
A multi-proxy lake sediment record of Indian summer monsoon
variability during the Holocene in southern India

K. Sandeep a,⁎,1, R. Shankar a, Anish Kumar Warrier a,2, M.G. Yadava b, R. Ramesh b,3, R.A. Jani b,
Z. Weijian c, Lu Xuefeng c

a Department of Marine Geology, Mangalore University, Mangalagangotri-574 199, India
b Physical Research Laboratory, Navrangpura, Ahmedabad, Gujarat-380009, India
c Xi'an AMS Center, Institute of Earth Environment, Xi'an, China

a b s t r a c ta r t i c l e i n f o

Article history:

Received 13 July 2016
Received in revised form 7 March 2017
Accepted 20 March 2017
Available online 22 March 2017

We present here an 11,000-year palaeomonsoonal record from a sediment core (SS-1) from Shantisagara (SS)
Lake in Peninsular India, which is the longest published so far from the region. This is also a region with limited
palaeoclimate records. Environmental magnetic, organic geochemical, sedimentological and carbon isotopic
studieswere carried out on the SS-1 sediments to reconstruct the Indian summermonsoon (ISM) variability dur-
ing the Holocene. The chronology of the sediments is constrained by three AMS 14C dates. Environmental mag-
netic data reveal that there is no contribution from bacterial magnetite, greigite and anthropogenic magnetite/
lithogenic grains and that the magnetic signal is contributed mainly by the pedogenic component. The environ-
mental magnetic data also depict variations in pedogenic magnetite production in the catchment and detrital in-
flux to the lake, which in turn is related to monsoonal rainfall amount. The sedimentological data reveal
variations in sediment size related to monsoon. The Corg/N ratio and δ13C indicate palaeovegetational variations
in the SS catchment. Periods of strong monsoon are characterized by high values of concentration-dependent
magnetic parameters like χlf, χfd, χARM and SIRM, high sand content, low Corg/N ratio (fully aquatic-deep water
conditions), relatively depleted δ13C values (more C3 but less C4 land plants) and vice versa. The prominent
palaeomonsoon events documented in this study are: (i) 11,100–10,700 cal yr BP with a weak ISM, (ii) 10,700
to 8600 cal yr BP characterized by intensified ISM, corresponding to the Early Holocene Optimum, (iii) 8600 to
4500 cal yr BP with a weakened ISM, (iv) 4500 to 3300 cal yr BP characterized by fluctuating monsoonal condi-
tions, (v) 3300 cal yr BP to the Presentwith a slight increasing trend in ISM. A similar pattern is also documented
inmany palaeomonsoon records from the region,which indicate that Shantisagara sedimentswere able to record
regional climatic variations as well.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Indian summer monsoon (ISM; also known as the southwest
monsoon) is a vital component of the Asian monsoon system and is
the main source of freshwater for people of the Indian sub-continent.
During the past few decades, there have been large-scale variations in
monsoonal precipitation, leading to excessive floods and severe
droughts in different parts of India. This has been largely attributed to
global warming (Church and White, 2006; Roxy et al., 2016). There is

a need to study variations of ISM during the geologic past, as it will
help in understanding the present changes andmodel future monsoon-
al variations. Palaeoarchives, such as marine (Thamban et al., 2007;
Kessarkar et al., 2013; Naik et al., 2014; Saraswat et al., 2013, 2016)
and lacustrine (Prasad et al., 2014; Rawat et al., 2015a, 2015b) sedi-
ments, speleothems (Yadava et al., 2004), and tree-rings (Borgaonkar
et al., 2010) have been widely used to reconstruct the ISM variability
with different temporal resolution. Althoughmarine sediments provide
a long record of palaeomonsoon, their temporal resolution is poor and
major climatic events during the Holocene are notwell documented ex-
cept for a few studies (Nigam et al., 1995; Staubwasser et al., 2003). In
this regard, lake sediments have the potential of providing high-resolu-
tion records of palaeomonsoon. Compared to marine sediments, lake
sediments provide direct evidence of the past events on a local or re-
gional scale, with a relatively high temporal resolution. There have
been studies on many lake and palaeolake deposits from western
India (Prasad et al., 2014), northwestern India (Dixit et al., 2014a,
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2014b) and the Himalaya (Rawat et al., 2015a, 2015b; Mishra et al.,
2015) to reconstruct the ISM variability. However, very few lakes from
southern India have been investigated for the reconstruction of Holo-
cene ISM variability (Shankar et al., 2006; Warrier and Shankar, 2009;
Warrier et al., 2014; Sandeep et al., 2015; Bhattacharyya et al., 2015,
Warrier et al., 2017, Sandeep et al., 2017), most of them providing
monsoonal history of only the Late Holocene. Hence, it needs to be ver-
ified whether major monsoonal events, reported by many researchers,
like the strengthening of ISM during the Early Holocene (Prasad et al.,
2014), its weakening after ~7 ka BP (Fleitmann et al., 2007; Demske et
al., 2009), dry episodes or abrupt weakening of ISM around 8.2 ka BP
and 4.2 ka BP (Staubwasser et al., 2003; Dixit et al., 2014a, 2014b)
were widespread phenomena and prevalent in southern India too.

In this study, we have adopted a multi-proxy approach (environ-
mental magnetism, sedimentology, organic geochemistry and carbon
isotopes) on the sediments deposited in Shantisagara (hereafter re-
ferred to as SS), a large lake located in southern India, to reconstruct
the ISM variability during the Holocene.

Environmentalmagnetism is the systematic study ofmagnetic prop-
erties of soil and sediment samples. Magnetic minerals are ubiquitous
and their presence in sediments and soils provides a sensitive medium
to record changes in environmental conditions (Evans and Heller,
2003). These minerals may be produced, transported and deposited in
different depositional basins. By studying themagnetic mineral concen-
tration, grain-size and mineralogy, it is possible to identify the environ-
mental processes operating in the catchment area. Secondary magnetic
minerals also form from iron leached out from parent rocks by chemical
processes or biogenic effects (Dearing et al., 1996) near the soil surface
during weathering and pedogenesis (Dearing et al., 1997). The second-
ary magnetic minerals, eroded from the catchment and deposited on
lake beds, form the basis of palaeoclimatic reconstruction. The tech-
nique has several advantages over others in being easy, rapid, sensitive,
and non-destructive.

Down-core variations of particle size in sediments indicate changes
in transport energy, lake level and provenance (Conroy et al., 2008).
Rainfall plays a crucial role in the transport and deposition of these sed-
iments from the catchment to the lake basin. During periods of high
rainfall, the velocity of the transporting medium increases, enhancing
the influx of coarse sediments in the lake. During periods of low rainfall,
however, fine sediments are carried to deep water regions of the lake,
due to the reduction in stream velocity (Chen et al., 2004; Conroy et
al., 2008). Hence, sediments containing coarse (fine) particles indicate
high (low) rainfall conditions.

