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The present study summarizes the existing chronometric data of fossil dunes preserved in the southern
Thar Desert margin (STM). The objective is to understand the episodes of dune accretion and causes of
their spatial and temporal variability along the precipitation gradient. Based on the published ages, the
study identiBes three major phases of dune accretion. The oldest phase-I is dated between *25 and 17 ka
(MIS-2); the second short-lived phase-II between *15 and 12 ka, whereas the phase-III occurred between
10 and 5 ka. The second phase terminates with the deposition of Cuvially reworked aeolian sand which has
the presence of microlithic artifacts and corresponds to the early Holocene strengthened Indian Summer
Monsoon (ISM). The study suggests that during phase-I and II, the terrain witnessed a significant
reduction in the ISM for which a more southerly position of the Inter-Tropical Convergence Zone (ITCZ)
is implicated. During phase-III, an oscillating ISM with overall declining trend is attributed to mid-late
Holocene minor Cuctuations in the ITCZ (probably proximal to modern summer position). A conspicuous
absence of dune building in the northern Thar Desert during the Last Glacial Maximum (LGM) is
ascribed to the prevalence of hyper-arid conditions in comparison to the relatively moist conditions in the
STM due to its proximity to the Arabian Sea. After *15 ka, both the STM and the Thar Desert show a
broad synchroneity and that coincides with the gradual strengthening of the ISM.
Keywords. Southern Thar Desert margin; dune; aeolian activity; Indian Summer Monsoon; Inter
Tropical Convergence Zone.

1. Introduction
The sensitivity of desert margin to climatic change
makes it an important archive towards understanding the past climate variability (Swezey 2001). At
orbital (multi-millennial) time scale, the desert
expansion and contraction are coupled with the
high-latitude glacial (stadial) and interglacial

(interstadial) boundary conditions (Williams 1975;
Sarnthien 1978). However, at the sub-orbital (millennial and centennial) time scale, the changes in a
desert margin may represent variations in the local
boundary conditions, where the vegetation-moisture
internal feedback mechanism becomes significant
(Claussen et al. 1999; Tsoar 2013). The chronometric
data (optical ages) from various studies (Lancaster

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).
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1981, 1990; Singhvi and Porat 2008) suggest both
synchronous and asynchronous responses to climate
change. Therefore, in order to have more definite
inferences about the causes of expansion and contraction of deserts, it is important to generate
stratigraphic and chronometric data from wider
geographical regions with varied climate settings.
The major controlling factors in aeolian sedimentation are wind vector (the relative drift
potential), the sediment supply, basin geomorphology, and vegetation cover (Tchakerian 1994;
Kocurek and Lancaster 1999). Lancaster (1990)
modelled the eAects of climate change on dune
mobility and aeolian sedimentation, where it was
proposed that during periods of high rainfall, dunes
are stabilized by vegetation and dune Belds become
dormant. The model also suggested that during dry
periods favourable conditions for sediment deCation are created by winds that increase the sand
supply. Dune accretion, however, requires optimum vegetation/moisture and reduction in wind
speed to facilitate sand deposition. For example, in
the Thar Desert, it is suggested that the strength of
the monsoon wind and availability of wind erodible
sediments are important determinants (Kar 1993).
Goudie et al. (1973) suggested that the modern
aeolian activity occurs in regions with \250 mm
annual rainfall, whereas the fossil dunes are preserved in the Southern Thar Desert margin (STM)
which presently receive *800 mm rainfall (Juyal
et al. 2003); thereby suggesting a spatial shift in
overall precipitation gradient. In the Thar Desert,
it is suggested that dune accretion Cuctuated in
accordance with the waxing and winnowing of the
Indian Summer Monsoon (ISM) strength over a
multi-millennial time scale (Goudie et al. 1973;
Wasson et al. 1983; Kar 1993). The spatial variability in the moisture regimes and its impact on
dune dynamics is demonstrated in the fossil dunes
dated to the LGM-weak ISM phase (Bryson and
Swain 1981; Duplessy 1982; Enzel et al. 1999) when
the geomorphic processes in the Thar Desert were
nearly dormant (Kar et al. 2001). As the sand
transporting winds are linked to the ISM, the
threshold for sand movement is exceeded only
during the two summer months preceding the onset
of the ISM (Wasson et al. 1983; Kar et al. 1998).
Therefore, it is suggested that due to the weak
monsoonal winds during the LGM, the dune
building activity in Thar Desert was nearly dormant (Chawla et al. 1992; Singhvi and Kar 2004).
The desert margins, in comparison to the core Thar
Desert, have a unique geomorphological setting
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due to their location in the climate transition zone.
As a result, desert margins respond sensitively (in
an ampliBed manner) to minor shifts in temperature, precipitation, and/or wind (Juyal et al. 2003
and the references therein).
The STM constitutes the southern limit of the
Thar Desert (Bgure 1), where the fossil dune
records were investigated earlier by geo-archaeological studies (Zeuner 1952; Allchin and Goudie
1971; Allchin et al. 1978). However, the paleo-climatic significance of the fossil dunes remained
elusive. It was after Juyal et al. (2003), systematic
studies exploring the nature and distribution of
the STM dunes were attempted for their palaeoclimatic significance. The subsequent studies
(Juyal et al. 2006; Bhattacharya et al. 2017),
brieCy mentioned the dune sediments and their
climatic significance. Unlike the Thar Desert, the
STM witnessed a regional phase of dune accretion
during the LGM. The present study, therefore,
summarizes the earlier studies (e.g., Srivastava
et al. 2001; Juyal et al. 2003, 2006; Bhattacharya
et al. 2017), reanalyzes the stratigraphic and
chronometric data and explores the reasons for the

