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A B S T R A C T

The southern peninsula of the Indian sub-continent is characterized by moisture source from both the south-west
(SW) and north-east (NE) monsoon. However, the long-term climate variability associated with these two
moisture sources and their relative contribution in the region is less known. In this study, we have used a
multiproxy approach (geochemistry, clay mineralogy and end member mixing analyses of the grain size para-
meters) on the radiocarbon dated sediment profile from Ennamangalam Lake, southern India to reconstruct the
past moisture sources in the region. Based on our systematic investigation, we have identified three hydrological
stages in the region: stage 1 (ca. 4800 to 3150 cal BP)-relative drier condition, marked by low detrital content,
and higher contribution of relatively fine-grained end member (EM) 2; stage 2 (ca. 3150 to 1640 cal BP)-tran-
sition phase, high sedimentation rate as compared to the preceding stage; and stage 3 (1640 cal BP to present)-
represented by enhanced detrital content, intense chemical weathering (shown by increasing CIA and continuous
declining value of Mg/Al) and dominance of EM 1 characterized by coarse grain sediments indicating high
energy condition due to the intense precipitation. The regional comparison of paleoclimate records demonstrate
that the increase in precipitation observed in Ennamangalam region during the late Holocene is in contrast to the
records from the core monsoon zone. The overview of regional records indicate an inverse relationship between
the south-west and the north-east monsoon strength during the late Holocene affected by the increasing ENSO
variability.

1. Introduction

The agrarian economy and the drinking water requirements of ca.
20% of the world population depend on the Indian monsoon. During
the summer season from June to September (JJAS), the moisture in the
Indian sub-continent is largely contributed by the south-west (SW)
monsoon (also known as Indian summer monsoon or ISM), whereas the
zone of maximum rainfall shift to southern India during the north-east
monsoon (NEM) season from October to December (OND) (Gadgil,
2006; Kripalani and Kumar, 2004). The NEM provides ~11% of India's
annual rainfall and contributes ~17–49% of annual rainfall in southern
India (Sreekala et al., 2012). The abrupt changes in the NEM rainfall
patterns pose a serious threat to the agricultural output over southern
India with a considerable decrease in the crop production observed

during the period of below-normal NEM rainfall (Krishna Kumar et al.,
2004; Rao Krishna and Jagannathan, 1953). However, in spite of the
importance, only limited studies are available on NEM variability
(Kripalani and Kumar, 2004; Rajeevan et al., 2012; Sreekala et al.,
2012). The available investigation based on modern meteorological
data demonstrates that the NEM rainfall shows significant interannual
variability with 25% of relative standard deviation (Kripalani and
Kumar, 2004; Rajeevan et al., 2012). The correlation analysis of rainfall
series for the past 100 years revealed a significant negative correlation
between ISM and NEM (Dhar and Rakhecha, 1983). The long-term
paleoclimate data from southern India will provide a better under-
standing of moisture sources and is useful to develop strategies for the
seasonal prediction of NEM rainfall in the region which has a strong
control over agricultural productivity in the region (Gunnell et al.,
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2007).
The majority of terrestrial paleoclimate records from Indian sub-

continent have been relied on lacustrine sediments and sedimentary
sequences from core monsoon zone (Ponton et al., 2012; Prasad et al.,
2014; Sarkar et al., 2015), western India (Laskar et al., 2013; Pillai
et al., 2017; Prasad and Enzel, 2006 and references therein) and NW
Himalayan region (Anoop et al., 2013a; Leipe et al., 2014; Mishra et al.,
2015; Rawat et al., 2015; Sanwal et al., 2013; Srivastava et al., 2017;
Wünnemann et al., 2010) to understand the long-term climate varia-
bility of ISM precipitation. In contrast, only a few paleoclimate records
are available from southern India- the region influenced by both ISM
and NEM precipitation (Basu et al., 2017; Rajmanickam et al., 2017;
Sandeep et al., 2017; Shetty et al., 2018; Sukumar et al., 1993; Veena
et al., 2014). These investigations have mostly interpreted the paleo-
climate dataset in terms of variability in ISM precipitation alone
(Sandeep et al., 2017; Sukumar et al., 1993; Veena et al., 2014) and no
attempts have been made to disentangle the contributions of ISM and
NEM in the region.

