con-

glomerate (Misra et al., 1980). It was also suggested earlier that the

gravels were deposited through fluvial processes with the clasts

being sourced from the Aravalli Mountains via streams. A more

recent suggestion is that the Jayal conglomerate belongs to the

Nagaur Group of the Marwar Supergroup and was tectonically

exhumed during pre-Quaternary times (Wadhawan, personal

communication).

4 | METHODS: SURFACE EXPOSURE
DATING WITH COSMOGENIC NUCLIDES

4.1 | Sampling, quartz separation and 10Be analysis

For each gravel deposit, 20–30 representative quartzite clasts were col-

lected and processed for determination of the concentrations of cosmic

ray-produced nuclides in quartz. Typically, clasts with their intermediate

axis around 2–4 cm were chosen from an extended area of � 1,000 m2.

In addition, a conglomerate specimen (BHCONG) was collected near

Bhojka, and pebbles and granules from it were used for quartz extrac-

tion. The quartzite was milky-grey to white. A hand-held GPS provided

the coordinates and the altitude. Topographic shielding was measured

using a Brunton compass. The reason for combining several clasts into a

single sample was the consideration that the conglomerates would have

taken time to disintegrate into gravels and therefore individual gravel

pieces may have had somewhat different individual exposure histories.

Therefore, it was anticipated that mixing them together would provide

an average exposure age. Such approaches have been used in cosmo-

genic nuclide studies to estimate the age of fluvial terraces, determina-

tion of inherited nuclide components (Anderson, Repka, & Dick, 1996;

Hancock et al., 1999; Repka, Anderson, & Finkel, 1997) and to quantify

average erosion rates of ridge crests in a tectonically active region

(Heineke et al., 2019 and references therein).

The choice of the nuclides 10Be and 21Ne was based on the fact

that 21Ne is a stable nuclide, which would provide the integrated

(total) exposure history of the samples, while the radionuclide 10Be

has a half-life of 1.387 Ma (Chmeleff et al., 2010; Korschinek

et al., 2010), and its decay during times of reduced (or no) cosmogenic

nuclide production would reveal possible occurrences of overburden,

such as migrating aeolian sands. Together, these nuclides were

expected to provide an estimate of the time since the gravels

approached and remained within a few metres of the surface.

Samples were crushed and sieved to 250–500 μm grain size for

(b)

Gravels 

Calcrete horizon Calcrete 
horizon

Gravels WE aeolian sand

(a) (b) (c)

G
ra

ve
l l

ag
C

al
cr

et
e

F I GU R E 4 (a-b) Field pictures showing a section of the gravel spread at Bhojka; viewed from north. The gravels unconformably overlie the
indurated hard-pan calcretes. A hand-held GPS provides the scale. (c) Schematic stratigraphic section to show gravels and calcrete. The
section was exposed along a channel used for irrigation.

6 KAUSHAL ET AL.



chemical processing at the Physical Research Laboratory (PRL),

Ahmedabad. Pure quartz extraction, 10Be sample preparation and

AMS measurements were then conducted in the Geochronology Lab-

oratory at the Inter-University Accelerator Centre (IUAC) in New

Delhi, India, following the standard methods described by Kohl &

Nishiizumi (1992). Detailed procedures for chemical processing and

AMS measurements are provided as supplementary online material

(Text S1).

4.2 | Neon isotopic analysis and cosmogenic 21Ne
determination

The neon isotopic composition was measured on a subset of purified

quartz samples in the noble gas laboratory of the Deutsches

GeoForschungsZentrum (GFZ) in Potsdam. Quartz fragments were

crushed to �100 μm grain size to minimize the contribution of

trapped Ne from fluid inclusions and to ensure complete extraction

of cosmogenic Ne at 800�C (Niedermann, 2002). Samples were wrap-

ped in aluminium foil and baked at 100�C for a week under vacuum to

remove adsorbed atmospheric gases. Extraction of noble gases com-

prised stepwise heating at 400�C, 600�C, 800�C and 1,200�C in an

ultra-high vacuum furnace. Neon isotopic data were corrected for

instrumental mass fractionation, isobaric interferences and analytical

blanks. Error limits are shown at the 1σ confidence level and include

statistical uncertainties of the measurement, uncertainties of the sen-

sitivity as well as blank and interference corrections. The analytical

procedures and data reduction methods followed Niedermann,

Bach, & Erzinger (1997).