Figure 1. Indian Remote Sensing (IRS) false colour composite
(FCC) imagery of the Southern Thar Desert margin (STM)
showing major geomorphological features and river valleys
from where evidence of dune sections are summarized in the
present study.
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(a)synchronous nature of dune activity between
the STM and the core Thar Desert.

2. Study area
The STM located in North Central Gujarat
(22°–25°N; 72°–73.5°E) is Canked by the Aravalli
hills in the east, the Little Rann of Kachchh and
Gulf of Cambay in the west (Bgure 1). Majority of
the rivers have their catchment in the Aravalli
upland and drain through the vast alluvial plains
before debouching into the Little Rann of Kachchh
and the Gulf of Cambay. Regional stratigraphy
based on sub-surface geophysical data suggests
*300 m thick Quaternary alluvium overlies the
Tertiary basement (Biswas 1987; Maurya et al.
1995) in which the dune sediments constitute the
uppermost litho-unit (Merh and Chamyal 1997;
Juyal et al. 2003).
The mean annual precipitation has a southward
increasing gradient that varies from *400 (north)
to [ 800 mm (south) (Bgure 2). The period from
May to September has a large number of windy
days (*72%, average speed 38 km/hr) with winds
blowing from the west-southwest coinciding with
the southwest ISM period (Allchin and Goudie
1971).
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3. Geomorphology and stratigraphy
According to Allchin and Goudie (1971), the fossil
dunes mimic the trend of ISM winds. However,
there are also observations indicating no discernible direction in the fossil dunes, which are
ascribed to the local aeolian reworking of older
alluvium (Singh 1977; Wasson et al. 1983). The
narrow pediment plain along the Aravalli foothills
in the east is usually covered by deCation lags and
at times has a thin veneer of Cuvial sediments.
Morphologically, in the STM two major types of
dunes are documented. These are: (i) the poorly
organized dunes, which are usually 36 m high and
(ii) the 810 m high obstacle dunes (Juyal et al.
2003). Close to the Little Rann of Kachchh, a small
cluster of linear dunes was also observed in satellite
imagery (Wasson et al. 1983). Poorly organized
dunes occupy the upland Cuvial and alluvial terraces
whereas, the obstacle dunes occur in the proximity of
the Aravalli and Pavagarh hills. The obstacle dunes
are documented in the Sabarmati (Dharoi) and Mahi
(Tajpura) valleys whereas, extensively gullied
poorly organized dunes blankets the alluvial plains
(older Cuvial terraces). The poorly organized dunes
are located in Banas, Sabarmati, Mahi, and Orsang
river valleys (Bgures 3 and 4; Juyal et al. 2003, 2006;
Bhattacharya et al. 2017).