In this study, we present a multiproxy approach integrating geo-
chemistry, clay mineralogy and end member mixing analyses (EMMA)
on grain size parameters from a sedimentary profile in Ennamangalam
Lake, southern India spanning over the last ~4800 cal BP in order to: (i)
understand the temporal variability in sedimentological and geo-
chemical characteristics; (ii) identify any hydrological changes asso-
ciated with the changes in the ISM or NEM precipitation during the late
Holocene; and (iii) understand the possible drivers of the precipitation
changes via regional comparisons of paleoclimate data.

2. Study area

2.1. Geographic setting

The Ennamangalam Lake (11.65°N, 77.59°E, and ~265 masl) is lo-
cated at the foothills of Biligirirangan Hills (BR Hills) in Erode district,
Tamil Nadu (southern India) (Fig. 1a–b). The circular lake has a surface
area of ~1.54 km2 with a maximum extension of ~0.7 km in NS and
~0.8 km in EW direction (Fig. 1c). Geologically, the region forms a part
of Southern Granulite Province with the lake catchment comprising of
Al, Fe rich-charnockites, hornblende-biotite gneiss and granites
(Kavidha and Elangovan, 2012; Nanthakumar et al., 2010; Ray et al.,
2003; Samuel et al., 2018). The lake is mostly fed by the ephemeral
streams from the southern slope of the BR hills active during the
monsoonal period. Additionally, a small spring visible during the non-
monsoonal period (January to May) located in the western part of the
lake basin also supplement the lake water budget.

2.2. Modern climate

The Ennamangalam Lake, situated at the transition zone between
ISM and NEM region, provides an ideal location to reconstruct the past
moisture condition in southern India. Based on the average annual
precipitation data (2005–2016 CE) recorded from the nearest meteor-
ological station in Erode district (11°29′N and 77°46′E), the region re-
ceives ~728 mm of rainfall annually with ~33% of rainfall contributed
from ISM (JJAS) and ~46% during the NEM (OND) (source: Indian
Meteorological Department) (Fig. 1d). To understand the dominant
moisture source in the region, isentropic back trajectory ensembles for
Erode district have been plotted using HYSPLIT model provided by
National Oceanographic and Atmospheric Administration (NOAA) and
Air Resources Laboratory (ARL) (Breitenbach et al., 2010; Mishra et al.,
2018b; Sinha et al., 2015) for the year 2012 CE. The back trajectory
analysis shows that the monsoonal winds bring moisture from the
Arabian Sea (during JJAS), whereas Bay of Bengal is the key source of
moisture in the study area during OND (Fig. 1e). The local average

temperature in Erode district varies between ~39 °C to 24 °C during the
summer and ~32 °C to 20.5 °C during the winter (Rajkumar et al.,
2010).

3. Methodology

3.1. Field sampling

During the field expedition in May–June 2012 CE (premonsoon
season), sediment samples were collected from 165 cm deep trench
excavated within the dried out lake basin (Figs. 1c, d and 2a). The se-
diments from the vertical profile are sampled at 5 cm resolution. The
geochemical and clay mineralogical analysis of the Ennamangalam
Lake profile was conducted at the Department of Earth Sciences, Pon-
dicherry University (India), whereas the grain size analyses were per-
formed at the Wadia Institute of Himalayan Geology, Dehradun (India).

3.2. Analytical methods

3.2.1. Chronology
The chronology of the Ennamangalam Lake profile is based on four

accelerator mass spectrometry (AMS) 14C dates of bulk organic sedi-
ments. The detailed description of the chronology reconstruction has
been previously discussed in Basu et al., 2017. The radiocarbon age was
calibrated using the online version of OxCal 4.1 software (Ramsey et al.,
2010; Reimer et al., 2013). The calibrated ages are represented as
cal BP with ± 1 standard deviation (Table 1).

