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A 6 m thick varvite profile exposed at Bharatpur (77° 27’ E: 32° 48’ N, altitude 4692 m) in the NW
Himalaya was investigated to understand the past climatic signatures during the Late Quaternary period.
The radiocarbon chronology brackets the varvite sedimentation between ~24.3 and 7.2 ka BP and the
sedimentary sequence is bounded by river born gravel at the top and glacial outwash at the bottom. The
proxies used were lithology, chronology (AMS/radiocarbon dating), geochemical analysis, loss on ignition
(LOI), and mineral magnetism. Other parameters, e.g., Chemical Index of Alteration (CIA), Chemical Index
of Weathering (CIW), Al,03/SiO;, Fe;03, CaO, MgO and Al/Na ratio were also used. Based on the com-
bined data set, six phases of warm and cold climatic conditions are reconstructed. The mean CIA, CIW
and Al/Na ratios reveal that the sediments were incorporated from sedimentary rocks by moderate
silicate chemical weathering process. Based on the available chronology, the basal most glacial outwash
event can be estimated as ca. 24.3 ka BP and the laminated section shows continuity of sedimentation
from the Late Quaternary to Holocene. The period between ~ ca. 24.3 and 22.6 ka can be regarded as an
arid phase. From ~ ca. 22.6—20.5 ka BP, a slight increase in monsoonal precipitation is observed, followed
by decreased precipitation from ~ca. 20.5 to 18 ka BP. The period from ca. ~18 to 15.7 reveals warm and
humid climatic conditions. We suggest that a cold event from ca. ~15.7 to 11.5 may correspond to the
Younger Dryas (YD) which in turn is followed by a phase of maximum moisture of the Holocene Climate
Optimum (HCO) (ca. ~11.5—7.2 ka BP) in the study area. The increased CIA during deglaciation and HCO
suggest high chemical weathering, whereas, the LGM (Last Glacial Maximum) and YD are represented by
the low CIA. The observed climatic phases/events are in agreement with the records from other parts of
the Himalaya.

© 2017 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

forming westerlies (Gupta and Anderson, 2005). The study of In-
dian Himalaya is important to understand the monsoon dynamics

The Indian summer monsoon (ISM) or south-west monsoon is
an important component of the global climate. The ISM is closely
related to the African and East-Asian monsoon systems on
millennial time scales (Zhu et al, 1986). During summer
(June—September), the South Asian landmass is warmer than the
ocean, driving winds from south-west to the north-west towards
the continent. In winter (November—February), air over the Asian
mainland rapidly cools, creating high atmospheric pressure over
continents thus the winds blow from north-west to south-west,
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and its interconnection with the global climatic pattern
(Bhattacharyya, 1989; Molnar et al., 2010; Ghosh et al., 2015). In
general, most of the Quaternary climatic research in the Higher
Himalaya is based on glacio-fluvial investigation. However, these
studies are limited due to poor preservation of moraine deposits
and lack of suitable material for dating (Owen et al., 1997). In such
cases, the proglacial lakes in the Higher Himalaya seem good
example of valley glaciations as they bear continuous climate re-
cord therefore, considered as a reliable archive for palaeoclimatic
signatures.

In order to understand the past climate history of the Lahaul
Himalaya, we studied an exposed varvite profile from Bharatpur
village which is a high altitude region and is less affected by
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anthropogenic activity. Generally, such sediments have been
proved to be good palaeo-environmental archive, bearing climatic
signatures of the ISM and Western Disturbances (WDs) (Benn and
Owen, 1998; Phartiyal et al., 2009, 2013; 2015; Wiinnemann
et al., 2008, 2010; Anoop et al., 2013; Leipe et al., 2014a,b; Kramer
et al., 2014; Bohra and Kotlia, 2015; Mishra et al., 2015; Kar et al.,
2015).