Figure 2. The regional increasing NW–SE rainfall gradient is indicated by dashed black arrow.
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Figure 3. The dune stratigraphy summarized from various studies (Srivastava et al. 2001; Juyal et al. 2003; Bhattacharya et al.
2017) along with the optical ages in the Banas and Sabarmati river valleys. The inset marks the locations of the sections on a
drainage map.

3.1 Banas valley
3.1.1 Dantiwada (24°20.47 0 N; 72 °19.33 0 E)
At this location, *1.7 m thick pale-yellow to
ash-grey colour, coarse-to-medium aeolian sand,
containing nodular calcretes, and discrete lithoclasts overlies the Cuvial sediments (Bhattacharya
et al. 2017) (Bgure 3).
3.1.2 Juna-Deesa (24°13.06 0 N; 72 °09.03 0 E)
At Juna-Deesa, *4 m thick aeolian sequence is
exposed. In which the lower *2 m is Cuvially
reworked aeolian sand. It is capped by *2 m thick

well-sorted, medium to Bne, light grey aeolian
sand containing dispersed nodular calcretes
(Bhattacharya et al. 2017) (Bgure 3).
3.2 Sabarmati valley
3.2.1 Dharoi-I (24°00.68 0 N; 72 °48.70 0 E)
Around 6.5 m thick dune sequence abutting the
Aravalli hills is exposed along a seasonal rivulet
(Bgure 3). The lower *5.5 m unit is pale yellow,
friable sand containing carbonate concretions up to
10 cm thick. This is succeeded by *0.3 m thick
Cuvially reworked aeolian sand containing angular
to sub-rounded granite pebbles. The upper *0.9 m
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Figure 4. The dune stratigraphy summarized from various studies along with the optical ages in the Mahi and Orsang river
valleys (Juyal et al. 2003, 2006). The inset marks the locations of the sections on a drainage map.

dune sediment comprises of compact, moderately
pedogenized, yellowish-brown sand (Juyal et al.
2003).

yellowish-brown, compacted sand devoid of carbonate concretions (Juyal et al. 2003).
3.2.3 Akhaj (23 °26.62 0 N; 72 °28.38 0 E)

0

0

3.2.2 Dharoi-II (24°00.68 N; 72 °48.70 E)
At this location, *6.5 m thick section was exposed
*0.5 km west of Dharoi-1 (Bgure 3). Broadly, the
stratigraphy is similar to Dharoi-I with bottommost *2.5 m thick, yellowish-grey sand with
carbonate concretions, followed by *2 m thick
grey-yellow sand with 2–10 cm horizontally bedded
carbonate concretions, and uppermost *2 m