Organicmatter in sediments originates from the complexmixture of
lipids, carbohydrates, proteins, and other biochemicals produced by or-
ganisms that live both in the lake and its watershed (Meyers and
Ishiwatari, 1993;Meyers and Lallier-Verges, 1999). It provides informa-
tion about lacustrine palaeoenvironments as the type and abundance of
plant life in and around the lake change, as do the composition and
amount of the resulting organic matter. The advantage of lacustrine or-
ganic proxies is that short-termprocesses that affect organicmatter deliv-
ery and burial are amplified in the sediment record because of the high
sedimentation rate and high primary productivity in lakes (Meyers,
2003). The Corg/N ratio of organic matter may be used to differentiate be-
tween organic matter derived from aquatic algae/plankton and that de-
rived from terrestrial plants. The Corg/N ratio together with the isotopic
signature of organic matter helps to differentiate between contributions
from C3 and C4 terrestrial plants, which in turn, may be used to infer the
climatic conditions of the period during which they lived.

2. Regional setting

2.1. Location, physiography and geology

Shantisagara Lake (Fig. 1) is situated in Channagiri Taluk of
Davanagere District, Karnataka State in southern India (14°8′34″N;

75°52′56″E). It is a large lake, covering an area of ~25 sq. km. The aver-
agewater depth is 5m. The lake is in its natural setting and receives sed-
iments from the catchment during the SWmonsoon. It is not connected
to any river network and there are nomajor industries in the vicinity of
the lake. Although human settlements are present near the lake, there
are no major pollution or garbage sources and the lake water is clean.
Small round boats are used for fishing in the lake. But there are no
mechanized boats. Therefore, it is reasonable to assume that the mag-
netic (and other) properties of Shantisagara (SS) sediments must be a
reflection of natural processes only andmay be correlatablewith the cli-
mate of the lake catchment. The western and southern sides of the lake
have undulating hills (Fig. 1). They are covered by the Sulekere State
Forest. Themaximumelevation of the area is about 800m. The northern
and eastern sides are nearly plain and have a relatively low elevation
(around 620m) where small scale agriculture is carried out. The geolo-
gy of the area is confined to the ChitradurgaGroupof theDharwar Super
Group and the Peninsular gneissic complex. The main rock types are
migmatites and grano-dioritic to tonalitic gneiss belonging to the Penin-
sular Gneissic Group. Also present are quartz-chlorite schist with
orthoquartzite, acid volcanics, greywacke-argillite and basal polymict
conglomerate - all belonging to the Chitradurga Group (Geological and
Mineral Map of Karnataka and Goa, 1981; Radhakrishna and
Vaidyanadhan, 1994). The Lake and the surrounding area are a part of
the Shimoga Basin. The soil is mostly reddish brown, clayey loam.
Sandy loam is also present in some areas (Karnataka Forest
Department, 2003).

2.2. Climate and vegetation

About 80% of the annual rainfall is received during the southwest
monsoon from June to September. The rainfall data (1900–2010 CE)
for Channagiri Station (India Meteorological Department, 2008;
IMD) indicates that the annual rainfall varies from 419 to 1400 mm
with an average of 795 mm. There are about 50 rainy days in a year
(Karnataka Forest Department, 2003). The mean daily maximum
temperature is 35.8 °C and the mean daily minimum temperature
22.2 °C. There is a rapid increase in temperature after January and
the hottest month is April. Humidity is high during rainy season
and exceeds 60%. The driest period of the year is from January to
March when the relative humidity is b35% during daytime. Winds
are generally light with some increase in speed during the monsoon
(Karnataka Forest Department, 2003). Sulekere and the Bhadrapur
State Forests, which belong to the Shantisagara Range, Bhadravati
Forest Division, are located in the eastern side of the lake. The
vegetation of the area comes under the categories of tropical dry
teak-bearing forest and dry deciduous scrubs (Karnataka Forest
Department, 2003).

3. Materials and methods

3.1. Materials

A 1.3-m sediment core (SS-1) from Shantisagara was collected in
November 2007 by pushing a PVC pipe (diameter: 1.5 in.; water
depth = 5m) into the sediment column. In order to obtain high-res-
olution data, the core was sub-sampled at intervals of 0.5 cm. The
sub-samples were stored in plastic bags. Environmental magnetic
analysis was carried out for all the sub-samples (n = 264), whereas
organic geochemical (n= 20), carbon isotopic (n= 20), particle size
(n = 23) and 14C studies (n = 3) were carried out on selected sub-
samples. Samples of surface (n = 10) and sub-surface (n = 23)
soils from the lake catchment were also collected (Fig. 1b). The de-
tails of soil samples and sampling methods are provided by
Sandeep et al. (2012).
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3.2. Methodology

3.2.1. AMS 14C dating

Carbon-14 dating by accelerator mass spectrometry was carried out
on the organic matter of bulk sediment samples from selected depths
(Table 1) at the Xi'an Accelerator Mass Spectrometer Center, Institute
of Earth Environment, CAS, China. The 14C ages were calibrated using
the code clam (Version 2.2; Blaauw, 2010) which runs on the open
source software ‘R’ (Version 3.3.2; R Development Core Team, 2013)
and uses IntCal13.14C radiocarbon calibration data (Reimer et al.,
2013). An age-depthmodel (Fig. 2) was constructed by linear interpola-
tion model. Sedimentation rate was calculated from the age-depth

model. The R code of clam calculates the confidence intervals for undat-
ed levels from the calibrated age distribution (at 95% interval) of every
dated depth and the age-model is drawn through these models and
the calibrated age calculated (Blaauw, 2010) for every depth.

3.2.2. Environmental magnetic measurements

Environmental magnetic properties of sediment samples weremea-
sured using standard rock magnetic methods (Walden et al., 1999).
Low- (0.47 kHz; χlf) and high- (4.7 kHz; χhf) frequency magnetic sus-
ceptibility were measured on a Bartington Susceptibility Meter (Model
MS2B) with a dual-frequency sensor. A Fe3O4 (1%) standard was used
to calibrate the sensor. Using the χlf and χhf values, the percentage