This study attempts to reconstruct the palaeoclimatic changes in
the late Pleistocene and Holocene linked to precipitation variability
at centennial to millennial scales using geochemical analysis,
mineral magnetism and Loss on Ignition (LOI) data from a high
altitude palaeo-lake sequence from Bharatpur village near Bar-
alacha Pass (~4900 m a.s.l), upper Lahaul, Himachal Pradesh, NW
Himalaya. Various geomorphological features, such as, sinuosity of
the Yunam river (Fig. 2a and b), deep gorges and formation of
glacial as well as river terraces as top topography is ~30 m above the
river bed indicate the tectonic nature of the area (Bohra and Kotlia,
2015). Such features in the tectonic valleys in the Himalaya are very
common (e.g., Valdiya and Kotlia, 2001; Joshi and Kotlia, 2015). To
generate a regional picture of climate, the palaeoclimatic inferences
of the Bharatpur section are compared with the Kilang Sarai section
(32° 49’ N: 77° 27’ E, altitude 4573 m a.s.l.), which lies nearly 11 km
upstream of Bharatpur section (Figs. 1 and 3) and has been studied
by Bohra and Kotlia (2015).

2. Regional setting
2.1. Geology and geomorphology

The Lahaul and Spiti region is located between the Tethyan
Himalaya in the north, coinciding with the Indus Tsangpo Suture
Zone (Gansser, 1980) whereas the southern boundary is repre-
sented by the High Himalayan Crystalline Zone or South Tibetan
Detachment System (Searle and Godin, 2003). The two northeast-
southeast trending Pir Panjal and the Great Himalaya mountain
ranges traverse the Lahaul. The study area Baralacha Pass in Lahaul
is located between monsoon influenced southern region and mid
latitude westerlies (WDs) in the northern region (Owen et al.,
1995). At Baralacha Pass the river Bhaga is flowing southwest di-
rection (in higher Himalaya) and the Yunam River which originates
from Baralacha Pass flows towards northeast in eastern Zanskar.
The lithology of the area is characterized by presence of phyllite,
quartzite, dolomite, shale, schist and limestone of Palaeozoic and
Mesozoic age (Bhargava and Bassi, 1998; Bohra and Kotlia, 2015).
The region has arid landscape and has been shaped by mountain
ranges, vast valleys, high altitude cold deserts, snow clad peaks,
freshwater rivers and lakes (Figs. 1-2) and several glacial stages
(Owen et al., 1996; Adams et al., 2009; Owen et al., 2001; Bohra
et al, 2014; Bohra and Kotlia, 2015; Sharma et al., 2016). The
climate of the Lahaul region is cold, semi-arid to arid and the valleys
remain covered with snow for nearly six months.

The Geomorphology of the Lahaul region is dominated by glacial
and fluvio-glacial deposits of Quaternary period characterized by
lacustrine sediments and moraine deposits, preserving records of
past glaciations (Owen et al., 1996; Adams et al., 2009; Bohra and
Kotlia, 2015). The 1°Be Surface exposure dating (SED) of moraine
deposits reveal the glacier advance in the Lahaul valley at ~43, 36
and 11 ka BP (Owen et al, 1997) creating the present day
geomorphic setting in the region.

2.2. Stratigraphy of Bharatpur sequence
The relict deposits are formed at the terminal moraine at

Bharatpur, showing sedimentation in a proglacial situation along
Yunam River (see Fig. 1). The exposed section is 6 m thick and has

preserved cm to mm scale laminae. Presence of carbonaceous
laminae, faulted strata, occasional dropstones and sand layers
conform the deposition is not monotonous. The section is divided
into three litho-units. The varvite sequence rests on the glacial
outwash (~3 m).

Unit 1 (0—65 cm): The lowermost part is greyish carbonaceous
mud with prominent light coloured laminations, which at times
possess mm to cm scale thick layers of the highly angular gravel
(Fig. 3). The sediments are dominantly varvite in nature (Fig. 3) and
consist of alternating bundles of laminated ash grey and fine silty
horizons.

Unit 2 (65—300 cm): At 65 cm level, a gravel layer is observed
and is taken as a marker bed for lateral extension of the sequence. A
further continuous gravel layer is noticed 200 cm level. From 200 to
300 cm, the laminated sequence is dominated by sandy mud and
clay.

Unit 3 (300—600 cm): This part is dominated by bluish carbo-
naceous horizons and silty sands with decreasing organic carbon
content and from 415 cm onwards, the topmost part is covered by
gravel deposit.

3. Sampling and methodology

The exposed profile was sampled at 10 cm interval (Fig. 3). We
analyzed 54 samples for geochemistry and magnetic mineralogy.
Individual bulk organic samples were dated at Physical Research
Laboratory (PRL), Ahmedabad and Institute of Physics (IOP), Bhu-
baneshwar. All dates were calibrated by using CalPal program.
Based on the calibration, four dates were considered for interpre-
tation as, 24.2 ka at 5 cm depth, 21.5 ka at 100 cm, 12.8 ka at
291.5 cm and 12.6 ka at 297 cm (see Table 1). The heterogeneous
nature of deposits did not allow us to calculate of the accurate
sedimentation rate. Further, suitable dating material for the upper
part of the section was not available.