Around 3 m thick dune proBle, exposed along a
road cutting near the village of Akhaj (Bgure 3)
(base unexposed), the lower *1.25-m thick light
grey dune sediments are moderately compact containing 1–4 cm thick calcrete nodules. This is
overlain by *0.25-m thick layer containing
microliths, charcoal pieces, and bones, suggesting
human occupation. The uppermost *1.5 m is grey
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at the bottom and grades into brown colour
(Bgure 3). Evidence of weak pedogenesis is in the
form of moderately developed ped faces, root casts
and faint clay illuviation along the ped faces (Juyal
et al. 2003).
3.2.4 Mahudi (23 °30 0 N; 72 °48 0 E)
The linear and crescentic ridges overlie the upper
Cuvial sequence on the terrace surface and are pale
grey in colour of friable nature (Bgure 3). The unit
is *1 m thick and has a sharp basal contact. The
sediment comprises of well-sorted, Bnely skewed
very Bne sand (Srivastava et al. 2001).
3.3 Mahi valley
3.3.1 Dabka (22 °140 N; 72 °57 0 E)
Around 4-m thick dune proBle is exposed along
the left bank of Mahi River near the estuary
(Bgure 4). The yellow-brown aeolian sand rested
unconformably on Cuvio-aeolian sediment containing 1–2 cm thick carbonate nodules (Juyal
et al. 2003).
3.3.2 Sultanpur (22 °9 0 N; 72 °48 0 E)
Around Sultanpur, *5 m thick dune section is
located at the left bank of the Mahi River
(Bgure 4). The lower 1.5 m friable sand is yellowish-brown in colour containing dispersed nodular
calcrete. This is overlain by 3.5-m thick light-yellow sand with irregularly dispersed friable calcretes. The size of the nodule increases towards the
upper 1 m of the section (Juyal et al. 2006).
3.3.3 Jaspur (22 °17 0 N; 73 °2 0 E)
At this location *5 m thick dune section exposed
on the left bank of Mahi River, two phases of dune
accretion bisected by a Cuvially reworked aeolian
sand were seen (Bgure 4). The lowermost *2 m
thick dune sand is friable, light brown contains
rhizoliths and nodular calcrete. This is overlain by
*1 m thick, weakly paedogenised dark brown sand
containing nodular calcrete in the upper part.
Following this is *30 cm thick Cuvially reworked
aeolian sand unit. This is overlain by 1.5-m thick
light brown weakly paedogenised sand containing
appreciable calcrete concentration in the upper
part (Juyal et al. 2006).
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3.3.4 Rayka (22 °26 0 N; 73 °5 0 E)
The sequence lies in the proximity of the Gulf of
Cambay and overlies marine clay and Cuvial
gravels. Around 9-m thick aeolian sequence is
dominated by sandy silt followed by medium-toBne sand (Juyal et al. 2000).
3.3.5 Tajpura-I (22 °26.89 0 N; 72 °28.33 0 E)
At Tajpura-I, *4 m thick dune sequence is located
towards the southeastern face of the Pavagarh hill
(Bgure 4). Allchin et al. (1978) reported Mesolithic
artifacts on the surface and up to a few centimeters
below the dune crests. The stratigraphy shows a
lowermost *0.3 m thick light grey sand containing
carbonate concretions. This is overlain by *1.5 m
thick pale yellow sand followed by *0.6 m thick
moderately compacted dark brown sand. The
uppermost *1.6 m is moderately pedogenised,
compact reddish light brown sand without any
carbonate concretions (Juyal et al. 2003).
3.3.6 Tajpura-II (22 °26.89 0 N; 72 °28.33 0 E)
At Tajpura-II *6.5 m thick section was excavated
50 m west of Tajpura-I. The lower 3-m thick
horizon contains yellow to greyish-yellow sand
with increasing concentration of carbonate concretions and rhizoliths. The upper 3.5 m comprised
moderately pedogenised, compact, reddish-brown
sand, broadly similar to Tajpura-I (Bgure 4) (Juyal
et al. 2003).
3.4 Orsang valley
3.4.1 Bahadurpur (22 °10 0 N; 73 °33 0 E)
and Aritha (22 °8 0 N; 73 °32 0 E)
A 2–3 m thick aeolian sand sheet blankets the
Cuvial landscape in the Orsang valley. The aeolian
sands are light-buA to dark brown in colour,
moderately compact and contain dispersed nodular
calcretes. The upper part of the horizon exhibits
weak pedogenesis (Bgure 4). The grain size is
dominated by Bne to very Bne sand (Juyal et al.
2004, 2006). There are no fossil dunes observed
beyond this location, suggesting that the Orsang
basin approximately limits the southern extent of
the Thar Desert (Bgure 4).
The distribution of calcretes, rhizoliths, and
pedogenesis is conBned to the upper part of the
dune horizons, where slight variations in the
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Figure 5. The selected Beld photographs of the dunes along with the optical ages summarized in the present study. Locations of
the Beld pictures are marked in the IRS FCC imagery.