Fig. 1. (a) Topographic map of Shantisagara Lake and surrounding areas (Source: Survey of India Toposheet Number 48 N/16). Contours are inmeters. Insetmap shows the location of the
lake in southern India. SS-1 is the core location; (b) Satellite image of Shantisagara Lake and surrounding areas along with the core location (Source: Google Earth) (SS1= core location;
S1-S10= location of surface soil samples from the lake catchment; P1= location of sub-surface soil samples); (c) Digital Elevation Model (DEM) of Shantisagara Lake (blue outline) and
surrounding areas. Undulating hills are present to the west and south of the lake. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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frequency-dependent susceptibility (χfd %) was calculated by using the
formula, χfd %= ((χlf − χhf) / χlf) × 100 (Dearing, 1999a). Anhysteretic
remanent magnetisation (ARM) was induced in the samples using a
Molspin AF demagnetiser (with anARM attachment) set with a peak al-
ternating field of 100 milli Tesla (mT) and a DC biasing field of 0.04 mT.
The ARM induced wasmeasured on a Molspin spinner fluxgate magne-
tometer. The susceptibility of ARM (χARM) was calculated by dividing
the mass-specific ARM by the size of the biasing field (0.04 mT =
31.84 Am-1; Walden, 1999). Isothermal remanent magnetisation
(IRM) was induced in the samples at increasing field strengths (20,
60, 100, 300, 500 and 1000 mT) using a Molspin pulse magnetiser and
the remanence acquired measured using the Molspin spinner fluxgate
magnetometer. The isothermal remanence induced at 1 T field (the
maximum field attainable in the Environmental Magnetism Laboratory,
Mangalore University) was considered as the saturation isothermal
remanent magnetisation (SIRM). The sediment samples were oven-
dried at 35 °C and the dry sampleweightwas used to calculate themag-
netic parameter values on a mass-specific basis. To determine the mag-
netic grain size and mineralogy of magnetic minerals, inter-parametric
ratios like χARM/SIRM, χARM/χlf, χARM/χfd, SIRM/χlf, and S-ratio, and
HIRM were calculated (Maher et al., 1999; Walden, 1999; Evans and
Heller, 2003). The S-ratio used in this study involved not the classical
IRM-300mT (Thompson and Oldfield, 1986) but the forward field
IRM300mT (Bloemendal et al., 1992; Heslop, 2009). Similarly, forward
field IRM300mT was used for calculating HIRM (Maher et al., 1999).

3.2.3. Particle size analysis

Particle size analysis was carried out on 23 sub-samples. About 4 g of
each sediment samplewas used for the analysis. The organicmatter and
carbonate contents were removed by treating the samples with 30%
H2O2 and 10% acetic acid respectively. The sand fraction was separated
by wet-sieving through an ASTM test sieve no. 230 (62 μm pore diame-
ter). After removal of sand, the silt + clay fraction was transferred to a
1000 ml measuring cylinder. 1 g of sodium hexametaphosphate was
added to prevent flocculation. After making it up to 1000 ml volume,
the silt and clay fractions were determined using pipette analysis
(Carver, 1971). The column containing silt and clay was stirred vigor-
ously for about 1 min using a long stirring rod. After 20 s of stoppage
of stirring, 20 ml of the liquid was pipetted out from 20 cm depth that
contains the silt + clay fraction. After 3 h 10 min, 20 ml of the liquid
was pipetted out from 5 cm depth that contains only the clay fraction.
The total weight of the clay fraction was calculated by multiplying the
weight of clay by 50. A value of 1 g was subtracted from the value ob-
tained to account for the weight of sodium hexametaphosphate. Simi-
larly, the total weight of the silt + clay fraction was also calculated.
From these values, the total weight of the silt fraction was determined.
The three fractions (sand, silt and clay) are expressed as percentages.

3.2.4. Organic geochemistry

Organic geochemistry (C, N, CaCO3 and δ13C) was determined for 20
samples. Bulk sediment samples were dried in a hot air oven at 40 °C
and finely ground and homogenized using an agate mortar and pestle.
About 2 g of the sediment sample was taken in a beaker and 1 N dilute
HCl added in small increments until effervescence stopped
(Schumacher, 2002). It was kept overnight at room temperature to fa-
cilitate complete removal of carbonates. The sample was washed 3–4
times with deionised water and dried in the hot air oven at 100 °C.
Weight loss after the HCl treatment gives the weight of CaCO3 or inor-
ganic carbon and is expressed as percentage (error ≤ 0.5%). The organic
carbon and nitrogen in the decarbonated samples were determined
using a CHNS analyzer (Model: Elementar Vario EL III; error ≤ 0.1%) at
the Sophisticated Test and Instrumentation Centre, Cochin University
of Science and Technology, Kochi. From the carbon and nitrogen per-
centages, Corg/N ratio was calculated and expressed as atomic ratio,
which is obtained by multiplying the mass ratio with 1.167 (Meyers
and Terranes, 2001).

3.2.5. Carbon isotopic analysis

To determine the δ13C of organic carbon, a small quantity (~1 g) of
sediment sample was treated with 10% HCl for several hours, dried
and heated at 900 °C along with CuO powder and silver foil (Northfelt
et al., 1981). The CO2 evolvedwaspurified cryogenically before injecting
it into the mass spectrometer. The isotopic composition is expressed as
δ13C in parts per thousand (‰) relative to the Vienna-Pee Dee Belem-
nite (V-PDB) standard. (δ = ((Rsam) − (Rstd) −1) × 1000 where Rsam
and Rstd refer to the 13C/12C ratio in the sample and the standard respec-
tively). The external precision for the laboratory standard was ±0.12‰
for δ13C (Yadava and Ramesh, 1999). For reproducibility check, a few
replicates were run and they revealed no significant differences. The
conversion of organic carbon to CO2 gas and the subsequent δ13C analy-
sis using an isotope ratio mass spectrometer (Model: PDZ Europa

Table 1

AMS 14C dates on bulk organic matter from the Shantisagara Lake sediment core SS-1.

Sample no. Xi'an Lab ID Depth (cm) 14C age (yr BP) δ13C (‰) Weighted mean of calibrated age (years) Calibrated age 2-σ (cal yr BP)

SSA1 XA3002 54–55 3420 ± 30 −15.85 ± 0.47 3669 3818–3581
SSA2 XA3339 93–94 9100 ± 30 −23.21 ± 0.22 10,247 10,369–10,199
SSA3 XA3340 122–123 9540 ± 40 −23.83 ± 0.22 10,902 11,081–10,709

Note: The AMS 14C dateswere calibrated using the code clam (Version 2.2; Blaauw, 2010),which runs on the open source software ‘R’ (Version 3.3.2; R Development Core Team, 2013) and
uses the IntCal13.14C radiocarbon calibration data (Reimer et al., 2013).

Fig. 2. Age-depth model for the Shantisagara sediment core (SS-1). It was constructed
with the linear interpolation model using the weighted mean of probability distribution
of calibrated 14C ages by ‘R’ code of clam (Version 2.2; Blaauw, 2010). The sedimentation
rate is given for each interval. The 2σ probability range of calibrated dates is shown in
black and that of interpolated ages in grey. The black line is the best age-depth model
drawn through the weighted means of all the calendar ages.
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Fig. 3. Down-core variations of rock magnetic and particle size data for Shantisagara sediment core (SS-1). The entire record may be broadly divided into five zones or periods based on multi-proxy data.
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GEO20–20) were carried out at the Physical Research Laboratory,
Ahmedabad.

4. Results

4.1. Chronology

The chronology of the sediment core is constrained by three AMS 14C
dates. The calibrated age ranges at 95% confidence interval (2σ) and
their weighted means are given in Table 1. The limited number of C-
14 dates on the core and the uncertainties in chronology due to reser-
voir effect are lacunas in our study. Sedimentation rate varies from
0.04 cm/year to 0.006 cm/year (Fig. 2). The average sedimentation
rate is 0.019 cm/year, so that the 1.32 m core represents the past ~
11,100 cal yr BP. Although the sediment core was sub-sampled at
0.5 cm interval, the record is yet not of high temporal resolution because
of the low sedimentation rate. A possible reason for this is that being lo-
cated in a low-rainfall area (average annual rainfall = 795 mm; IMD),
sediment delivery to SS may be low. Besides, the sediment delivered
gets deposited over a large area (~25 km2) of Shantisagara, resulting
in a low sedimentation rate. Nevertheless, it covers the entire Holocene.
Even with the low temporal resolution, therefore, it has the potential to

reveal broad long-term trends in rainfall over the entire Holocene in
southern India.