In quartz, cosmic ray-produced Ne has a characteristic 22Ne/21Ne

ratio. In a three-isotope diagram; a two-component mixture of cosmo-

genic Ne and a trapped Ne component (such as atmospheric Ne) must

plot on the spallation line (Niedermann, 2002; Niedermann, Graf, &

Marti, 1993). In this study, gas extractions by in vacuo crushing of

samples (giving the composition of Ne trapped in fluid inclusions)

yielded 22Ne/20Ne ratios lower and 21Ne/20Ne ratios slightly higher

than air (22Ne/20Ne = 0.1020 and 21Ne/20Ne = 0.002959; see

Table S3), suggesting a trapped Ne component that is fractionated

and contains a small contribution from crustal Ne.

The 400�C, 600�C and 800�C data are consistent with the mixing

of a trapped Ne component with cosmogenic Ne (a mixing line parallel

to the spallation line through the air that is shown in Figure S4),

though the fractionation observed in the heating steps was somewhat

higher than for the crushing extractions. Cosmogenic 21Ne concentra-

tions were calculated as the total 21Ne excess in the 400�C, 600�C

and 800�C heating steps compared to the respective trapped Ne com-

position as determined by crushing extractions and are given in 106

atoms/g, with 1σ errors in Table 2.

4.3 | Calculation of the exposure ages

The concentration of cosmogenic nuclides in a sample depends on the

net cosmic ray flux and the duration of exposure (Lal, 1991). Calcula-

tion of an exposure age requires (a) the cosmogenic nuclide concen-

tration (corrected for topographic shielding) and (b) the production

rate, which varies with depth in the sediment matrix, latitude and

elevation (e.g. Granger & Smith, 2000; Lal, 1991; Niedermann, 2002;

Vermeesch, 2007).

Under the assumption of zero erosion and no burial the following

equation provides a minimum 10Be exposure age (t),

t¼�1
λ
ln 1�Nλ

PS

� �
ð1Þ

where N is the nuclide concentration (atoms/g), P is the surface produc-

tion rate (in atoms/g/a) at the sampling location, t is exposure age, λ is

the decay constant of a radionuclide (λ= 0 for stable nuclides) and S

is the shielding factor. Under similar assumptions of no erosion and no

burial, the minimum 21Ne exposure age can be calculated using

t¼ N
PS

ð2Þ

Under the assumption of a constantly eroding surface, the follow-

ing equation provides the minimum exposure age for 10Be and 21Ne,

t¼� 1
λþ ρε

Λ
ln 1� N

PS
λþρε

Λ

� �� �
ð3Þ

where ϵ is the erosion rate (cm/yr), Λ is the spallogenic neutron

attenuation length (g/cm2) and ρ is the rock density (g/cm3). λ = 0 for

stable nuclides.