3.2.2. Geochemical analysis
About ~50 g of oven dried and homogenized samples were pow-

dered to a mesh size of 75 μm (sieve designation-200) using a planetary
ball mill. The powdered samples were subsequently digested following
the conventional acid-digestion procedure (Shapiro and Brannock,
1962) using HF-HNO3-HCl acids in the closed Teflon beakers on a
hotplate at 120 °C. Quantitative analysis was conducted using in-
ductively coupled plasma atomic emission spectroscopy (ICP-AES,
Horiba Jobin Yvon Ultima 2). The instrument was calibrated against
USGS rock standards BHV0-1, STM-1, RGM-1 and laboratory standards
VM-9, 21-6, 22-22 and 22-7. The precision of the major element ana-
lysis is better than 2%.

3.2.3. Clay mineralogy
The clay mineral fraction (< 2 μm) used for XRD analysis was se-

parated by settling method according to Hardy and Tucker, 1988. The
air-dried samples were first treated with 5 ml of hydrogen peroxide
(30% H2O2) to remove organic materials, which was then thoroughly
washed with distilled water. Furthermore, the sample suspended in the
settling column was mixed with 10 ml of Calgon (Sodium Hexa meta-
phosphate) to de-flocculate clay minerals. The oriented clay samples for
X-ray diffraction (XRD) were prepared by carefully pipetting the clay
suspension onto a glass slide.

Clay mineral was analyzed using a PANalytical XPert Pro™ X-Ray
Diffractometer (XRD) equipped with a copper target, operating at 40 kV
and 25 mA. XRD patterns of oriented clay slides were recorded using a
step size of 0.02° 2θ with a scan speed of 0.6° 2θ/min and scanned from
2° to 40° 2θ. The semi-quantitative estimates of clay minerals were
determined using peak areas of smectite (15–17 Å), illite (10 Å), and
kaolinite (7 Å). The peak areas of the spectra of these clay minerals
were calculated using the glycolated X-ray diffractograms and relative
weight percentages were calculated following the semi-quantitative
method outlined in Biscaye, 1965.

3.2.4. Grain size analysis
The grain size distribution of the Ennamangalam Lake sediment was
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measured using Malvern Mastersizer 2000E. Total 26 samples have
been analyzed representing ~180 years (per sample) of temporal re-
solution. The pre-treatment of the samples (~0.3 g) included wet oxi-
dation of organic matter at room temperature using 10 ml H2O2 (30%)
and removal of authigenic carbonates by 5 ml of HCl (0.5 N).
Furthermore, the treated samples were washed with distilled water and
centrifuged 4–5 times to remove the extra oxidizing agent. To prepare a
homogenous solution for the analysis the particle aggregates were
disintegrated by handshaking combined with ultrasonic bath.

The instrument measured the grain-size distribution of the sus-
pended particles from 0.02 to 2000 μm for 100 grain-size classes. The
average value from the multiple measurements (n = 5) of each sample
has been used to represent the grain size distribution.

3.3. Data analysis

3.3.1. End member mixing analysis (EMMA) of the grain size distribution
End member mixing analysis (EMMA) is a statistical approach to un-

mix grain size distributions into meaningful subpopulations that re-
present grain size sorting, transport and depositional processes (Dietze
et al., 2012; Weltje, 1997). The end member mixing analysis was per-
formed using R-script (package: EMMAgeo; version-0.9.2) based algo-
rithm (Dietze et al., 2014, 2012). For EMMA, the grain size dataset was

rescaled to the constant values after removal of zero or blank (or NA)
values (Dietze et al., 2012; Li and Li, 2017; Weltje, 1997). The relation
between end members (q) (varies between qmin and qmax) and quantile
range (between 0 and lmax) define the infinite number of end member
models (Dietze et al., 2013). The lmax is defined as the highest possible
quantile allowing numerically stable weight transformations (Dietze
et al., 2014; Miesch, 1976). Furthermore, the robust end members were
calculated based on the high frequency of non-overlapping modes of
similar end member loadings in adjacent grain size classes (Dietze et al.,
2014). The output provided by EMMA mainly consisted of (i) loadings,
characterized by typical grain size distribution related to distinct
sorting of sediments from different source and depositional processes,
and (ii) scores, represent the down-core variation of the grain size in
terms of contribution of end members in each samples (Borchers et al.,
2016; Dietze et al., 2013, 2012).