4.2. Environmental magnetic properties of SS-1 sediments

Environmental magnetic parameters showing themagnetic concen-
tration, grain-size and mineralogy for core SS-1 are plotted against
age in Fig. 3. Magnetic susceptibility (χlf) indicates the total
concentration of magnetic minerals present in a natural sample
(Walden et al., 1999). The χlf values during the Holocene
vary between 32.85 × 10−8 m3 kg−1 (16 cm; 1027 cal yr BP) and
150.59 × 10−8 m3 kg−1 (102.5 cm; 10,439 cal yr BP) with an average
of 114.81 × 10−8m3kg−1. The high χlf values throughout the core
indicate that the magnetic signal recorded in SS-1 is primarily due to
ferrimagnetic minerals, with little contribution from canted antiferro-
magnetic, paramagnetic and diamagnetic minerals (Thompson and
Oldfield, 1986;Walden et al., 1999). Percent frequency-dependent sus-
ceptibility (χfd %) indicates the proportion of superparamagnetic (SP)
grains (Dearing, 1999a). The formation of SP grains is mainly due to pe-
dogenesis or fire activity (Evans and Heller, 2003; Oldfield and
Crowther, 2007). The χfd % values for the SS-1 sediments vary from
3.18% (16 cm; 1027 cal yr BP) to 13.1% (26.5 cm; 1738 cal yr BP;
Fig. 3). The average χfd % value is 10.93%. Such high values suggest
that the samples have a high content of SP and fine grained magnetic
minerals (Dearing, 1999a). The susceptibility of anhysteretic remanent
magnetization (χARM) is biased towardsmagneticminerals of stable sin-
gle domain (SSD) grain size (Maher, 1988). Values of χARM vary between
0.15 × 10−5 m3 kg−1 (16 cm; 1027 cal yr BP) and 1.46 × 10−5 m3 kg−1

(102.5 cm; 10,439 cal yr BP) with an average of 1.01 × 10−5m3kg−1.
Saturation isothermal remanent magnetization (SIRM) is generally
influenced by the concentration of all remanence-carryingmagneticmin-
erals (Walden, 1999) and, hence, reflects the total magnetic
mineral content (Oldfield, 1991). Values of SIRM range be-
tween 126.66 × 10−5 Am2 kg−1 (16 cm; 1027 cal yr BP) and
911.97 × 10−5 Am2 kg−1 (92.5 cm; 9994 cal yr BP) with an average
of 622.6 × 10−5 Am2 kg−1, suggesting a high concentration of mag-
netic minerals during the Holocene.

S-ratio (IRM300mT/IRM1000mT) is indicative of the relative propor-
tions of ferrimagnetic and antiferromagnetic minerals in the sample
(Walden et al., 1999; Evans and Heller, 2003). An S-ratio value close
to unity denotes the dominance of magnetically “soft” minerals like
magnetite and maghemite whereas significantly low values indicate
the dominance of magnetically “hard” minerals like hematite and goe-
thite. Values of S-ratio in SS-1 are extremely high and fluctuate between
0.85 and 1.00 (Fig. 3), indicating the dominance of low-coercivity, mag-
netically “soft” minerals like magnetite and maghemite. This supports
the fact that the magnetic mineralogy of SS-1 sediments is dominated
by ferrimagnetic minerals likemagnetite andmaghemite. The presence
of canted antiferromagnetic minerals like hematite in the samples is
also evident from HIRM values (Fig. 3). The HIRM values fluctuate be-
tween a low of 0.10 × 10−5 Am2 kg−1 (44 cm; 2924 cal yr BP) and a
high of 134.87 × 10−5 Am2 kg−1 (92.5 cm; 9994 cal yr BP) with an av-
erage of 19.35 × 10−5 Am2 kg−1, suggesting the presence of high-coer-
civity magnetic minerals like hematite in SS-1.

Inter-parametric ratios, χARM/SIRM and χARM/χlf, are used to deter-
mine the magnetic grain size. High ratio values generally indicate a
fine magnetic grain size and vice versa (Oldfield, 1991). Both the ratio
values exhibit similar down-core variations as also evident froma statis-
tically significant correlation between them (r2 = 0.57; n = 262; p b

0.0001). The χlf vs. χfd % biplot (Fig. 4a) gives a fair indication of the pres-
ence of SP magnetic grains, which control the magnetic susceptibility
signal in the sediment core. This is further corroborated by the χARM
vs. χlf biplot (Fig. 4b; also known as the King's Plot), which is used to es-
timate the concentration and grain size of magnetic minerals (King et
al., 1982; Bloemendal et al., 2003). The SS-1 sediments have a high

Fig. 4. (a) Biplot of χlf vs. χfd % for SS-1 sediment samples. Note that χfd % values N10
indicate fine-grained magnetic minerals and with a high proportion of SP magnetic
grains; (b) Biplot of χlf vs. χARM (King et al., 1982) for SS-1 sediments. The data show
fine-grained magnetic minerals in the size range of 0.1-0.3 µm.
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concentration ofmagneticminerals and are predominantly fine-grained
(0.1–0.3 μm; Fig. 4b).

4.3. Particle size data

The three particle size classes (sand, silt and clay) in Shantisagara
sediment samples exhibit considerable down-core variations (Fig. 3).
The sand and clay contents range from 4 to 96.2% and from 2.4 to
90.8% respectively. The silt content is relatively low (0.3 to 11.2%). The
sand percentage exhibits a significant positive correlation of 0.68 with
χlf (n = 23; p b 0.01) and 0.62 with χfd (n = 23; p b 0.01). It also
shows positive correlations with χARM (r = 0.50; n = 23; p b 0.01)
and SIRM (r= 0.66; n = 23; p b 0.01). By contrast, clay percentage ex-
hibits a negative correlation of−0.65 and−0.58with χlf and χfd respec-
tively (n = 23; p b 0.01). It is negatively correlated with χARM (r =
−0.46; n = 23; p = 0.03) and SIRM (r = −0.63; n = 23; p b 0.01) as
well. In fact, sand and clay abundances mirror each other in the sedi-
ment core (r = −0.99, p = 0.01; n = 23). Silt content also exhibits a
negative correlation with magnetic parameters. For e.g., −0.42 with
χlf (n = 23, p = 0.05) and −0.45 with χfd (n = 23; p = 0.03). The
changes in sand and clay abundances are probably related to rainfall
variations. During periods of high (low) rainfall, a large (small) propor-
tion of coarse sediments are transported to the centre of the lake due to
the high (low) energy of the transporting medium (Chen et al., 2004;
Conroy et al., 2008). This is substantiated by the strong positive correla-
tion of χlf with sand % and the negative correlation with clay %. Hence,
periods characterized by high χlf, high sand content and low clay per-
centage experienced high-rainfall conditions and vice versa (Fig. 3).