Calculated exposure ages based on equations (1), (2) and (3) pro-

vide minimum exposure ages (Gosse & Phillips, 2001; Lal, 1991;

Niedermann, 2002).
10Be and 21Ne model exposure ages were computed by using

Equations 1, 2 and 3 along with Lal’s (1991) production rate scaling

factors. Only the spallation production mechanism was considered

and the following parameters were used:

a. A 10Be half-life of 1.387 Ma (Chmeleff et al., 2010; Korschinek

et al., 2010),

b. A sea level/high latitude 10Be production rate (PSLHL) of 4.01

atoms/g/a (Borchers et al., 2016),

c. A sea level/high latitude 21Ne production rate (PSLHL) of 17.8

atoms/g/a obtained by combining the 10Be production rate given

above and the 21Ne/10Be production ratio according to Fenton

et al. (2019),

d. A rock density (quartz) of 2.65 g/cm3,

e. An attenuation length of 10Be and 21Ne of 160 g/cm2 was used to

calculate the depth dependence of production rates,

f. During their entire antiquity, the samples were within 200–300 m

of the surface and therefore thermal diffusion loss of cosmogenic
21Ne due to the geothermal gradient (Ben-Israel et al., 2018) was

not considered.

To estimate the exposure age of the gravel mixture, we considered

four scenarios (see section 5.2) presented in Table 3, where individual

pebbles would have had a varied production rate history. Among

them, as a simplifying assumption, an average depth of 50 cm was

used to estimate a shielding factor (S) of 0.44 using S¼ e�
ρΖ
Λ (Gosse &

Phillips, 2001). Here, Λ is the spallogenic neutron attenuation length

(g/cm2), ρ is the rock density (g/cm3) and Ζ is the depth of the sample

KAUSHAL ET AL. 7
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F I GU R E 5 (a) Spatial distribution of
gravel clast size from the studied sites is
projected onto a swath profile to illustrate
the reduction in gravel size due to
sediment transport during the Mesozoic
era. The grey arrow indicates that clast
size reduces from the Jayal area (east) to
the Jaisalmer area (west). (b) Swath profile
shows present-day topographic variation
and the regional slope from east to west
across the desert. Profile X-X’ (see
Figure 1 for location) provides minimum,
maximum and mean elevation (solid black
line). The elevations were extracted from
SRTM 30 m DEM data in an
800 � 200 km window.

T AB L E 1 Geomorphic expression of gravel spreads in the Thar desert: field observations.

SI.
No. Site Terrain type Lithology Size and shape

Geomorphic
features Possible source

1 Bhojka,

near

Jaisalmer

Eastern side of the

ridge, flat, occasional

undulating

Quartz, quartzite, calcrete,

granitic pebbles, dolerite,

obsidian, conglomerates

Sub-rounded to

oblong-shaped

1 cm to 8 cm

gravel size,

moderately

sorted

Wind abrasion,

polishing surfaces,

grooves in

bedrock

Bedrock Lathi

Formation-

Conglomerate beds

2 Hamira,

near

Jaisalmer

Flat terrain Quartz, quartzite, angular

sandstone slabs

Sub-rounded,

1 cm to 6 cm in

size, well sorted

Wind abrasion Nearby hill top Bedrock

Lathi Formation-

Conglomerate beds

3 Solanki,

near

Harsani

town

Flat terrain with

undulating surface

Quartz, quartzite, obsidian,

metavolcanics angular clasts

Sub-rounded,

pebbles-cobbles,

1 cm–4 cm size

pebbles

Slightly orientated

to wind direction

Fatehgarh, Sarnu Fm.

Sandstone

4 Jayal, near

Nagaur

Undulating surface

with deep valleys and

gullies

Quartz, quartzite Rounded to sub-

rounded,

boulder size,

poorly sorted,

6 cm to 80 cm

Fluvially modified,

occur as ridges

Nagaur group of rocks,

Kolayat Fm. with

conglomerate

5 Bishala Flat sandy plain Obsidian, metavolcanics angular

clasts

Angular-

subangular,

poorly sorted,

4 cm to 12 cm

Wind abrasion,

pores contain

aeolian sand

Sarnu Fm, Cretaceous

volcanics
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below the surface (in cm). This shielding factor was used to obtain a

model exposure age of the gravel mixture.