4. Results

4.1. Chronology and sedimentation rate

Based on the colour and textural variability, the Ennamangalam
sedimentary profile was divided into three litho-units. The lower part
(165–110 cm) of the profile consists of dark grey clay overlained by

Fig. 1. (a) Physiographic map of Indian sub-continent with dominant wind patterns in the study area and approximate limits of core monsoon zone indicated by the
dotted lines (modified from Rajeevan et al., 2010). Paleoclimate sites discussed in the text are marked by numbers - (1) This study, (2) Ponton et al. (2012), (3) Ankit
et al. (2017), (4) Pillai et al. (2017), (5) Mishra et al. (2015), (6) Rawat et al. (2015), (7) Prasad et al. (2014), (8) Banerji et al. (2015), (9) Gaye et al. (2017), (10)
Ranasinghe et al. (2013); (b) the geological map of the region (modified after Samuel et al., 2018), ‘star’ represent the location of Ennamangalam Lake; (c) detailed
image of the lake basin (yellow square showing the location of sediment profile); (d) seasonal precipitation in the Erode district during 2005–2016 CE; (e) air mass
trajectory in the study area during SW (blue) and NE (red) monsoon condition in Erode district during the year 2012. (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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light grey clay sediments (110–60 cm). The sediments from 60 to 0 cm
are characterized by clayey silt sediments (Fig. 2a). The chronology of
the Ennamangalam sediment sequence has been provided in Table 1
and the age-depth model is shown in Fig. 2b. The presence of non-
carbonates rocks in the catchment eliminates the possible contamina-
tion by old carbon (Anoop et al., 2013a; Hou et al., 2012; Mischke et al.,
2013). Hence, the reservoir correction has not been employed while
reconstructing the chronology. The reconstructed chronology of the
Ennamangalam sediment sequence covers last ~4800 cal BP.

4.2. Geochemistry

4.2.1. Interrelation between the elemental data
In Ennamangalam sediment sequence, Al2O3, FeO and SiO2 show

the dominant contribution in the sediments. The concentration of Al2O3

varies between 12.5 and 15.7% (average = 14 ± 0.9%), with

maximum values during ca. 3150 and 1640 cal BP. Similarly, FeO
shows a continuous increasing trend from ~4800 cal BP to present with
highest values around ~1070 cal BP (7.6%) (Fig. 3). However, the SiO2

concentration ranges between 69 and 75% with maximum contribution
during ~4800 to ~3150 cal BP.

Table 2 shows the correlation of major oxides in Lake En-
namangalam. The TiO2 shows a significant correlation with MnO2,
whereas poor relation with other detrital elements such as FeO and
Al2O3. However, FeO is highly correlated with Al2O3 (r = 0.65;
p < 0.01) signifying a representative of detrital input into the lake. In
addition, the strong positive correlation between CaO and Sr (r = 0.88;
p < 0.01) and their poor relation with Al2O3 indicates a non-silicate
source of CaO and Sr.

4.3. Clay mineralogy

The major clay minerals detected in the Ennamangalam Lake sedi-
ments include illite, kaolinite and smectite. The general trend of clay
assemblage shows a relatively low concentration of kaolinite (8–19%;
except in two samples) in all the three stages, whereas considerable
variation has been observed in smectite and illite. Illite ranges between
10.7 and 65.4% of total clay content and has the highest concentration
during ~4800 to 3150 cal BP whereas, smectite (~21.4 to 71.4% of the
total clay) shows the highest concentration from ~3150 to present.

4.4. Grain size

The particle size distribution of lake sediments show unimodal

Fig. 2. (a) Detailed litholog of Ennamangalam Lake sediment; (b) the reconstructed chronology of the Ennamangalam lake sediments based on the OxCal 4.1
calibration program.
(Adopted from Basu et al. (2017).)

Table 1
Radiocarbon ages of the core sediments based on OxCal calibration (Ramsey
et al., 2010; Reimer et al., 2013).