4.4. Organic geochemical, CaCO3 and carbon isotopic data

Figure 5 depicts the down-core variations of χlf, CaCO3, organic car-
bon, nitrogen, Corg/N ratio and δ13C. Carbonate content ranges from
0.01 to 4.2%. Organic carbon content varies between 0.80 and 2.50%
whereas nitrogen content ranges between 0.02 and 0.28%. There is no

systematic decrease of nitrogen content with age (Fig. 5). Also, there is
a high positive correlation (r2 = 0.67; n = 20, p b 0.001) between the
organic carbon and nitrogen contents (Fig. 6a), suggesting that they
are organically bound and their losses are due to decomposition of the
organic matter. Organic carbon content does not exhibit any significant
positive correlationwith χlfwhereasN content does (r=0.53; p=0.01,
n=20). The atomic Corg/N ratio values vary from9.1 to 46.7with an av-
erage of 19.6 and exhibit a high negative correlation with χlf (r =
−0.72; p b 0.001; n = 20). The δ13C of organic matter varies from
−24.8 to −15.9‰ (Fig. 5).

5. Discussion

5.1. Origin of magnetic minerals in Shantisagara sediments

Sediments contain magnetic minerals, which may be derived from
different sources (Walden et al., 1999). Apart from detrital input,
there may be contributions from bacterial magnetite (Snowball,
1994), authigenic greigite (Snowball, 1991) and anthropogenic magne-
tite derived from industrial activity, vehicular emissions, etc. (Gautam et
al., 2004). Besides, there is also the possibility of diagenetic dissolution
of magnetic minerals due to the decomposition of organic matter
(Anderson and Rippey, 1988). Data for SS-1 sediment and catchment
soil samples were plotted in the χARM/χlf vs. χARM/χfd diagram of
Oldfield (2007) to examine if bacterial magnetite contributes to the
magnetic signal (Fig. 7a). The sediment and soil samples plot in the en-
velope for soil, palaeosol and catchment-derived fine sediments. They
exhibit considerably low ratio compared to the threshold values
(χARM/χlf b 40 and χARM/χfd b 1000; Dearing, 1999b) reported for bacte-
rial magnetite. Hence, the presence of bacterial magnetite in the sam-
ples is ruled out. The SIRM/χlf ratio for Shantisagara core sediment
samples ranges from 3.9 to 6.8 × 103 Am−1 (Fig. 3), which is consider-
ably below the threshold value for greigite (40 × 103 Am−1; Snowball,
1991). Hence, the presence of this iron sulphide mineral too may be
ruled out. The down-core trends of inter-parametric ratios (indicative

Fig. 5.Down-core variations ofmagnetic susceptibility (χlf), carbonate %, organic carbon (Corg), nitrogen, C/N ratio and δ13C for selected samples of Shantisagara sediments.Note: Corg does
not exhibit any significant relationship with χlf, whereas N content exhibits a positive correlation. Carbonate and C/N ratio exhibit a high negative correlation with χlf. Although δ13C also
exhibits a negative correlation, it is not statistically significant (r= -0.36). The five climatic phases are shown using broken lines. The two scenarios based on C/N ratio and δ13C values are
also displayed (for details see text).
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of magnetic grain size) - χARM/χlf, χARM/χfd and χARM/SIRM - (Fig. 3) do
not exhibit any steep and simultaneous decrease. Therefore, it appears
that magnetic dissolution has not affected the SS-1 magnetic record.
The semi-quantitative magnetic granulometry plot of χARM/SIRM vs.

χfd % (Dearing et al., 1997) was used to check the presence of anthropo-
genic/lithogenic magnetic minerals (Fig. 7b). Most sediment samples
plot in the SSD/SP transition range whereas surface and sub-surface
soil samples do so in the coarse to fine SSD region. None of them plot
in the MD+ PSD grain size range, which is characteristic of magnetite
that is anthropogenic (Gautam et al., 2004) or lithogenic (Maher and
Thompson, 1992). The parameter χfd, which is proportional to the con-
centration of the superparamagnetic pedogenic component, exhibits a
high correlation with χlf (r = 0.95, p b 0.001, n = 262), confirming
the pedogenic origin of magnetite. The data presented above suggest
that there are no contributions from bacterial/anthropogenic magnetite
and greigite to the SS-1 magnetic record nor is there any dissolution ef-
fect that could obliterate themagnetic record. Hence, it may be inferred
that the magnetic signal is principally catchment-derived. The magnet-
ically enhanced top-soil from the catchment is eroded, transported and
deposited in SS. Amagnetic grain size “sorting” is apparent from Fig. 7b.
Catchment soils have a wide range of magnetic grain size (MD & PSD to

SSD/SP transition), but what is transported to SS is material of finemag-
netic grain size (95% of the samples in the SSD/SP transition range).

5.2. The magneto-climatic record of Shantisagara Lake sediments

The down-core variations of environmental magnetic parameters of
the Shantisagara sediment core are shown in Fig. 3. They exhibit consid-
erable fluctuations during the past 11,100 years. The trends of parame-
ters, χlf, χfd, χARM, SIRM, are nearly similar. High values for these
parameters indicate high-rainfall conditions and vice versa. During the
~11,100 to 10,700 cal yr BP period, concentration-dependent parame-
ters exhibit notably lowvalues. However, the values are thehighest dur-
ing the ~10,700 to 8600 cal yr BP period. From ~8600 to 4500 cal yr BP,
the values are again low save for two peaks. Fluctuations in the values
aredocumentedbetween~4500and3300calyrBP. From~3300calyrBP
to the present, the parameters do not exhibit much fluctuation but a
slight increasing trend may be discerned.

The concentration-dependent parameters exhibit considerably high
correlations with χlf as evident by their similar trends (Fig. 3). The grain
size-dependent parameters, χARM/SIRM and χARM/χlf, do not exhibit any
noteworthy long-term trends although short-term fluctuations are
noted. Values of χlf do not exhibit any significant correlation with
these two ratios (r = 0.10 and 0.08 respectively). On a close scrutiny
of the χARM/SIRM trend, it is possible tonote only subtle differences: Rel-
atively high ratio values (= relatively fine magnetic grain size) corre-
spond to relatively high χlf values and vice versa. Hence, there is not
much variation in magnetic grain size, suggesting that the climate of
this region did not leave a strong imprint on magnetic grain size.

Magneticmineralogy ismainly “soft” as indicated by the high S-ratio
values (0.85 to 1.00). Although there are minor fluctuations, there is no
long-term trend exhibited by S-ratio. Similarly, HIRM also exhibits
short-term fluctuations. Besides, there are no specific periods character-
ized by increased contribution from magnetically “hard” minerals.