5 | RESULTS AND DISCUSSION

5.1 | Gravels: spatial distribution, clast, matrix and
provenance

The spatial distribution of gravel pavements across the Thar Desert

provides insights into regional geomorphological processes. These

sites were overlaid onto a digital elevation model (DEM) to analyse

their topographic variations (Figure S2). At Bhojka and Hamira, gravel

spreads range from 200 to 230 m in elevation, while the Solanki

gravels span 210 to 250 m (Figure 2a, b). Jayal, however, is located at

an elevation between 300 and 350 m (Figure 2c).

This spatial distribution of gravel spreads was projected onto an

east–west swath profile in Figure 5, showing a decrease in gravel size

from east to west, which has been attributed to sediment transport

processes during the Mesozoic or earlier era (Misra et al., 1980;

Rajaguru, Mishra, & Ghate, 1996). Across an east-to-west distance of

�350 km, the mean clast size decreases from 11 to 3 cm and the

roundness (ratio of mean minor to major axis) increases from 0.64 to

0.75 (Figure 5, Table 1).

Similarities of lithologies between sites (comprising quartzite,

schist and arenaceous rocks) and the E-W regional slope suggest the

same source for all gravel spreads, i.e., the Aravalli Mountains. This is

the only mountain chain that could supply the material that was most

likely deposited as a fan. The current elevation of the Aravalli Moun-

tains ranges from 600 to 900 m. However, given their long history of

erosion, the Aravalli Mountains would have been considerably higher

during the creation of the fans. This greater elevation would have pro-

vided ample relief for the production and transport of gravels over a

distance of 200 to 300 km, allowing them to be deposited as fans.

Currently, also, fractured bedrock blocks descend downhill on the

western slope of the Aravalli Mountains (Figure S5).

In summary, it seems plausible to suggest that during the Miocene

or earlier times, the highly elevated Aravalli mountains supplied rocks/

gravels toward the sea to the west. The gravels were deposited in a

fluvio-deltaic situation and thereafter were converted into conglomer-

ates during their residence in the sedimentary basins, viz. Jaisalmer,

Bikaner-Nagaur and Barmer. This is seen in the sub-surface stratigra-

phy of these basins, which shows multiple occurrences of gravels/

conglomerates at various depths (Roy & Jakhar, 2002;

Wadhawan, 1988, 2018). The deposition of parent gravels was dis-

continuous and has been assigned an age range of Mid Miocene to

Pleistocene in the Barmer Basin; Mesozoic in the Jaisalmer Basin and

Permian-Carboniferous to Pleistocene in the Bikaner-Nagaur Basin

(Table S1).

Further, the matrix within the pavement gravels is dark brown

sand, with rounded to subrounded granules and pebbles (Figures 3

and 4). Preliminary luminescence dating of the sandy infill, using the

NCF-DSAR method (Kaushal, Chauhan, & Singhvi, 2022; Singhvi

et al., 2011), suggests an age of �30 ka, indicating that it is a second-

ary infill that accumulated within the gravel voids.

5.2 | Model surface exposure ages

To convert cosmogenic nuclide concentrations (Table 2) into ages,

four scenarios were considered:

a. The gravels always remained on the surface. This unlikely scenario

provides the absolute minimum ages.

b. The gravels experienced variable production rates due to redistri-

bution in depth (Figure 6). For this scenario, an average burial

depth of 50 cm (equivalent to a shielding factor of 0.44) was

assumed to estimate an exposure age (see Figure S6).

c. The gravel surface was a constantly eroding surface with an ero-

sion rate of 0.01 cm/ka.

d. The gravel surface was a constantly eroding surface with an ero-

sion rate of 0.05 cm/ka).

Scenario b above is based on a simple model for the formation of the

gravel spreads (Figure 6) where in the production of 21Ne and 10Be

began at a time when the conglomerates reached a depth of a few

T AB L E 2 Sample details, 10Be and 21Ne concentrations.