Lab name 14C year BP Calibrated age (cal BP) ± 1σ Depth (cm)

Surface – −62 0
ULA-5515 1850 ± 20 1782 ± 36 65
ULA-5388 2235 ± 25 2235 ± 51 80
ULA-5387 3065 ± 20 3284 ± 39 115
ULA-5386 4285 ± 25 4851 ± 16 165
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distribution and is largely characterized by clayey silt (Fig. 4a–b). In
Ennamangalam sediment profile, three probable number of end mem-
bers have been identified which explain ~63% of the total variance in
the dataset (Fig. 4c). EM 1 with a total measured variance of 20% shows
a dominant mode (5 ϕ) in medium-silt size fraction, whereas EM 2
(variance = ~38%) explains the dominant mode of 7 ϕ in fine-silt size
fraction. The EM 3 with a variance of ~42% shows a bimodal dis-
tribution with a primary mode at 9 ϕ (clay sized fraction) (Fig. 4c).

5. Discussions

5.1. Climate interpretation from the multiproxy approach

The multiproxy record of Ennamangalam sediment profile is shown
in Fig. 3. Based on the colour and textural variability (Section 4.1), and
sedimentation rate, the sediment sequence can be divided into three

stages: stage 1: ~4800 to 3150 cal BP; stage 2: ~3150 to 1640 cal BP
and stage 3:~1640 cal BP to present. These stages can be interpreted in
terms of hydrological changes in the region and the details of each
proxy are discussed below:

5.1.1. Geochemical proxies
The use of Pearson correlation coefficient and principal component

analysis (PCA) (Supplementary material S1) to measure the relationship
between two or more variables (El-nady and Lotfy, 2016; Koinig et al.,
2003; Pulice et al., 2013; Xue et al., 2011) have been utilized in the
evaluation of geochemical dataset from Ennamangalam sediments. In
Ennamangalam Lake sediments, based on the correlation matrix be-
tween different oxides, it is evident that FeO and Al2O3 are re-
presentative of detrital contribution from the catchment and can be
used as a proxy for the surficial runoff. As discussed earlier (Section
2.1), the catchment of Ennamangalam Lake comprises of charnockites,
biotite gneiss and granite which are the key source of Na2O, K2O, FeO
and Al2O3 in the sediments (Fig. 1b). The detrital element (Al2O3, FeO)
shows an increasing concentration from stage 1 to 3 in the sediment
sequence (Fig. 3) suggesting an increase in the surface runoff associated
with enhanced precipitation.

The presence of calcium (although very low concentration) in the
sediment profile (2 to 3%) indicates two possibilities i.e. (i) either
detritus from the catchment contributes CaO through surface runoff, or
(ii) authigenic precipitation within the lake due to the evaporation
process (Leng et al., 2010; Mishra et al., 2015; Talbot, 1990). Relatively
higher concentration of CaO (2.0% to 3%) in sediments as compared to
Na2O (0.78% to 1.3%) suggested an additional source for CaO than
silicate fraction. Therefore, in absence of carbonate rocks in the
catchments, the CaO value indicates endogenic precipitation of the
carbonates. The high summer temperature in the region could be the
possible reason for evaporation of the residual water content within the
lake basin resulting in the precipitation of endogenic CaO.

Fig. 3. The geochemical parameters (a–d), clay mineralogy (e–h) and sedimentation rate (i) of the Ennamangalam sediment profile.

Table 2
Correlation matrix between the element oxides.

SiO2 TiO2 Al2O3 FeO MgO MnO2 CaO Na2O K2O

SiO2 1.00
TiO2 −0.44 1.00
Al2O3 −0.77⁎ 0.18 1.00
FeO −0.52 0.26 0.65 1.00
MgO −0.70 0.58 0.37 0.17 1.00
MnO2 −0.32 0.68⁎⁎ 0.14 −0.24 0.60 1.00
CaO −0.27 0.42 −0.02 −0.54 0.65 0.80 1.00
Na2O −0.15 0.39 −0.39 −0.54 0.36 0.47 0.66 1.00
K2O −0.28 −0.05 −0.30 −0.45 0.25 0.12 0.41 0.74 1.00

The bold values are significantly positive and negative values. The description
has been already been there in the main text.

⁎ Significant negative correlation.
⁎⁎ Significant positive correlation
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5.1.2. Weathering indices
The element ratios and indices derived from major element geo-

chemistry have been used to infer precipitation induced chemical
weathering in the Ennamangalam basin. The elemental ratios and in-
dices are widely applied to infer the intensity of catchment weathering,
changes in provenance and hydrodynamics processes in the catchments
(Buggle et al., 2011; Lopez et al., 2006; Opitz et al., 2015; Railsback,
1993; Singer, 1980). The relation between mobile versus immobile
element is the key principle to investigate the weathering indices
(Limmer et al., 2012). During the weathering process, the parent ma-
terial is depleted in mobile elements and enriched in the immobile
elements (Buggle et al., 2011).