5.3. Holocene record of palaeovegetation variations in the Shantisagara

catchment

High carbonate content is indicative of low rainfall or arid climatic
conditions and vice versa (Chen et al., 2002; Warrier and Shankar,
2009). This appears to be the case in SS sediments as well: χlf and car-
bonate content are negatively correlated (r = −0.72, p b 0.001, n =
20). Low Corg/N ratio values indicate deep water conditions in SS be-
cause of the predominance of aquatic plankton. Hence, a warm and
wet climate may be inferred. A high Corg/N ratio hints at a decreased
contribution from plankton and shallow water conditions; hence, low
rainfall may be discerned (Meyers and Lallier-Verges, 1999; Rühland
et al., 2009). This is further exemplified by the fact that there is no sig-
nificant correlation between Corg/N and Corg%, indicating that the in-
crease (decrease) in Corg/N ratio is not due to high (low) terrigenous
influx but due to a relative decrease (increase) in autochthonous contri-
bution by plankton. Hence, therewas an increased in wash of soil nutri-
ents during high-rainfall periods (Meyers and Lallier-Verges, 1999),
resulting in increased aquatic productivity and low Corg/N ratio and
vice versa. Stable carbon isotopic composition (δ13C) of organic matter
in lakes depends on the dominance of its sources, either land derived
or in-situ. It has characteristic values for the type of terrestrial vegeta-
tion: ~ −22 to −27‰ for C3 type pathway and −8 to −13‰ for C4

type (Fig. 6a). Algae growing in freshwater lakes such as ‘SS’ use dis-
solved CO2 during photosynthesis, which is in isotopic equilibrium
with atmospheric CO2. Therefore, δ

13C values of algae may be indistin-
guishable from those of terrestrial organic matter from the catchment
(Meyers, 2003). However, sources of organic matter in lake sediments
may be better deciphered using the additional data of Corg/N ratio in a
Corg/N ratio vs. δ13C plot (Fig. 6b). Based on the Corg/N ratio and carbon
isotopic data of SS-1 sediments, two scenarios of climatic conditions
may be inferred.

Fig. 6. (a) C vs. N biplot for SS-1 sediment samples. The high correlation between the two
parameters indicates that they are organically bound; (b) C/N ratio and organic δ13C values
for bacteria, marine and freshwater planktonic algae and C3 and C4 terrestrial plants (after
Lamb et al., 2006). Data for Shantisagara Lake sediment samples are shown. The two
scenarios described in the text are shown using different symbols. ( = Scenario 1: C/N
ratio N 20 and δ13C−18 to−15‰▲=Scenario 2: C/N ratio b 20 and δ13C−25 to−16‰).
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Scenario 1: Corg/N ratio N 20 and δ
13C−18 to−15‰:- High Corg/N

ratio values may indicate a total absence of plankton due to shrink-
age of lake area and lowwater level. Carbon isotopic values are close
to those characteristic of C4 terrestrial plants. These features indicate
arid climatic conditions.

Scenario 2: Corg/N ratio b 20 and δ
13C−25 to−16‰:- Relatively

high rainfall conditions and increased water levels are indicated by
the presence of aquatics. More negative carbon isotopic values indi-
cate a high proportion of C3 terrestrial plants and high rainfall con-
ditions, whereas less negative or enriched δ13C values suggest a
high proportion of C4 terrestrial plants and low-rainfall conditions.
But overall, rainfall is high compared to Scenario 1.

5.4. The palaeoclimate/palaeoenvironment around Shantisagara Lake – A

summary based on multiple proxies

The palaeoclimate/palaeoenvironment of the Shantisagara Lake area
during the past 11,100 cal yr BP is reconstructed based on various prox-
ies like environmental magnetism, sedimentology, organic geochemis-
try and carbon isotopes. The Holocene climate was earlier considered
to be relatively stable (Lowe and Walker, 2014; Grootes et al., 1993;
Dansgaard et al., 1993). However, later studies indicated variability in
Holocene climate (Mayewski et al., 2004; Wanner et al., 2008, 2014).
This is also reflected in the SS record with low- and high-rainfall inter-
vals. These intervals are delineated based mainly on magnetic parame-
ters, but well supported by other proxies. The major climatic periods
witnessed by the Shantisagara area are outlined below.

I. ~11,100 to 10,700 cal yr BP

The concentration-dependent parameters,χlf, χARM andSIRM, exhib-
it low values during this period. Their average values are 103.3
× 10−8 m3 kg−1, 0.96 × 10−5 m3 kg−1 and 614.9 × 10−5 Am2 kg−1 re-
spectively. Prior to 11,000 cal yr BP, the values are remarkably low (av-
erage values being 89.1 × 10−8 m3 kg−1, 0.87 × 10−5 m3 kg−1 and
548.3 × 10−5 Am2 kg−1 respectively). The lowest values are recorded
at ~10,700 cal yr BP. Pedogenesis was weak during this period as indi-
cated by the relatively low χfd values (8.1 to 13.1 × 10−8 m3 kg−1; av-
erage = 11.1 × 10−8 m3 kg−1) whose trend is similar to those of
other concentration-dependent parameters. S-ratio also exhibits rela-
tively low values, ranging from 0.9 to 0.99. On the other hand, HIRM ex-
pectedly exhibits an opposite trend, with relatively high values (6.3 to
56.0 × 10−5 Am2 kg−1). After 10,700 cal yr BP, there is a rapid increase
in the concentration-dependent parameters up to 10,700 cal yr BP.

The carbonate % is relatively high during this period and varies from
0.34 to 4.22% (average = 1.97%). The Corg/N ratio varies from 10.8 to
46.7 (average = 29.2). Two samples from this period exhibit high
Corg/N values of 44.8 and 46.7, whereas one sample (with a slightly
higher χlf) has a low Corg/N value. Such high Corg/N ratio values indicate
the complete absence of plankton, implying a low water level or even
drying up of the lake. The Corg content ranges from 0.85 to 0.90% and
N content from 0.02 to 0.09%. The δ13C values range from −16.3 to
−23.2‰ (average = −18.9‰). One sample with a slightly higher χlf
exhibits a more depleted δ13C value of−23.2‰. Except the time repre-
sented by this sample, the period is characterized by a high proportion
of C4 plants (Scenario 1).

The various lines of evidence presented above suggest that rainfall
was generally low during ~11,100 to 10,700 cal yr BP before the advent

Fig. 7. (a) Bi-logarithmic plot of χARM/χlf versus χARM/χfd (Oldfield, 1994, 2007) for Shantisagara sediments and catchment soils (Sandeep et al., 2012). Note that samples with bacterial
magnetite plot near the top right corner with high values for both the ratios (N 40 and N 1000 respectively). Shantisagara sediments and catchment soils plot in a separate envelope
with considerably lower values for the two ratios, confirming the absence of bacterial magnetite; (b) Semi-quantitative magnetic granulometry biplot of χARM/SIRM vs. χfd % (after
Dearing et al., 1997 and Maher and Taylor, 1988), with data for the five zones of Shantisagara Lake sediments and catchment soils. Note that most of the sediment samples plot in the
SSD/SP transition range, indicating the absence of MD+PSD grains that are suggestive of anthropogenic/lithogenic origin. Catchment soil samples exhibit a coarser grain size (coarse to
fine SSD) compared to sediment samples.