Sites Sample Latitude (�N) Longitude (�E) Elevation (m) 10Be (� 106 atoms/g)a 21Neex (�106 atoms/g)b

Bhojka

locality-1

BH1 26.953061 71.203964 207 2.21 ± 0.30 13:2þ1:4
�0:6

BH2 1.42 ± 0.36 9.4 ± 1.3

Bhojka

locality-2

BH-S 26.953061 71.203964 207 3.24 ± 0.15 3.27 ± 0.17 n.m.

BH-25 3.46 ± 0.21

BH-50-70 3.11 ± 0.16

Bhojka

locality-3

BHCONG 26.961939 71.228288 207 5.55 ± 0.44 n.m.

Hamira HMCRN1 26.989890 71.089843 200 4.43 ± 0.48 14:9þ2:1
�1:8

Solanki SGCRN1 26.015971 70.802634 210 3.19 ± 0.42 20:8þ2:3
�1:9

Jayal JKCRN1 27.243889 74.286764 320 2.63 ± 0.30 20:9þ2:6
�2:4

a10Be concentrations are normalized to standard sample SRM 4325 (nominal 10Be/9Be ratio: 2.79 � 10�11).10Be/9Be ratios were corrected by a full

chemistry procedural blank. Error limits are 1σ.
bCosmogenic 21Ne concentrations (Table S3) with 1σ error limits.

n.m.: not measured.
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metres from their ambient surface. Thereafter they were continually

exposed to cosmic rays, with production rates determined by their

depth. The region was likely traversed by aeolian sediments at times,

which could have attenuated or completely stopped the production of
10Be and 21Ne. During periods of no production, the concentration

of stable 21Ne would have remained unchanged, whereas the 10Be con-

centration would have declined at a rate governed by its half-life. Thus,

the combination of 21Ne and 10Be helps to estimate an upper bound to

the exposure ages (obtained from 21Ne) and the possible impact of sed-

iment overburden, expressed in a 10Be and 21Ne age difference.

It can reasonably be assumed that any 10Be produced in the

gravels during their residence on the Aravalli Mountains or during

travel and deposition at the sites (i.e. from the Mesozoic till the recent

re-exposure by denudation) would have decayed during sediment

Stage-1
Eroded part

Stage-2 Stage-3 Stage-4 Stage-5

Time (t)

CRN 
production starts

Removal of matrix and 
breakdown of conglomerate

Rolling down clasts
Subdued topography

Subdued topography 
Aeolian matrix as infill

Gravel with exposure 
at variable depth and time 

Denudation

Matrix
 (allogenic)

gravel 
pavements

Sandstone

~2 m 

Several
 metres

Cemented conglomerate
Matrix supported 

Middle Paleolithic 
human

Aeolian & 
surface runoff erosion-

gully formation
Transient sand cover 

F I GU R E 6 Schematic illustrating the evolution of gravel pavement surfaces and a broad event sequence that may be responsible to build up
10Be and 21Ne in quartz clasts. The following event sequence is considered: Stages 1 and 2: The conglomerate surface was a buried undulating
surface of a palaeofan. Over time, the surface was denuded and this process continued until the conglomerates were within the top few metres
of the local surface, allowing quartz within them to accumulate cosmic ray-produced 21Ne and 10Be. Stage 3: concurrent to the cosmic ray
exposure, a gradual loss of matrix and disintegration of the conglomerate into gravels occurred, due to mechanical weathering, facilitated by
temperature change and wetting-drying cycles. Aeolian activity winnowed finer fractions and surface runoff processes formed rills and gullies that
also removed the matrix. On disintegration, gravels moved down-slope with gravity, exposing the members beneath them to cosmic ray exposure,
and this disintegration process continued until slopes became smooth. Stage 4. The disintegration and a random distribution of clasts obliterated
primary gravel imbrication structures. Stage 5. After this, the voids between gravel clasts were filled by sand/silt and calcrete developed.