Loss on ignition (LOI) was measured to understand organic
content of the sediments (e.g., Bengston and Enell, 1986; Heiri et al.,
2001). 5 gm of each sample was combusted at 520 °C step wise
temperature at least for 4 h to remove of complete moisture fol-
lowed by 950 °C. The results are presented in Fig. 4. Geochemical
and mineral magnetic proxies were used to obtain a record of
possible palaeoenvironmental changes. For major oxides, 5 gm of
each bulk powdered sample was added with polyvinyl alcohol. A
hydrologic pressure of 2000 kg/cm? was given to the mixture to
convert it into pellet (~3.5 mm) form. These pellets were measured
for major oxides by Philip PW1710 X-ray fluorescence spectro-
photometer at Wadia institute of Himalayan Geology, Dehradun.
The distribution of major oxides in sediments is thought to be
climatically controlled and thus can be used as proxies for palae-
oclimatic reconstruction. The major oxides such as Al;03, FeO,
Na;0, Ca0, SiO; and their intrinsic oxide ratios can be used as proxy
of meltwater discharge in the lake (Lisitzin, 1996; Benson et al.,
1998) because they are stable in an aqueous regime and are pro-
duced by physical weathering in the glacial terrain. An increase in
Al;0O3 is considered as an increase in weathering (Nesbitt and
Young, 1984; Selvaraj and Chen, 2006) and high values of Al;03
indicate warm and humid climatic conditions (Newman, 1987).
Usually CaO and NayO are considered as more soluble and mobile
and products of high chemical weathering signifying abundant
precipitation. Similarly, Al;O3, SiO, and Fe,Os are considered as
more insoluble and resistant (Mackereth, 1966; Engstrom and
Wright, 1984). The ratio of Al,03/SiO,, Chemical Index of Alter-
ation (CIA) and Chemical Index of Weathering (CIW) were also
determined. CIA indicates the changes in the proportion of feldspar
and different clay minerals in the weathering product (Nesbitt and
Young, 1982). CIA and CIW were calculated using formulae given by
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Fig. 1. SRTM image showing the location of study area shown in a rectangle, and a Rivers, Lakes and Glaciers in nearby region in NW Himalaya.

Nesbitt and Young (1982) and Harnois (1988):

CIA = (Al,03/(Al,03+Ca0* +NayO + K»0) x 100; CIW = (Al,03/
(AlLO3 + Ca0* + Na,0) x 100

Ca0* is taken in calculation representing the amount of CaO
which is incorporated in the silicate fraction of the sediments. In
most sediment samples, concentrations of P,05 and CaCOs are less
or absent and therefore the CaO* concentration can be obtained by
using mole ratios of Na;0 and CaO (for details see McLennan, 1993).
The Al/Na ratio can be used as weathering index along with CIA and
CIW (Figs. 4-5).

Mineral magnetic analysis was carried out using standard
techniques and instrumentation at Indian Institute of Geomagne-
tism, Mumbai (for details see; Bohra and Kotlia, 2015). In this
process, we measured response of the material to a range of arti-
ficially applied magnetic field. The technique has been applied to
various depositional environments (Arkell et al.,, 1983; Oldfield
et al., 1985, 1999; Walden et al., 1995; White et al., 1997; Schmidt
et al., 1999; Wheeler et al., 1999; Mooney et al., 2002; Phartiyal
et al., 2003; Kotlia et al.,, 2010). The y, xARM, %IRM, Soft IRM and
ratio derived from them are used to identify variations in the
concentration, grain size and mineralogy of the magnetic material
(Thompson and Oldfield, 1986; Robinson, 1986; Yu and Oldfield,
1989; King and Channell, 1991). SIRM/y, ¥ARM/SIRM and yARM/
xIf are also calculated for distinguishing different magnetic grain
sizes in bulk samples. The low values of SIRM/y, can be ascribed to

higher concentrations of these particles. The yARM is sensitive to
both concentration and SD grain size therefore normalizing with
concentration parameter ylIf gives ratio yARM/yIf which can be
used for qualitative SD granulometry of bulk samples.