9K. Sandeep et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 476 (2017) 1–14



Fig. 8. Comparison of (a) Shantisagara χlf record with: (b) insolation data (14°N, June 21; Laskar, 1990); (c) Magnetic susceptibility (k) of core SK 148/55 collected from the western continental margin of India (Thamban et al., 2007); (d) δ18O of G.
ruber from sediments off the Sindhu (Indus) River mouth (Staubwasser et al., 2003); (e) δ18O of stalagmite (Q5) from Oman (Fleitmann et al., 2003); (f) δ13Cwax record from Lonar Lake sediments (Sarkar et al., 2015); (g) δ18O record frommarine
sediments (Saraswat et al., 2016); (h) δ18O record of a stalagmite from Dongge Cave, China (Dykoski et al., 2005); and (i) δ15N record from a sediment core off Oman (Altabet et al., 2002).
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of the Holocene. However, the monsoon had rapidly strengthened dur-
ing the latter half of this period.

II. ~10,700 to 8600 cal yr BP

Magnetic parameters exhibit increased values during this
period. In fact, they are the highest in the entire core. Values of χlf range
from 116.26 to 150.59 × 10−8 m3 kg−1 (average = 138.13 ×
10−8 m3 kg−1), those of χARM from 1.0 to 1.46 × 10−5 m3 kg−1

(average = 1.3 × 10−5 m3 kg−1), and SIRM from 628.0 to 912.0 ×
10−5 Am2 kg−1 (average = 773.1 × 10−5 Am2 kg−1). There is also an
increase in the concentration of SP grains (= higher pedogenesis) as
evidenced by the high χfd (average = 15.8 × 10−8 m3 kg−1) values.
S-ratio exhibits slightly high andHIRM low values compared to the ear-
lier period. A prominent peak in HIRM (a trough in S-ratio) values is
documented at ~9997 cal yr BP.

The carbonate content is profoundly low with values ranging from
0.01 to 0.18%. The average Corg and N contents are 1.26% and 0.13% re-
spectively with sharp peaks around 9800 cal yr BP. The Corg/N ratio
range from10.1 to 15.8, indicating an increased contribution fromaquatic
plants. There is a shift in the source of organicmatter from essentially ter-
restrial (without any planktonic contribution) in the earlier period to a
mixed (planktonic + terrestrial) vegetation during this period. Except
one sample (which has a depleted δ13C value of−24.8‰), the others ex-
hibit much enriched values of−16.6 and−17.9‰ (Scenario 2). The δ13C
values of−16.6 and−17.9‰ indicate an increased contribution from C4
landplants. A value of−24.8‰, on the other hand, indicates a higher con-
tribution from C3 land plants, indicating a higher rainfall.

The data presented above suggest that this period is characterized by
relatively high rainfall compared to the Present; in fact, it is the highest
for the entire Holocene. Thus, it may represent the Early Holocene Opti-
mum (Ciais et al., 1992; Bookhagen et al., 2006).

III. ~8600 to 4500 cal yr BP

This period is characterized by notably low values for the parame-
ters, χlf, χARM and SIRM except for two prominent peaks. The values of
χlf range from 88 to 128 × 10−8 m3 kg−1 (average = 103.4 ×
10−8 m3 kg−1), those of χARM from 0.7 to 1.2 × 10−5 m3 kg−1

(average = 0.93 × 10−5 m3 kg−1) and SIRM from 476.5 to 739.0 ×
10−5 Am2 kg−1 (average = 559.7 × 10−5 Am2 kg−1).

The carbonate content ranges from 0.09 to 1.6%. The average Corg con-
tent is 1.02% and the averageN content 0.07%. The Corg/N ratio varies from
10.1 to 23.9 (average = 17.8), which indicates a mixed (both planktonic
and terrestrial) origin of organic matter. But around 5600 and
7800 cal yr BP, the Corg/N ratio exhibits values N20 (23.9 and 22.3) even
though the values are not as high as for the Early Holocene, suggesting a
significant reduction in plankton. Carbon isotopic values range from
−15.9 to −18.9‰, indicating an increased contribution from C4 plants
(Scenario 1). Hence, the lake had not dried up fully even under arid con-
ditions as evidenced by the average Corg/N value of 17.8.

On the basis of the data discussed above, this period appears to be
characterized by low rainfall/arid climatic conditions. Itmay correspond
to the period of Mid-Holocene aridity documented in some
palaeomonsoonal records (Bryson and Swain, 1981; Sukumar et al.,
1993).

IV. ~4500 to 3300 cal yr BP

The concentration-dependent parameters exhibit rapid fluctuations
during this period. The χlf values range from 65.5–137.3 ×
10−8 m3 kg−1, χARM values from 0.5 to 1.1 × 10−5 m3 kg−1 and SIRM
values from 332.8 to 846.9 × 10−5 Am2 kg−1. A major peak in these pa-
rameters is discernible at ~4300 cal yr BP after which there is a rapid de-
cline, with the lowest value recorded at ~3600 cal yr BP. Thereafter, the
parameters again register a rapid increase up to 3300 cal yr BP. The χfd
values also exhibit a similar trend of rapid fluctuations.

The Corg/N ratio registers an increase in the value from 9.1 to 36.3,
suggesting a steady change from plankton-dominated deep water con-
ditions to fully terrestrial (total absence of aquatics) vegetation. The
Corg/N ratio is probably indicative of drying up of the lake. But the car-
bonate content (1.5 to 1.8%) and δ13C values (−16.6 to−17.7‰) vary
only a little. A value of −17.7‰ is due to higher contributions from C4
plants (because the Corg/N ratio is significantly high; fully terrestrial
and total absence of aquatics). The Corg content does not exhibit any
rapid fluctuations whereas N content exhibits a decrease (0.13–0.05%).

Considering the foregoing data, this period appears to be a short in-
terval of fluctuating monsoonal conditions. The monsoon intensity was
strong in the beginning of this period, but subsequently waned to its
minimum and increased thereafter.

V. ~3300 cal yr BP to the Present

After ~3300 cal yr BP, χlf, χARM, SIRM values are constant. The values
are high but not as high as those recorded during the Early
Holocene. The average χlf, χARM, SIRM values are 114.8 × 10−8 m3 kg−1,
0.97 × 10−5m3 kg−1 and 586.9 × 10−5 Am2 kg−1 respectively. The low-
est values (not only for this but the entire period represented by the core)
are documented at ~1028 cal yr BP (χlf =32.8 × 10−8 m3 kg−1; χARM =
0.15 × 10−5 m3 kg−1 and SIRM=126.6 × 10−5 Am2 kg−1 respectively).
The χfd values also exhibit a similar trend.

Excluding one sample with a markedly high Corg/N ratio value, the
average values are relatively low (9.9–18.7; average = 13.3; Scenario
2), indicating a mixed vegetation. The anomalous sample also has an
enriched δ13C value (−17.5‰). The δ13C values display a decreasing
trend towards the Present (−18 to −20.9‰; average = −18.9‰)
which points to an increasing contribution from C3 land plants.