colour can be observed in the lower parts. This
suggests that the weathering dominantly commenced once the phases of dune accretion ceased
in the respective valleys. However, with the
exception, there is evidence of local Cuvial
reworking. For example, at Juna Deesa (Banas
valley) and Dharoi (Sabarmati valley) thus,
implying short-lived wet interludes. Similarly,
the occurrence of microliths in the middle part
of the dune section at Akahj (Sabarmati valley)
is interpreted as a phase of landscape stability
(Juyal et al. 2003). Therefore, the terminal ages
of the dunes (discussed later) can be used as the
period of landscape stability (in terms of dune
accretion) with the assumption that following
the cessation of dune accretion, there was an
insignificant erosion. This is reasonable considering that the dunes investigated in the present
study occur on elevated terraces that are
beyond the inCuence of river and gully erosion
(Bgure 5).

4. Chronology
Optically stimulated luminescence (OSL) dating
was employed to obtain the ages of aeolian sediments. The technique is based on the assumption
that during transportation, the OSL signal from
quartz and feldspar minerals within sediments
should be erased to the near zero/negligible residual value before burial. Compared to the Cuvial
sediments, where bleaching may be variable due to
an attenuated Cux of daylight caused by water
column and turbidity, the wind-blown sediments
(dune) are usually adequately bleached as they are
exposed to sufBcient sunlight. Therefore, the measured equivalent dose (De) is proportional to the time
since the last burial of the sediment (Olley and
Wasson 2003; Singhvi and Porat 2008). The details of
the methodology used for the extraction of quartz,
OSL measurement procedures, computation of
equivalent dose and ages used from various studies
are described in Juyal et al. (2003, 2006) and
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Figure 6. (A and B) The three phases of aridity are shown with the help of probability density function for the southern Thar
Desert margin (STM) and the Thar Desert; where the chronology for the Thar Desert is taken from Lancaster et al. (2015). (C,
D) are the marine proxies, and (E) is the continental proxy used to infer the Indian Summer Monsoon (ISM) strength. The
enhanced ISM is represented by more negative d18O values and higher Total Organic Carbon (TOC). (G, J) panels show the
inferred climate from various proxies in the Thar Desert and the STM.

Bhattacharya et al. (2017). Below is the summary of
the OSL ages published along the NW (Banas river
valley) to SE (Orsang river valley) (Juyal et al.
2000, 2003, 2006; Bhattacharya et al. 2017).
In the Banas valley, the Cuvially reworked aeolian
sediment are dated between 12 ± 1 and 11 ± 1 ka,
whereas the lower part of the overlying aeolian sand
is dated between 6 ± 0.3 and the upper part is dated
to 3.5 ± 0.1 ka (Bhattacharya et al. 2017) (Bgure 3).
In the Sabarmati valley, the oldest exposed aeolian
sediment is dated to 26 ± 4 ka (Akhaj) and the
youngest aeolian sediment gave an age of 6 ± 1 ka
(Bgure 3). In the Mahi valley, the oldest aeolian sand
overlying the uppermost Cuvial sediment is dated to
28 ± 3 ka (Dabka), whereas the youngest aeolian
sand is dated to 10 ± 3 ka (Rayka) (Juyal et al.
2000, 2006). Further, southeast in the Orsang valley, the aeolian sand capping the upper Cuvial
sequence is dated to 22 ± 2 ka (Bhadarpur) and
21 ± 2 ka (Aritha) (Bgure 4; Juyal et al. 2003, 2006)
(see Supplementary table S1).
5. Probability density (PD) analyses
The development of dunes took place within the
broad time span (t) equivalent to 1–30 ka. We have
analyzed the probability percentage from the ages
of the dunes to determine the timing that indicates