The technique is an interdisciplinary field that utilizes both the
natural magnetic remanence and mineral magnetic properties of
natural materials to study the process and structure of environ-
mental systems. This is because, magnetic minerals, particularly
iron oxides occur more or less universally, iron being elements in
the earth's crust. They may be present in minor amounts, usually
<1%, but they are easily, rapidly and nondestructively detected.

4. Results and interpretation

Various data on the chronology, geochemistry and mineral
magnetism are discussed below;

4.1. Chronology

The Chronology is based on 4C dates bulk sediments samples is
shown in Table 1. By extrapolating the dates (Table 1), we assume
that the average sedimentation rates vary from 45.07cm/ka for the
period ~12.6—21.5 ka BP to 28.9 cm/ka for the period between ~21.5
and ~24.3 ka BP. Considering this, the basement of the profile may
be approximated as ca. 24.3 ka BP. The age of different climatic
boundaries are 24.3 ka BP (5 cm level), ~21.5 ka BP (100 cm level),
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~12.8 ka BP (291.5 cm) and 12.6 ka BP (297 cm) (see Table 1).

4.2. Geochemical and magnetic mineralogy

On the basis of geochemical and magnetic analyses, six climatic
zones can be identified in the Bharatpur profile (Figs. 4—5) and a
possible palaeoclimate picture can be visualized zone-wise as
below.

4.2.1. Zone-1 (0—60 cm, ca. 24.3—22.6 ka BP)
This zone is characterized by various ranges of values such as

CIA (61.68—66.0), LOI (5.6—6.23), Fe;05 (0.034—0.037), MgO
(0.04—0.05), CaO (0.027—0.036%), CIW (77.62—84.88), Al,05/SiO,
(0.002—0.003),  (0.97—1.01) and yfd% (1.21—2.05%).

4.2.2. Zone-2 (60—120 cm, ca. 22.6—20.5 ka BP)

The zone is specified by slightly higher values of CIA (62.21—66),
CIW (78.18—84.88), Al,03/Si05(0.035—0.04%) and average low
values of CaO (0.027—0.037%), as compared to preceding zone.

4.2.3. Zone-3 (120—160 cm, ca. 20.5—18 ka BP)
This period is characterized by considerably low values of LOI
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Table 1
Radiocarbon dates of Bharatpur varvite samples.

Lab number Depth (m) Sample type 14C age calibrated Difference between two ages (depth wise) Sedimentation rate (cm/ka)
PRL-3166 297 bulk sediment 12,600 + 900 8880 45.07

PRL-3165 291.5 bulk sediment 12,800 + 500

10P-711 100 bulk sediment 21,480 + 2800 2750 28.95

10P-710 5 bulk sediment 24,230 + 2200

calibration by on-line Cal Pal program

(5.18-5.83%), CIA (62.48—65.26), CIW (77.69—82.99), yfd%
(1.52-1.69), x (0.96-0.99), xARM/y, ¥ARM/SIRM, Fe,03
(0.034—0.37%) and high values of CaO (0.003—0.004%).

4.2.4. Zone-4 (160—230 cm, ca. 18—15.7 ka BP)

This time period is represented by higher values of LOI
(5.18—6.87%), CIA (>65.09), CIW (82.28—84.5), % (0.99—1.00),
xARM/y, xARM/SIRM, and low values of MgO (0.052—0.06%), CaO
(0.027—-0.031%) and approximately similar values of Fe;03
(0.035—0.038%) and Al,03/SiO, as compared to preceding zone
(Figs. 4 and 5).

4.2.5. Zone-5 (230—310 cm, ca. 15.7—11.5 ka BP)

This zone is characterized by decreasing trend in values of CIA
(62.49-67.37), CIW  (77.89—-84.04), Al03/Si0;,  Fe,03
(0.035—-0.040), % (0.94—1) yARM/y, and slight increase in CaO
(0.028—0.043) and MgO (0.052—0.057) (Figs. 4—5).

4.2.6. Zone-6 (310—410 cm, ca. 11.5—7.2 ka BP)

This zone is represented by relatively higher values of CIA
(64.36—67.12), CIW (80.54—85.62), Al,03/Si0, (0—002.0.003), fd
(1.82—-2.62%), 7% (0.62—0.98), xARM/y, YARM/SIRM, Fey03
(0.035—0.039) and lower values of CaO (0.024—0.034) and SIRM/y,
(Figs. 4-5).