The data presented above indicate that the monsoon has been
steady from 3300 cal yr BP to the Present.

5.5. Comparison with other palaeoclimatic records from the region

Fig. 8 illustrates the correspondence between themagnetic suscepti-
bility data of SS-1 and palaeoclimatic records fromdifferent proxies. The
weak monsoonal conditions documented in the SS-1 record prior to ~
10,700 cal yr BP, i.e., before the dawn of the Holocene (the Younger
Dryas) is also reported by several investigators (Tiwari et al., 2006;
Altabet et al., 2002 and references therein). Staubwasser et al. (2003)
documented a reduced discharge from the Sindhu (Indus) River during
the Younger Dryas.

Strong monsoonal conditions are indicated by the SS-1 record dur-
ing ~10,700–8600 cal yr BP, coinciding with the increased insolation
then (14°N latitude, June 21; Laskar, 1990). Thamban et al. (2007)
also reported peak monsoonal conditions between 9500 and
8000 cal yr BP based on proxies like magnetic susceptibility and ele-
mental concentrations of a sediment core collected from the western
continental margin of India. A maximum in the Sindhu River discharge
off the Pakistan coast and thermocline anoxia were established in the
Arabian Sea during this period (Staubwasser et al., 2002, 2003). Based
on the denitrification intensity (which is closely related to the SWmon-
soonwind strength) recorded in sediment cores from theOmanmargin,
Altabet et al. (2002) documented an increased productivity during this
period. This Early Holocene precipitation maximum is also recorded in
the speleothem records fromnorthern Oman (Neff et al., 2001) andma-
rine sediments off Oman (Gupta et al., 2003). Thamban et al.'s (2007)
study also revealed intensification of monsoon during the Early Holo-
cene that occurred in two abrupt steps at 9400 and 9100 years BP,
with the main event between 9100 and 8500 years BP. The SS-1 record
also shows that themonsoon intensified abruptly but the intensification
started slightly earlier at ~10,760 cal yr BP. But this Early Holocene high
rainfall interval ended synchronously according to both the records; be-
sides, the ending was gradual and not abrupt like the intensification
event. A sudden decrease in the Sindhu discharge at 8400 cal yr BP in
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theNEArabian Seawas also documented (Staubwasser et al., 2002). The
trend towards aridity began around the same time as per the SS-1 re-
cord aswell. The Early Holocenemonsoon intensification is also evident
in recent records from lacustrine (Sarkar et al., 2015; Rawat et al., 2015a,
2015b) and marine (Kessarkar et al., 2013; Saraswat et al., 2016)
sediments.

Fleitmann et al. (2003) and Gupta et al. (2003, 2005) documented a
declining trend in the Indian monsoon precipitation up to 1.5 ka after
the maximum at ~8.5 ka. They also proposed that the monsoon trend
broadly followed the insolation curve at 65°N. Sarkar et al. (2000),
based on oxygen and carbon isotopic analyses of planktonic foraminif-
era, inferred that the monsoon decreased steadily from 10 ka to ~2 ka.
But such a continuous decreasing trend is not documented in the SS-1
as well as other palaeoclimatic records from the region although the
Early Holocene high precipitation event is discernible in all of them. In
fact, the SS-1 record shows fluctuating monsoonal conditions during
the Holocene with abrupt intervals of strong and weak monsoon. On
the contrary, Bhushan et al. (2001) and Agnihotri et al. (2003), based
on palaeoproductivity proxies (CaCO3 and Corg) and denitrification in-
tensity documented respectively in sediment cores from the eastern
Arabian Sea, reported increasing SW monsoon intensity from ~10 to
2 ka.

The ~8600 to 4500 cal yr BP period is characterized by a particularly
weakmonsoon in the SS-1 record. Insolation also exhibited a decreasing
trend during this period. Archaeological and other continental records
from the Indian sub-continent depict a substantial weakening of the
summer monsoon around 7000 cal yr BP (Gupta et al., 2006). However,
a small peak in monsoon is shown by the SS-1 record during this time
and a low rainfall recorded slightly earlier (~7800 cal yr BP). But except
for two smaller peaks, rainfall was profoundly low during this period as
per the SS-1 record. Thamban et al. (2007) documented a significantly
weak monsoon between 6000 and 5500 cal yr BP. A decreased produc-
tivity was documented in the Oman margin (Gupta et al., 2005) during
the same period. Saraswat et al. (2016) documented a distinct shift in
evaporation-precipitation at 6400 cal yr BP accompanied by a cooling
in the SST, which was evident in the low primary productivity in the
eastern Arabian Sea. This event is not only recorded in marine sedi-
ments but also in the lacustrine sediments of Central India (Lonar
Lake; Sarkar et al., 2015) and the Himalaya (Rawat et al., 2015a,
2015b). It is noteworthy that insolation reachedminimal values around
this time, after which it was steady albeit with a gentle increasing trend.

6. Conclusions

The present study of environmental magnetism, sedimentology, or-
ganic geochemistry and carbon isotopes besides geochronology of SS-1
core sediments from Shantisagara Lake provides palaeomonsoonal/
palaeovegetational record of southern India for the Holocene Period.
The following conclusions may be drawn from the present study:

• The 11,100-year palaeoclimatic record provided by SS-1 core of
Shantisagara is the longest reported from any lake in Peninsular India.

• Periods of high rainfall are characterized by high values of concentra-
tion-dependentmagnetic parameters like χlf, χfd, χARM and SIRM, high
sand content, low Corg/N ratio (fully aquatic-deep water conditions),
more depleted δ13C values (more C3 terrestrial plants). Periods of
low rainfall, on the contrary, are typified by low values of concentra-
tion-dependent magnetic parameters (χlf, χfd, χARM and SIRM), high
clay content, high Corg/N ratio (total absence of aquatics; dried up
lake), and less negative δ13C values (more C4 terrestrial plants).

• The Indian summer monsoon (ISM) was significantly weak over
southern India before the advent of the Holocene Period, i.e.,
11,100–10,700 cal yr BP. This period may represent the end stage of
the Younger Dryas cold event.

• The Early Holocene Period (10,700 to 8600 cal yr BP) was character-
ized by intensified ISM. During this period isolation was also the

highest, which might have led to intensification of monsoon.
• The ISMweakened during the 8600–4500 cal yr BP period (Mid-Holo-
cene). This period corresponds to theMid-Holocene aridity event doc-
umented in some palaeomonsoonal records; the sudden weakening
of ISM around 8200 cal yr BP corresponds to the 8.2 ka cold event. In-
solation exhibits a decreasing trend during this period.

• The 4500 to 3300 cal yr BP period witnessed fluctuating monsoonal
conditions. From4500 cal yr BP onwards themonsoon began toweak-
en, corresponding to the 4.2 ka cold aridity event. After waning to its
minimum, ISM regained the earlier intensity.

• The monsoon has been steady from 3300 cal yr BP to the Present.
• There are similarities between many palaeomonsoonal records from
the region and the SS-1 record, which indicate that Shantisagara sed-
iments were able to record not only the local, but regional climatic
variations as well.
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