the maximum probability of the development of
dunes. To estimate the probability functions, we
took dune ages along with their respective error
values such that each dune age falls within the
lower and upper bounded values. The Bnal probability curve is the average of all the individual sets
of ages bounded by their upper and lower ages. In
order to bracket the maximum probability of timing for development of dunes within each thousand
age interval (ranging from 1 to 30 ka) is divided
with the total number of ages such that:
P ðt1 Þ ¼ nðt1 Þ=nðt Þ;
where P(t1) is the maximum probability percentage of timing of development of dunes, n(t1) is the
probability of development of dunes at time t1
(1–30 ka) and n(t) is the total number of ages (30).
Based on the statistical estimations, it can be
inferred that the maximum probability of development of dunes in the Thar Desert occurred
during 16–11 ka and similarly, the maximum
probability of development of dunes in the southern margin is 25–17 ka. The ages used in the PD
analyses for the southern desert margin are given in
the logs (Bgures 3 and 4) and for the Thar Desert
are taken from the database by Lancaster et al.
(2015). In Thar Desert, ages younger than 1 ka are
not considered.
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6. Discussion
The probability density distribution of optical ages
reveals that dune accretion occurred during three
major phases. Phase-I is bracketed between 25 and
17 ka; phase-II between 15 and 12 ka; whereas,
phase-III began after 10 ka and persisted till *5 ka
(Bgure 6). Climatically, phase-I commenced during
the mid MIS-2 stadial (Juyal et al. 2006). Phase-II,
which began *15 ka corresponds to transient climate after the LGM (Sirocko et al. 1993). This
phase terminates well before the onset of the early
Holocene climatic optimum, probably after the
Younger Dryas (YD) cooling event (Alley 2000). A
marginal improvement of the ISM, particularly
after 18 ka and until *12 ka was observed in the
north-western Banas river valley (Bhattacharya
et al. 2017). The relatively subdued phase-III began
during the early-Holocene and continued till the
late-Holocene. Overall, the phase-III occurred
during a declining trend in the ISM with Cuctuations (Sirocko et al. 1993; Schulz et al. 1998;
Bhushan et al. 2018). Thus, based on the chronology and associated climatic events (discussed
above), it can be argued that the dune building
occurred during transition phases when the ISM
was neither too strong nor too weak except for the
regionally widespread dune accretion dated to the
LGM (Bgures 3, 4, and 6).
The LGM (23–19 ka; Mix et al. 2001) is known to
have experienced a significant reduction in the ISM
precipitation (Bryson and Swain 1981; Singh et al.
1990). The model simulation study suggests that
the LGM was cool and dry in the western and
northern parts of Indian subcontinent due to the
more southerly position of the Intertropical Convergence Zone (ITCZ) (Chabangborn et al. 2014).
The ISM is one of the major weather systems in the
subcontinent driven by the seasonal alternation of
atmospheric Cow patterns and is dictated by the
position of the ITCZ. For example, during summer
(June–September), the ITCZ migrates northwards
and the surface southwest winds are landward,
bringing a large amount of precipitation (Prasad
and Enzel 2006). It is suggested that temperature
in the tropical region during the LGM was lowered
by 3–4°C (Farrera et al. 1999; Chabangborn et al.
2014), whereas monsoon-dominated Ganga plain
witnessed *20% reduction in the ISM (Agarwal
et al. 2012). Considering the lowered LGM temperature and the percentage decline in ISM precipitation (Agrawal et al. 2012), it can be
hypothesized that the ambient rainfall gradient
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along the SE and NW transect of the STM
(Bgure 2) must have been significantly stressed (at
least by *20%); and probably was comparable
with the region of the current dune building
activity in Thar Desert (\ 250 mm; Singhvi et al.
2010). In the northern part of the STM (Banas
valley), a steady decline in the ISM after 25 ka with
a maximum decrease during the LGM was
observed (Bhattacharya et al. 2017) and accorded
well with the abundance of the LGM dunes in the
STM. It has been suggested that the lowered
temperature and precipitation coupled with high
wind strength during the LGM (Braconnot et al.
2006; Sarnthein 1978) would have favoured frequent mobility of sand. Juyal et al. (2003) suggest
that sand accretion (dune building) in the STM
occurred due to the precarious balance between the
wind strength, sand mobility and moisture/vegetation cover. This seems plausible considering that
the STM lies in the proximity of the Arabian Sea
(high humidity compared to the core Thar Desert)
and availability of the sand for deCation from the
exposed shelf during the LGM (Juyal et al. 2006;
Saha et al. 2017). Further, the source of additional
sediment supply could be from dried ephemeral
river beds the proximity of the dunes.
The evidence of phase-II dune accretion (*15
and 12 ka) is limited to the north and northwestern region in the Mahi, Sabarmati, and Banas
river valleys. Whereas, the dune accretion ceased
in south and south-eastern part of STM (Orsang
valley) due to the onset of the sub-humid climate
(improved moisture). It is likely that there was an
early onset of post-LGM humid conditions (Orsang
valley) compared to its northern counterpart
(Bgure 2). Further, it is likely that with the postLGM rise in sea level, the sediment supply would
have been reduced from the shelf, with contribution largely restricted from the poorly vegetated
Cood plains of Mahi, Sabarmati and Banas rivers
(Bgure 1). Although the relative importance of
vegetation cover, wind strength, sediment supply
and local topography in the dune formation episodes in the region is unclear (Prasad and Enzel
2006). However, it may be hypothesized that there
was an early onset of vegetation in the southern
part which would have stabilized the aeolian sand.
Since the vegetation is governed by the ambient
climatic conditions and plays an important role
both in releasing and trapping the sand from the