T AB L E 3 10Be and 21Ne modelled surface exposure ages as obtained by considering various possible depth and erosion rate scenarios.

-Sites Sample

On surface (production
100%)

Average depth of 50 cm
(partial burial)

On surface production

100% On surface production 100%

Erosion = 0.01 cm/ka Erosion = 0.05 cm/ka

S = 1 S = 0.44 S = 1 S = 1

10Be model
exposure
age (ma)a

21Ne model
exposure
age (ma)a

10Be model
exposure
age (ma a

21Ne model
exposure
age (ma)a

10Be model
exposure
age (ma)a

21Ne model
exposure
age (ma)a

10Be model
exposure
age (ma)a

21Ne model
exposure
age (ma)a

Bhojka

locality-

1

BH1 0.69 ± 0.11 0:80þ0:08
�0:04

2.10 ± 0.48 1:82þ0:19
�0:09

0.74 ± 0.13 0:86þ0:10
�0:05

1.12 ± 0.34 1:31þ0:25
�0:12

BH2 0.42 ± 0.12 0.57 ± 0.08 1.11 ± 0.37 1.30 ± 0.17 0.44 ± 0.13 0.60 ± 0.08 0.53 ± 0.19 0.77 ± 0.14

Bhojka

locality-

2

BH-S,

BH-25,

BH-

50-70

1.13 ± 0.08 n.m. 5.4 ± 1.2 n.m. 1.28 ± 0.10 n.m. *Saturated n.m.

Bhojka

locality-

3

BHCONG 2.51 ± 0.37 n.m. *Saturated n.m. 4.3 ± 1.7 n.m. *Saturated n.m.

Hamira HMCRN1 1.74 ± 0.29 0:91þ0:13
�0:11

*Saturated 2:06þ0:29
�0:26

2.18 ± 0.51 0:98þ0:15
�0:13

*Saturated 1:67þ0:52
�0:45

Solanki SGCRN1 1.11 ± 0.19 1:28þ0:14
�0:12

5.2 ± 2.8 2:92þ0:32
�0:27

1.23 ± 0.25 1:42þ0:18
�0:15

*Saturated *Saturated

Jayal JKCRN1 0.76 ± 0.10 1:15þ0:14
�0:13

2.43 ± 0.50 2:62þ0:33
�0:30

0.94 ± 0.12 1:42þ0:18
�0:16

1.88 ± 0.43 *Saturated

aExposure ages are calculated using scaling factors derived from Lal (1991). 10Be and 21Ne modelled exposure ages have error limits of 1σ. Uncertainties in
production rates and shielding factors were not considered.

*Sample appears to be saturated (i.e., measured concentration is higher than the maximum concentration attainable in this scenario) at this erosion rate or

shielding depth. See section 4.3 for model assumptions.

n.m.: not measured.
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storage at a depth of a few hundred metres over a few tens of millions

of years. In contrast, stable 21Ne would have remained unchanged.

Consequently, similar 10Be and 21Ne model exposure ages would

imply an absence of inherited Ne, while a difference in Be and Ne

ages would suggest a phase of shielding due to overburden or inheri-

tance from the source area or during transport.

0.50.10.250 0.750.50 1 2 3 4 5 40
Age in Ma

Atacama, Northern Chile
Atacama, Northern Chile
Atacama, Northern Chile

Atacama, Northern Chile

Atacama, Northern Chile

Atacama Desert, Central Valley, Chile

South-Central Australia “stony deserts”

Dead Sea region, Middle East
Fowlers Gap, New South Wales, Australia

Negev Desert Israel

Negev Desert Israel

North-central Chile
Atacama Desert, Chile and Peru

Basin and Range, Crater Flat, Southern Nevada, USA
Great Basin, Crater Flat, Nevada, USA
Iglesia basin, central Andes, Argentina

Great Basin, Lunar Crater, Nevada, USA
Cima Volcanic Field, Mojave Desert

Bishop Tuff, California, USA
Atacama Desert, northern Chile
Gobi-Altai Mountains piedmont