5. Discussion

The 6 m thick varvite sequence at Bharatpur provides a likely
climatic record of ~24.3—7.2 ka BP. The data show that the sequence
bears moderate kind of weathering due to low values of Al/Na ratio,
suggesting presence of small amounts of NayO (plagioclase) in the
sample. It can be observed that Al/Na ratio is more variable than the
CIA and CIW (Fig. 4). The lowest Al/Na ratio can be observed during
the LGM part (~20.5—17.5 ka BP), YD (~15.7—11.5 ka BP) and
increasing ratio in deglacial (~18.7—15.7 ka BP) and Holocene
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Fig. 4. Concentration of various elements, oxides and magnetic parameters, plotted against litholog and ages.

intervals (~9.8—7.2 ka BP). The higher ratios of major oxides indi-
cate more input of soluble and mobile elements into Bharatpur lake
during intervals of prominent hydroclimatic regime in the catch-
ment and hence intense chemical weathering conditions.

Six climatic phases have been identified during the period of
sedimentation. This profile seems to be a part of Kilang Sarai
lacustrine section (Bohra and Kotlia, 2015) which is 11 km far from
Bharatpur section. The Kilang Sarai profile bears a palaeoclimatic
record of 25-2 ka BP with eight climatic zones as has been
described by Bohra and Kotlia (2015). A comparison of these cli-
matic phases (unit 1 to unit 8) marked by Bohra and Kotlia (2015),
gives a clear picture of correlation with Bharatpur data (zonel to
zone6) (Fig. 6). The sedimentary record of Bharatpur shows
prominent cold and warm phases with aridity between ~ ca. 24.3
and 22.6 ka. From ~ ca. 22.6—20.5 ka BP, a slight increase in
monsoon and subsequently an arid phase from ~ca. 20.5 to 18 ka BP
can be established. A climatic amelioration is observed from ca.
~18—15.7 ka BP which is followed by of the YD event around
15.7—11.5 ka BP. This perhaps can be related to stronger influence of
WDs and weak summer monsoon. In our results, a period from ca.
~11.5—7.2 ka BP indicates warmest phase in the Upper Lahaul
Himalaya.

5.1. ca. 24.3—22.6 ka BP

This time bracket signifies the low values of LOI indicating poor
development of vegetation under reduced precipitation. This may
also have affected the water budget of the lake which may have
been oligotrophic during this period. The high CaO values, and low
CIA, CIW and Al,03/SiO;, (Fig. 5) reveal the absence of chemical
alteration, corresponding to the sedimentation under glacial con-
ditions that may reflect cool and arid conditions. The decreasing
trend in 7y and yarm/y, is possibly due to a decrease in precipitation
under anoxic mineral phase.

5.2. ca. 22.6—20.5 ka BP

The higher values of CIA, CIW, Al,03/SiO, ratio and Al/Na (Fig. 4)
but low values of CaO and MgO possibly indicate intense weath-
ering conditions in the catchment. The results are further sup-
ported by magnetic data which shows high values of y and fd
suggesting input of finer grained material under high rainfall owing
to warm and humid climatic conditions. Similarly, Kilang Sarai in
nearby area witnessed climatic amelioration at ca. 23-19 ka with
lower 6'3C and higher susceptibly values (Bohra and Kotlia, 2015).
Intensification of monsoon around 22.0 ka BP is also recorded from
the Indus valley (Sharma et al., 1998), Tibet (Yan et al., 1999),
Kumaun Himalaya (Kotlia et al., 2000), Africa and Atlantic sea cores
(Bonnefille and Riollet, 1988).

5.3. ca. 20.5—18 ka BP

Our record indicates reduction in the mass deposition of inor-
ganic material caused by highly erosive conditions in the catch-
ment. Thus, the low LOI may indicate less input of organic content
under the oligotrophic conditions. It is further supplemented by a
shift in MgO, CaO, CIA and CIW, showing positive correlation. Our
results may suggest reduced melt water under cold/arid conditions.
We observed a good correlation with 18.3 ka arid event manifested
by pollen results from the Tsokar Lake in Ladakh (Bhattacharyya,
1989). Similarly, Central Himalaya experienced an arid phase dur-
ing the LGM between 28 and 18 ka (Kotlia et al., 1997, 2000, 2010;
Owen et al., 2002; Basavaiah et al., 2004), as well as Nepal Himalaya
during 25-18 ka (Richards et al., 2001) and its peak (ca. 18 ka BP) in
north-eastern Tibetan Plateau (Yan et al., 1999) is marked by cold
and a dry climate and drop of 1200 m in the upper limit of
timberline in western China (Liang et al., 1990). The glaciers of
Garhwal Himalaya advanced about 40 km beyond their present ice
fronts (Owen et al., 2002) and occupied expanded positions at ca.