winds (Tsoar 2013). Therefore, it can be proposed
that the landscape stability in terms of the cessation of aeolian sedimentation was achieved earlier
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(post-LGM) in the southern sub-humid region
(Orsang valley) due to the gradual strengthening of
the ISM (Sirocko et al. 1993). Whereas, the terrain
lying northwest of Orsang valley continued to reel
under the dryness due to the lack of optimal/
threshold vegetation cover, thus continued facilitating the dune accretion (Claussen et al. 1999).
There was a temporary cessation in dune building
activity during the early Holocene strengthened
ISM. In this phase, the dunes were occupied by the
microlithic culture and at places, the dune sand
was Cuvially reworked (Bgure 3; Dharoi-I and
Akhaj). The early Holocene regional stability in
dune accretion due to increase in vegetation cover
is also indicated by an increase in the total organic
carbon (Juyal et al. 2006). It is suggested that the
position of the ITCZ during the early Holocene was
further north of the study area, maybe close to the
present summer time position (25–30°N) (Prasad
and Enzel 2006). The position probably Cuctuated
marginally during the mid to late-Holocene, and
after *3 ka the dune building activity progressively moved further northwest (to the core of the
Thar Desert). Thus, based on the spatial variability in the pattern of dune accretion and the optical
chronology, it appears that the temporal changes
in the dune building activity followed the SW–NE
rainfall gradient.
Although the changes in the solar insolation
during the Holocene were gradual, the drylands
witnessed abrupt climatic changes (Petit-Maire
and Guo 1996). Claussen et al. (1999) proposed an
internal feedback mechanism within a climate
system, which ampliBes and modiBes the external
forcing, thus leading to abrupt climatic events.
Climate simulations in Sahara and Arabia suggest
that during the mid-Holocene, vegetation change
in these regions was abrupt compared to slowly
varying orbital forcing due to the internal feedback in the climate system. Vegetated land surfaces have lower albedo and hence absorb more
solar radiation, which eventually leads to an
increase in the greenhouse eAect (Claussen et al.
1999). Juyal et al. (2003) invoked a similar scenario for the STM after the early Holocene
enhanced ISM that the dune building activity
migrated northward and conBned to the Sabarmati valley. However, the new data (Bhattacharya et al. 2017) indicate that it was extended
up to the Banas valley during the mid to late
Holocene phase of declining ISM. This would
imply that the declining mid-Holocene ISM was
unable to perturb the vegetation-induced
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moisture/precipitation feedback cycles established
in the south of Sabarmati valley.
Comparison of the chronometric data from the
STM with that of the Thar Desert suggests an
interesting pattern. Based on the evidence discussed above, phase-I in the Thar Desert, including
the LGM, was significantly subdued. Whereas,
phase-II and phase-III overlap and are adequately
expressed (Bgure 6). In phase-I, the weak ISM
winds are implicated for the absence of LGM in
the Thar Desert (Chawla et al. 1992; Kar 1993).
However, the mid-latitude westerlies also form an
important part of the atmospheric circulation over
Thar, where its boundary was proposed to be further equatorward during the LGM (Wang et al.
2015). Therefore, it would be interesting to explore
the role of dry westerlies as a potent agent during
the LGM along with the SW monsoonal winds in
aeolian dynamics in the region. Further, the eastern margin of the Thar Desert (east of Jaipur)
receives 500–600 mm of rainfall (fossil extent of
Thar Desert; Goudie et al. 1973). Similar precipitation is received by the Sabarmati basin, where
dune building activity occurred during the early
MIS-2 and was regionally extensive during the
LGM (Bgure 4; Akaj and Dharoi). This according
to Juyal et al. (2003) was due to a critical balance
between the sediment supply, wind vector (speed)
and the moisture/vegetation cover. It may be
possible that in the western Thar Desert, the condition similar to the southern margin was lacking
during the LGM due to enhanced aridity. However,
it is unlikely that similar conditions did not persist
along the eastern margin of Thar Desert (east of
Jaipur) having identical precipitation gradient.
Therefore, a definite inference particularly about
the absence of LGM dune in the eastern Thar
Desert margin should await more stratigraphic and
chronometric investigations, especially covering
the headwaters of Chambal catchment in the
Vindhayan ranges.
The overlapping phase-II and III in the Thar
Desert show relatively enhanced dune building
activity compared to the southern margin
(Bgure 6). This could be due to (i) the availability
of enormous sediment deposited by ephemeral
streams which were subjected to mobilization
locally by the ISM and westerly winds (Wasson
et al. 1983), (ii) optimum dryness for mobilizing
and trapping the sand. Particularly, the midHolocene was relatively wetter in the southern
margin (Prasad et al. 1997; Raj et al. 2015)
compared to Thar Desert (Enzel et al. 1999).
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Figure 7. (A) A schematic representation of sediment climate zones vs. the sediment yield. Note that the maximum sediment yield for
wind deCation is associated with arid zone (rainfall\ 250 mm) and the yield progressively decreases as the precipitation increases. (B)
The landform during the MIS 2 (*25 to *12 ka). Note that the exposed shelf and the Thar Desert were extended up to the western
Narmada valley during the LGM. The fossil extent of dunes east of Jaipur is speculative and requires investigation as discussed above. (C)
During the mid to late Holocene, the dune activity ceased in the south of Sabarmati valley, whereas as it continued in the Sabarmati and
Banas valleys. (D) The landscape that we see today probably came into existence after the late Holocene with dune building activities
moved further northwestward. The yellow rectangle marks the study area. (Figure modiBed after Diamond Jubilee Poster, 2006 PRL).

