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We present the results of biogeochemical and mineralogical analyses on a sediment core that covers the Holo-
cene sedimentation history of the climatically sensitive, closed, saline, and alkaline Lonar Lake in the core mon-
soon zone in central India. We compare our results of C/N ratios, stable carbon and nitrogen isotopes, grain-size,
aswell as amino acid derived degradation proxieswith climatically sensitive proxies of other records from South
Asia and theNorth Atlantic region. The comparison reveals somemore or less contemporaneous climate shifts. At
Lonar Lake, a general long term climate transition fromwet conditions during the early Holocene to drier condi-
tions during the late Holocene, delineating the insolation curve, can be reconstructed. In addition to the previous-
ly identified periods of prolonged drought during 4.6–3.9 and 2.0–0.6 cal ka that have been attributed to
temperature changes in the Indo Pacific Warm Pool, several additional phases of shorter term climate alteration
superimposed upon the general climate trend can be identified. These correlate with cold phases in the North At-
lantic region. Themost pronounced climate deteriorations indicated by our data occurred during 6.2–5.2, 4.6–3.9,
and 2.0–0.6 cal ka BP. The strong dry phase between 4.6 and 3.9 cal ka BP at Lonar Lake corroborates the hypoth-
esis that severe climate deterioration contributed to the decline of the Indus Civilisation about 3.9 ka BP.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The increasing demand for reliable climate projections due to the
challenges related to global warming calls for enhanced investigation
of the relationship between climate change and its effect on the envi-
ronment. To assess future interaction between climate and environ-
ment, it is necessary to understand their interactions in the present
and past. But, while modern observations are increasing rapidly and
cover almost the whole world in high spatial and temporal resolution,
the identification and investigation of suitable sites for palaeoclimate
reconstruction is more difficult and requires great effort. Hence, several
regions still lack a sufficient cover of investigated areas to help the
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scientific community in reconstructing thepast climate and its influence
on the former environment. One of these regions is India, which highly
depends on the annual rainfall delivered by the Indian summer mon-
soon (ISM). This meteorological phenomenon affects a human popula-
tion of more than one billion and is highly sensitive to climate change.
In order to assess and to interpret potential future modifications of the
Indian monsoon system, the knowledge of Holocene monsoon variabili-
ty, its extremes, and their underlying causal mechanisms is crucial. And
while terrestrial palaeorecords are available from the northern Indian
subcontinent and the Himalayan region (Gasse et al., 1991, 1996; Enzel
et al., 1999; Denniston et al., 2000; Thompson et al., 2000; Bookhagen
et al., 2005; Prasad and Enzel, 2006; Clift et al., 2008; Demske et al.,
2009; Wünnemann et al., 2010; Alizai et al., 2012), the number and
length of comparable records from central and south India are limited
(Yadava and Ramesh, 2005; Caner et al., 2007; Sinha et al., 2007;
Berkelhammer et al., 2010). To address this issue, we have investigated
the Holocene sedimentation history of Lonar Lake from central India
with a special focus on centennial scale palaeoclimate reconstruction.

Based on mineralogical, palynological, and biogeochemical investi-
gations on the ca. 10 m long sediment core, the longest, well dated
palaeo-climate archive from India's core monsoon zone, S. Prasad et al.
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Fig. 1.A: Regional overview and location of Lonar Lake. B: Study area showing the coring site.
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(2014) reconstructed the broad, Holocene climatic development of the
Lonar Lake region, identified two millennial scale dry phases, and
discussed the stability of the ISM–El Niño Southern Oscillation (ENSO)
links and the influence of shifts in the position of the Indo Pacific
Warm Pool (IPWP) on the prolonged droughts in the ISM realm. Here
we present stable carbon and nitrogen isotope data from S. Prasad
et al. (2014) as well as new data from amino acid, sediment composi-
tion, and grain-size analysis and interpret themwith respect to centen-
nial scale, Holocene climate variability and its tele-connectionswith the
North Atlantic climate.