A. Bohra et al. / Quaternary International 443 (2017) 39—48 45

A CIA Al203/Si02 Al/Na
(kaQ%p) 62 6 66 68 0025 0.0035 22 24 26 28 39 32 34 36 38
72 . I TS (R . I [ R
79— 4 4 .< .ll l./ /l
- /. ./o /l /l
: ./. o/ .\l .\l
v v / \
1 \. S i I/l Zone-6
] o o / g
i \o T, .\l \l
1 ¢ . T T
i §3 N - 1
12.4 —_g = .\. .\. '\. l\.
18 o« o ' _ Zone-5
1° ./ ./ l/ I\
_% \/o \/o \/l I/I
:% i .\o .\o .\l |>I
1= \ X .
18 s v - “
T L} [ ] n /
16.9 —{ 2 - o N ) "~ s
: .‘. z l\. .\/ one-:
] r r h P
i J ° ° [ L}
] ~—_ e NN ]
i .\. .\. -\. ] /\l Zone-3
] '\o -\o ~a I
_ _ ~ ~ ~— \I
21.4 1 ? : P T~y Zone-2
- hS Y H I/
] e e Na \.
= o =/
: - /o /c ./l [ |
_ .\. .\. Na I/I
- o e u \|
- o< o o - Zone-1
243 = 0 T T T T P 1 #
76 78 80 82 84 86
Clw

Fig. 5. Comparison of Al,03/SiO,, Chemical Index of alteration (CIA), Chemical Index of weathering (CIW) and Al/Na ratio.

18.0 ka BP (Benn and Owen, 1998). A number of other north Hi-
malayan Glaciers reached their maximum positions at 22-18 ka BP
(Benn and Owen, 1998).

5.4. ca. 18—15.7 ka BP

During this time bracket, the Bharatpur sequence registers cli-
matic amelioration, as is evident by high values of LOI possibly due
to more input of the clastic sediments and good drainage under
wetter conditions. The increasing trend in Al,03/SiO; points to
gradual increase in weathering, indicating higher precipitation. The
results are in agreement with high CIA as well as CIW (Figs. 4-5),
indicating mineral formation under intense weathering which may
be suggestive of warm/humid climatic conditions in the catchment
area. Similarly, increasing trend in j, xARM/SIRM, yARM/y and
Fe,03 shows finer grained material with higher concentration of
pedogenic magnetite minerals which may suggest high rainfall
conditions under favourable conditions. This interval of climatic
amelioration is in agreement with palaeoclimatic data of NW
Himalaya, e.g., a deglaciation is witnessed at ca. 15 ka BP (Singh and
Agrawal, 1976); a prominent phase of climatic amelioration was
established at 15.8 ka BP in Ladakh (Bhattacharyya, 1989). Similarly,
the post-glacial temperatures started to rise around this time in
Tibetan Plateau (Yan et al., 1999; Zhang and Mischke, 2009) and
climatic amelioration took place with higher susceptibility signa-
tures in China between ca. 18 and 15 ka BP (Feng et al., 2007).

5.5. ca. 15.7—11.5 ka BP

During this time period, low values of CIA, CIW, Al,03/SiO;,
Fe;03, % and yARM/y indicate a strong hydrodynamics and poor
chemical weathering under reduced precipitation. Slightly
increased values of CaO and MgO point towards reduction in the
lake level with reduced surface erosion. In south western Tibet, the
dry climatic conditions are also recorded in pollen records at
around 12 ka and prior to ca. 11 ka BP in the Pangong Co region (Van
Campo and Gasse, 1993; Van Campo et al., 1996), Central Asia
(Herzschuh, 2006) and also the glacier advancement at 15.1—12 ka
BP in Lahaul (Owen et al., 1997) and during 16-12 ka BP in Zanskar
valley (Taylor and Mitchell, 2000). However, the data from the
Kumaun Higher Himalaya indicate the inception of the OD at
around 14.5 ka-13.8 ka BP (Kotlia and Joshi, 2013).