Mecca Hills, Colorado Desert, USA
Gravel Pavements, Thar Desert, IndiaThis study:

Desert pavements across the globe Reported ages of pavements

F I GU R E 8 Exposure ages of gravel pavements of the Thar Desert (denoted by grey band) are compared with the reported ages of selected

desert pavement surfaces across the globe. The global data on desert pavement ages are sourced from Seong, Dorn, & Yu (2016).
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F I GU R E 7 21Ne/10Be two-nuclide (or erosion island) plot for gravel spread samples of the Thar Desert. The “erosion island” (denoted by a
filled grey colour between bold lines) represents the possible location of data points of samples with a single-stage exposure and erosion history.
Two of our samples (BH-1 and SGCRN1) plot inside the steady-state erosion island, while two more samples (BH-2 and JKCRN1) plot slightly
above it, indicating some burial signals or inheritance of 21Ne. However, sample HMCRN1 plots below the “zero erosion” line, falling in the
forbidden zone, which may indicate some analytical issues. The green colour lines are isochrons of burial/shielding duration assuming a simple
burial history after complete nuclide saturation. This two-nuclide diagram is plotted in CosmoCalc v–3.0 (Vermeesch, 2007) and uses (1) SLHL
production rates according to section 4.3, (2) 1σ errors for both nuclides, (3) 21Ne/10Be ratio (on y-axis) is plotted at linear scale (4) CosmoCalc
default assumptions for all other parameters.
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The presence of artefacts of successive Palaeolithic cultural

phases on the surfaces of the gravel pavements (Misra, 2007) sug-

gests that the pavement topography remained relatively unchanged

with respect to tectonics.

Table 3 provides the ages under the four scenarios described

above, viz. gravels on the surface, gravels with an average burial

depth of 50 cm and gravels that eroded at rates of 0.01 cm/ka or

0.05 cm/ka. The first scenario provides minimum ages. The assump-

tion of partial burial (with an average burial depth of 50 cm) provides

more realistic ages as it accounts for cosmic ray exposure during

exhumation of the conglomerate, its residence on the surface, gravity

sliding and residence thereafter till the present. For the third and

fourth scenarios, the exposure ages were obtained for two possible

erosion rates 0.01 and 0.05 cm/ka. For erosion rates above 0.05 cm/

ka, the measured 10Be and 21Ne concentrations are higher than the

maximum concentrations that can be achieved in erosion equilibrium.

Such rates are unrealistic in our setting. Taken together, the data pro-

vide a set of ages ranging from �1 to 5 Ma. The discussion below

uses ages based on scenario b for gravels with an average burial

depth of 50 cm.

The 10Be concentrations are in the range of 1.42 to 5.55 � 106

atoms/g and 21Ne concentrations vary from 9.4 to 20.9 � 106 atoms/

g. At Bhojka, 10Be ages span a time of 1.11–2.10 Ma at locality 1 (sam-

ples BH1 and BH2) and �5.4 Ma at locality 2. 21Ne ages for locality

1 range from 1.30 to 1.82 Ma. At locality 2, three samples (BH-S, BH-

25 and BH-50-70) from the surface down to 60 ± 10 cm depth were

measured for 10Be only. The similarity of 10Be concentrations

irrespective of depth (Figure S7) suggests random mixing of the

gravels due to gravity sliding. Conglomerate sample BHCONG from

Bhojka provided a saturated 10Be signal, corresponding to an age of

>5 Ma, which is consistent with geological reasoning suggesting that

the tectonic exhumation occurred before 5 Ma.