5.1.2.1. Mg/Al:. The major oxides such as CaO, MgO, and Na2O are
usually soluble and mobile, whereas Al2O3, SiO2, and TiO2 are
considered more insoluble and resistant during chemical weathering
(Buggle et al., 2011; Engstrom and Wright, 1984; Girone et al., 2013;
Minyuk et al., 2013). The catchment of Ennamangalam Lake is
characterized by high Mg containing rocks (Charnockites massifs)
which are prone to chemical weathering (Peucat et al., 1989). In
Ennamangalam sediment profile, the Mg/Al values decreased from
stage 1 to 3 (0.11 to 0.09) (Fig. 3). As Mg is more prone to chemical
weathering as compared to Al which is conservative and resistant to
weathering in nature, the decreasing values of Mg/Al can be used to
trace past weathering condition in the basin (Limmer et al., 2012;
Zhong et al., 2012). The decreasing Mg/Al value from stage 1 to 3
indicates increasing chemical weathering in response to an increase in
precipitation in the region.

5.1.2.2. Chemical index of alteration (CIA):. The CIA is expressed as
molar volumes of [Al2O3 / (Al2O3 + CaO* + Na2O + K2O)] × 100,
where CaO* represent abundance of CaO in silicate fraction, and
exclude CaO combined in carbonates and phosphates minerals (Fedo

et al., 1995; Gioia et al., 2011; Nesbitt and Young, 1989). The molar
ratio of CaO/Na2O as proposed by McLennan et al. (1993) has been
used to calculate CaO*. The index has been widely used as an indicator
for plagioclase weathering intensity (Fedo et al., 1995; Hofer et al.,
2013; Nesbitt and Young, 1989; Opitz et al., 2015). The CIA values
below 50 are considered as un-weathered samples, however, the
increased value (> 50 up to 100) indicates a progressive increase in
the intensity of weathering with the removal of alkali and alkaline earth
elements (Fedo et al., 1995; Nesbitt and Young, 1989). The increasing
CIA values from stage 1 to 3 indicate a progressive increase in chemical
weathering during the late Holocene (Fig. 3). The result is also
corroborated by decreasing Mg/Al ratio (Fig. 3) suggesting enhanced
chemical weathering from stage 1 to 3.

5.1.3. Clay mineralogy
Clay minerals are widely used to document and resolve a wide

spectrum of depositional environment and their link with the changing
climatic conditions (Alizai et al., 2012; Brown and Brindley, 1980;
Keller, 1970; Środoń, 1999). The clay mineral assemblages are mainly
governed by climatic condition, rock composition (Alizai et al., 2012;
Fagel and Boës, 2008; Odoma et al., 2013; Singer, 1980; Thamban
et al., 2002) and tectonic activity (Liu et al., 2007). However, the clay
mineral zonation in the continental settings mostly indicates climate as
the primary factor for controlling the clay mineral distribution (Fagel
and Boës, 2008; Galán, 2016; Yuretich et al., 1999). The En-
namangalam sediment sequence is characterized by three clay minerals
i.e. illite, smectite, and kaolinite. The presence of illite represents the
extent of physical erosion (in arid to semi-arid environment), smectite
in the sediments are usually related to chemical weathering, whereas
the kaolinite mineral formation indicates prevalence of warm and
humid climate (Nagasundaram et al., 2013; Odoma et al., 2013; Singer,
1980; Thamban et al., 2002). In Ennamangalam sediments, the in-
creasing kaolinite and smectite content from stage 1 to 3 indicates