5.6. ca. 11.5—7.2 ka BP

During this time span, our data show increased weathering
conditions with high CIA, CIW and Al;03/SiO, under wetter/moist
regime. The mineral magnetic data (high xfd, y, xARM/SIRM,
¥ARM/y) and low CaO, MgO and SIRM/y, also confirm our obser-
vations. These reflect wet climate with high monsoon precipitation
resulting in relative high melt-water discharge consistent with
higher lake level. This onset of Indian summer monsoon could be
related to a small southward shifting of ITCZ and can be comparable
with interglacial around 11.2—8.5 ka BP (Schulz et al., 1998; Wang
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(Bohra and Kotlia, 2015)
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Fig. 6. Multi-proxy results in the present study is in harmony with climatic events observed in the Kilang Sarai profile.

et al., 2001; Yuan et al., 2004) and which may have led to pene-
tration of ISM in the study region (e.g., Sinha et al., 2005) during
warm and humid interval. Our results are in agreement with
several palaeoclimatic records of western Tibet and Karakoram
around ca. 11.5 ka BP (Brown et al., 2003), Tsokar and Tso Moriri in
Ladakh (Fontes et al., 1993; Demske et al., 2009; Wiinnemann et al.,
2008, 2010; Leipe et al., 2014a,b), Kilang Sarai in upper Lahaul
(Bohra and Kotlia, 2015), Chandra Tal Lake in Spiti (Rawat et al.,
2015) and Sumxi Co, Bangong Co and Quidam Basin in Tibet (Van
Campo and Gasse, 1993; Van Campo et al., 1996; Hui et al., 1996;
Zhao et al., 2007; Herzschuh, 2006; Mischke and Zhang, 2010;

Dietze et al.,, 2013; Doberschiitz et al., 2014). At Sumxi Co, the
wet conditions were established around 11.5 ka BP with a humid
interval lasting until ca. 8.8 ka BP (Van Campo and Gasse, 1993).
Both the intensity and seasonal length of the summer monsoon
increased when the Himalaya and Tibetan Plateau became warmer
and the summer insolation maximum reached the lower latitudes
at ca. 10 ka BP. This is in agreement with the initiation of enhanced
monsoon and onset of humid environment from ca. 11.5 ka BP
onwards in western Tibet and Karakoram (Brown et al., 2003). In
slightly higher latitudes, the Tibetan Plateau experienced onset of
Holocene warming between ca. 10 and 9.4 ka BP (Yan et al., 1999). In
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western Tibet, warm/wet conditions, attributed to the monsoon
influence, were established at ca. 9.6 ka BP (Fontes et al., 1996) and
a clear cut warm pulse with increased A/C ratio, ostracod content
and TOC is observed between ca. 10-8 ka BP (Gasse et al., 1991). The
Bangong lake had the highest water level around ca. 9.6—8.7 ka BP
(Hui et al., 1996) and the moisture conditions prevailed until ca. 6.2
ka BP (Van Campo et al., 1996). Thus, most multi-proxy data in
several Tibetan lakes show humid pulse from ca. 10 ka BP onwards
indicating improved monsoon circulation (Fontes et al., 1993; Van
Campo and Gasse, 1993). The moisture availability strongly
increased in the Lake Koucha region in Tibetan Plateau at about 7.3
ka BP (Mischke and Zhang, 2010).

6. Conclusion

The geomorphological, geochemical and mineral magnetic in-
vestigations in the Bharatpur varvite sequence in NW India provide
a climatic record of ~ca. 24.3 to 7.2 ka BP, which gives the continuity
of sedimentation process from Late Quaternary to Early Holocene.
Six climatic phases have been identified during the period of var-
vite sedimentation. The period between ~ ca. 24.3 and 22.6 ka can
be regarded as an arid climatic condition. From ~ ca. 22.6 to 20.5 ka
BP, a slight increase in precipitation is observed followed by
decrease in monsoon during ~ca. 20.5—18 ka BP. A period from 18 to
15.7 ka BP a warm and humid climatic episode followed by an arid
phase from 15.7 to 11.5, corresponding to the Younger Dryas (YD). A
period from ca. ~11.5—7.2 ka BP indicates Holocene Climate Opti-
mum (HCO) in the Upper Lahaul Himalaya.
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