7. Conclusions
Dune stratigraphy and optical chronology obtained
on the fossil dunes preserved along various river
valleys in the southern margin of the Thar Desert
indicate a regional phase of dune building activity
that was initiated with the onset of the MIS-2
stadial. Three phases of major dune accretion are
discerned. The phase-I is dated between 25 and 17
ka (MIS-2); the second phase, which was shortlived, is dated between *15 and 12 ka; whereas,
the third phase is dated to \ 10 and *5 ka. Unlike
the core Thar Desert, the southern desert margin
(STM) witnessed a regionally extensive dunebuilding activity during the Last Glacial Maximum
(LGM). Occurrence of LGM dunes in the STM is

assigned to the precarious balance between the
sediment supply, wind strength and most importantly, the vegetation moisture combination due to
its proximity to the Arabian Sea. The study infers
that during phase-I, the position of the InterTropical Convergence Zone (ITCZ) was significantly southward (probably south of the Narmada
valley). It shifted northward during major climate
transitions such as post-LGM and mid-late Holocene. During the LGM, Thar Desert was extended
up to the western part of the Narmada valley
(Bgure 7). A broad synchroneity in the post LGM
dune building activity is observed both in the Thar
Desert and the STM after *15 ka. This phase
coincides with the gradual strengthening of the
ISM. However, compared to the Thar Desert, the
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mid to late Holocene dune building activity seems
to be less pronounced in the STM, which can be
attributed to the prevalence of more humid
conditions compared to Thar Desert.
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