The sample from Hamira (HMCRN-1) yields a saturated 10Be

concentration as well, corresponding to an age of >5 Ma, whereas

the 21Ne exposure age is only 2.06 Ma. This anomaly will be exam-

ined in the future, but here we use the present Ne age of 2.06 Ma as

a working estimate. Model exposure ages at Solanki (SGCRN-1) are

�5.2 Ma for 10Be and 2.92 Ma for 21Ne, suggesting that the mea-

sured 10Be concentration is close to saturation. Sample JKCRN-1

from Jayal gave a 10Be exposure age of 2.43 Ma and a 21Ne age of

2.62 Ma.

Figure 7 provides a two-nuclide plot of 10Be and 21Ne data. In

accordance with the discussion above, samples SGCRN1 and BH1

plot inside the steady-state erosion island, which suggests a simple

exhumation history, with 10Be and 21Ne concentrations at erosion

equilibrium under a denudation rate of �0.05 cm/ka. Samples BH2

and JKCRN1 plot nominally above the steady-state erosion island

(though within error they are consistent with steady-state erosion),

suggesting intermittent burial over a few hundred ka, which could

be due to a transient overburden such as mobile dunes. Alterna-

tively, an inherited 21Ne component from exposure in the source

area or during transport is possible. Sample HMCRN1 is in the for-

bidden zone due to low 21Ne and high 10Be. The reason for that is

not clear.

To summarize, cosmogenic 10Be and 21Ne exposure ages are gen-

erally similar. Any burial signal in these samples could be attributed to

overburden from a transiting sand dune or an inherited Ne

component. 21Ne ages provide an upper bound and 10Be ages provide

a similar time bracket of 1.11–5.4 Ma. The conglomerate sample

BHCONG has a minimum age of 2.51 Ma based on 10Be surface pro-

duction, but could be >5 Ma if it did not stay at the very surface dur-

ing its whole exposure history.

5.3 | Consistent timing of desert pavements

Seong, Dorn, & Yu (2016) collated global data on desert pavement

ages which span a period from 37 Ma to 3 ka (Figure 8). It is note-

worthy that in most deserts, gravel ages in the range of 3–0.5 Ma

are found, including the present data from the Thar. Global cooling

and aridification from 3.6 Ma onwards have been suggested (Fang

et al., 2020), and the similarity of desert pavement formation ages

in the Thar with the Global data is perhaps a manifestation of

global desiccation events. This suggestion and causal connections

of the Thar with global aridity from 3.6 Ma should be investigated

further.

It has been suggested that the gravels predate the arrival of

hominins, and constitute a source of raw materials for stone tool man-

ufacture, continuing over the Pleistocene (see Misra et al., 1980). A

mention of Acheulian artefacts (Misra et al., 1982) discovered in situ

within the Jayal gravels offers a rare prospect of exploring an early

hominin presence, although this requires further confirmation, along

with the direct dating of stone artefacts.

6 | CONCLUSIONS

Using stable 21Ne and radioactive 10Be as cosmogenic nuclides, this

study reports model exposure ages of the desert pavement in the

Thar. The gravel exposure ages range from �1 Ma to �5 Ma. Two-

nuclide plots suggest simple exposure histories, minimal inheritance

and perhaps occasional episodes of burial by transiting aeolian sands.

It is also noteworthy that exposed desert pavements were probably

formed in response to regional/global climate cooling, and this

hypothesis will be pursued.

The desert pavement ages reported here confirm previous sug-

gestions of desertic conditions in the Thar since 1.77 Ma, and the

minimum age of the conglomerate sample BHCONG of 2.51 Ma

suggests that desertic conditions in the Thar existed at least during

the entire Quaternary and perhaps began somewhat earlier. The

archaeological significance of these dates lies in providing a base-

line for the earliest Palaeolithic occupation of the region, which

potentially continued both during the last phase of desert pave-

ment formation and subsequently during phases of conducive cli-

mates. The establishment of the age of the artefacts and

correlation with the desert pavement gravels studied here would

be significant in exploring debates on the earliest occupation of the

Thar desert and implications for hominin migrations out of Africa

and across Asia.
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