Fig. 4. Grain size distribution in Ennamangalam lake sediment: (a) ternary plot of relative contribution of grain size; (b) volume distribution of samples from the lake
profile; (c) frequency distribution of end member loadings (dominant modes in brackets); and (d) temporal variability of three EMs.
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increased chemical weathering in the basin due to high moisture
availability (Fig. 3). The enhanced weathering of plagioclase and mafic
minerals (pyroxene, hornblende and biotite) in the catchment rocks
resulted in increased kaolinite and smectite concentration respectively
from stage 1 to 3. This inference is also supported by progressively
increasing (decreasing) CIA (Mg/Al) trend (Fig. 3). Additionally, clay
mineral ratios also provide information on the paleoenvironmental
changes with increasing Kaolinite/Illite ratio corresponds to warm/
humid condition (Alizai et al., 2012; Churchman, 2000; Odoma et al.,
2013). Although a few samples show high values (e.g., in stage 1 and 2)
(Fig. 3), the overall increasing trend for Kaolinite/Illite ratio indicates
the prevalence of more humid conditions during the later part of the
late Holocene.

5.1.4. Grain size
Grain size fluctuation in the lake sediments mostly reflects (i) en-

ergy and mode of transport in the lake basin; and (ii) shoreline proxi-
mity (Basavaiah et al., 2014; Cuven et al., 2010; Vandenberghe et al.,
1997). The end member mixing analysis provides an effective tool to
un-mix the grain size distribution based on various depositional en-
vironments (Borchers et al., 2016; Dietze et al., 2012; Vandenberghe
et al., 1997). The end-member analyses have been successfully applied
in various terrestrial (Borchers et al., 2016; Dietze et al., 2012; Li and
Li, 2017) and marine sediments (Beuscher et al., 2017; Hamann et al.,
2008) to disentangle the different transport processes (fluvial, aeolian
and glacial).

In Ennamangalam Lake, the end member 1 (mode = 5 ϕ) and 2
(mode = 7 ϕ) lies in the range of medium and fine silt respectively. The
end member modeling analyses from the Tibetan lakes and catchments
suggested that this grain size fractions were associated with local and
regional dust particle characterized by aeolian deposits (Dietze et al.,
2014). However, the role of aeolian processes in the relatively more
humid region and vegetation covered Ennamangalam region is very
limited. Thus, EM1 and EM2 in Ennamangalam Lake sediments re-
present the fluvial sediment component transported to the basin.

The coarse end member (EM) 1 grain sizes are deposited by high-
energy fluvial transport during the period of enhanced surficial runoff
(Anoop et al., 2013a). Additionally, the anthropogenic induced ero-
sion in the catchment could also contribute to increase in terrigenous
sediments into the basin (Bhattacharya and Byrne, 2016; Issaka and
Ashraf, 2017). The increasing trend of EM 1 (since ca. 4800 cal BP)
demonstrates the gradual increase in the energy condition in the
surface runoff due to the intense precipitation (Fig. 4d). This inter-
pretation is corroborated by geochemical values showing increased
chemical weathering due to enhanced precipitation during the late
Holocene (Figs. 3 and 4d). Likewise, the decreasing trend of EM 2
(represented by fine silt size fraction) demonstrates deposition of re-
latively finer fraction during the period of relatively low energy con-
dition (stage 1 and 2). The EM 3 having a primary mode in the range
of clay-sized fraction shows fluctuating values with absence of any
specific trend as well as relation with geochemical parameters. The
relative changes in the EM1 and EM2 contribution leads to the fluc-
tuation in EM3 suggesting that, in times of reduced fluvial silt de-
position, clays could deposit at the basin centre.

5.2. Climate variability in the region

5.2.1. Regional comparison of paleoclimate data
Based on the multiproxy approach, the paleoclimatic record from

Ennamangalam Lake demonstrates a progressively increasing trend of
precipitation from ~4800 cal BP to present (Fig. 5a). However, several

well-dated records from the core monsoon zone (CMZ) suggest in-
creased aridity during the beginning of late Holocene associated with a
weakening of the south-west monsoon winds (Anoop et al., 2013b;
Ponton et al., 2012; Prasad et al., 2014) (Fig. 5b). Geochemical record
from eastern India also reveals increased precipitation between 4800
and 3100 cal BP followed by a reduction in monsoonal strength towards
the present (Ankit et al., 2017) (Fig. 5c). A recent multi-proxy study
from the semi-arid region of Saurashtra coast in north-west India also
suggests the presence of relatively humid climate and higher sea-level
between 4710 and 2825 cal BP followed by a gradual onset of aridity
between 2825 and 1835 cal BP (Banerji et al., 2015). Additionally, the
paleorecord based on oxygen isotopic composition of gastropod shell
from western India also demonstrated decreasing ISM precipitation
during the late Holocene (Pillai et al., 2017) (Fig. 5d). Studies based on
geochemistry, palynology and δ18Ocarb values from western and north-
west Himalayas also show a progressive decrease in ISM intensity and
(I/E) ratios ([meltwater + monsoon precipitation] / evaporation)
during the mid-late Holocene following the declining in the solar in-
solation curve (Demske et al., 2009; Mishra et al., 2018a; Rawat et al.,
2015) (Fig. 5e). In contrast, the multiproxy record from Ennamangalam
Lake demonstrates enhanced precipitation in the region during the late
Holocene contrary to the paleoclimate data derived from the regions
dominated by ISM precipitation. The increased precipitation during late
Holocene observed in Ennamangalam region can therefore only be
explained in terms of strengthening of NE monsoon precipitation in the
region (Fig. 5a). This strengthening of NE monsoon during the late
Holocene is in line with δ15N records from the Arabian Sea sediments
(Gaye et al., 2017). The paleoclimate record from the Panama estuary
(Sri Lanka) also shows an intensified winter monsoon during the mid-
late Holocene with a short interval of arid phase (Ranasinghe et al.,
2013). However, several other records from NE monsoon dominated
regions in Sri Lanka shows a similarity with the climate record from the
ISM in India (Ranasinghe et al., 2013), and explained these in terms of
common forcing mechanisms.

5.2.2. Factors promoting an increase in the NEM strength during late
Holocene

In a recent global warming scenario, the increasing NEM rainfall in
peninsular India is positively correlated to various teleconnections such
as El-Nino Southern Oscillations (ENSO) and India ocean dipole mode
(IODM) (Dhar and Rakhecha, 1983; George et al., 2011; Kripalani and
Kumar, 2004; Yadav, 2012). During the El-Nino years, the warming of
sea surface temperature (SST) over the equatorial Indian Ocean induces
deep convection, resulting in increased NE monsoon precipitation over
southern India (Yadav, 2012). Additionally, the anomalously warm
SSTs in the western Indian Ocean during IOD and the associated large-
scale convergence extending towards the south of India also leads to
intensified NEM rainfall (Kripalani and Kumar, 2004). The sedimenta-
tion record in Laguna Pallcacocha, southern Ecuador, which is strongly
influenced by ENSO variability demonstrate increasing ENSO events
during the late Holocene (Moy et al., 2002) (Fig. 5f). This increasing
ENSO variability during late Holocene resulted in the significant de-
cline of the ISM precipitation in CMZ (Prasad et al., 2014). We assume
that the increasing ENSO events and sea surface temperature over the
equatorial Indian Ocean during the late Holocene resulted in reduction
of the ISM precipitation in CMZ, which allowed a strengthening of NE
monsoon during the same time period. However, additional paleor-
ecords from the NE monsoon domain is required to further evaluate the
physical mechanism controlling the moisture contribution in the re-
gion.
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6. Conclusions

In this study, integrated geochemical and clay mineralogical ana-
lyses coupled with end member mixing analysis derived from grain size
parameters are utilized to understand mid-late Holocene climate
variability from Ennamangalam Lake, southern India. The multiproxy
investigations revealed a progressive increase in precipitation through
the identification of three hydrological stages: stage 1 (ca. 4800 to
3150 cal BP)-marked by relative drier condition with low detrital input
and sedimentation rate and higher contribution of EM 2 (represents fine
silt fraction); stage 2 (ca. 3150 to 1640 cal BP) is characterized by
transition phase with high sedimentation rate as compared to the pre-
ceding stage; and stage 3 (1640 cal BP to present) represented by
highest detrital content and dominance of EM 1 indicating high energy
condition in the surface runoff due to enhanced precipitation in the

region.
The regional comparison of paleoclimate data demonstrates an in-

verse relation between Ennamangalam records with the paleo-records
from ISM precipitation affected regions. The gradual increasing
moisture from ~4800 cal BP to present indicates the enhanced NE
monsoon contribution in the study area during the late Holocene.
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