Bond et al. (2001) hypothesised a connection between North Atlan-
tic cooling events and cosmogenic nuclide production rates, the latter
indicating small changes in solar output. Additionally, they found virtu-
ally synchronous “quasi-periodic” ~1500 year cyclicity in both their
palaeorecord andnuclide production rates. Thus, they postulated a reac-
tion of climate to small changes in solar output,whichwould not be lim-
ited to the North Atlantic region but which would affect the global
climate system (Bond et al., 2001). Correlations between the high and
the mid latitude climate, as reconstructed from Greenland ice cores
(Stuiver and Grootes, 2000; Johnsen et al., 2001) and ice-rafted debris
in North Atlantic deep sea records (Bond et al., 1997), and the low lati-
tude tropical climate have been found in various climate reconstruc-
tions (Haug et al., 2001; Gupta et al., 2003; Hong et al., 2003; Dykoski
et al., 2005; Wang et al., 2005; Fleitmann et al., 2007; Koutavas and
Sachs, 2008) supporting the assumption that different climate systems
react to the same cause, like solar output variation (Bond et al., 2001;
Soon et al., 2014) either independently or via tele-connections. However,
since many palaeoclimate investigations concerning the correlations be-
tween tropical climate and North Atlantic climate were carried out in pe-
ripheral ISM regions (Hong et al., 2003; Fleitmann et al., 2007), these
records could not indicate if the change inmoisture availabilitywas exclu-
sively linked to an alteration inmonsoonal summer rainfall rather than to
altered winter westerly precipitation. Lonar Lake is one of the very few
natural lakes located in the core monsoon zone in central India, and it is
fed exclusively by precipitation of the Indian summer monsoon and
stream inflow that is closely linked to monsoon rainfall (Anoop et al.,
2013b). Additionally, available precipitation data from the region close
to Lonar Lake indicate a good correlation with the all India rainfall record
of the last century (1901–2002). Correlation between the all India rainfall
record (ftp://www.tropmet.res.in/pub/data/rain/iitm-regionrf.txt) and
the annual precipitation data of the meteorological stations in Buldhana,
Jalna, Hingoli, and Washim (http://www.indiawaterportal.org/met_
data/) varies between 0.62 and 0.69 (p b 0.001), making Lonar Lake a
key site to investigate the connection between Indian monsoon strength
and its connection to North Atlantic climate change.

2. Study site

Lonar Lake is a closed basin lake situated at the floor of a meteorite
impact crater that formed during the Pleistocene (~570 ± 47 ka) on
the Deccan Plateau basalts (Jourdan et al., 2011). The lake is located at
Buldhana District in Maharashtra, central India at 19.98° N and 76.51°
E (Fig. 1). The meteorite crater has a diameter of ca. 1880m, and the al-
most circular lake covers an area of about 1 km2. The modern crater
floor is located at ca. 470 m above sea level, which is around 140 m
below the rim crest elevation. The inner rim wall is fairly steep with
slopes of 15–18° in the east and up to ~30° in the west and southwest
(Basavaiah et al., 2014).

Lonar Lake is located in the ‘core monsoon zone’ of the Indian sum-
mermonsoon (Gadgil, 2003). The southwestmonsoon from June to end
of September is characterised by strong winds and brings in average
rainfall of ~700 mm. Precipitation during December to April occurs
only in rare cases. The temperature can exceed 40 °C before the onset
of the monsoon and declines during the monsoon phase to an average
of approximately 27 °C. The post monsoon from October to February
is characterised by relatively low temperatures at an average of 23 °C
(http://indiawaterportal.org/met_data/). The lake is fed by surface run-
off during the monsoon season and three perennial streams that are
closely linked to monsoon rainfall as indicated by tritium dating
(Anoop et al., 2013b). Two of them, theDhara streamand the Sitanahani
streamare entering the crater from thenortheast. They have formed the
Dhara Canyon, an erosive incision, and have built up an alluvial fan into
the lake. Today this fan is used for agricultural plantation. The Ramgaya
stream, the third stream feeding the lake, springs from the inner crater
wall and enters the lake from the eastern shore. Nowadays the three
streams are diverted towards the Dhara fan to irrigate the agricultural
fields. Water discharge is only conducted by evapotranspiration; no
outflowing stream is present and no loss due to seepage occurs as the
lake level is below the local groundwater level (Nandy and Deo, 1961).

The modern lake is ca. 6 m deep, brackish, alkaline, and eutrophic
with permanent bottom water anoxia (Basavaiah et al., 2014). The eu-
trophication promotes phytoplankton blooms especially during and
subsequent to the monsoon when nutrients are washed into the lake.
The algal assemblage is primarily made up of cyanophyceae (Badve
et al., 1993). Thermophilic, halophilic, and alkalophilic bacteria in num-
bers of 102 to 104 viable cells/ml (Joshi et al., 2008) and methanogenic
archaea (Surakasi et al., 2007) were reported from Lonar Lake. The
lake lacks most zooplankton species and higher organisms. The zoo-
plankton community within the lake consists of ciliates, culicid larvae,
and rotifers (Mahajan, 2005). Only few exemplars of the ostracod Cypris
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subglobosa and the gastropod Lymnea acuminate have been observed in
the lake (Badve et al., 1993).

The vegetation of the inner crater walls changes from the upper part
near the rim crest to the bottom part close to the lake shore. The upper
part of the inner crater walls is covered by drought tolerant grass and
thorn shrub species, further down grows teak (Tectona grandis) domi-
nated dry deciduous forest, and the bottom part of the inner crater
walls is overgrown by semi evergreen forests. The alluvial fan, which
has formed due to riverine erosion in the northeast of the lake, is used
for crop plantation and cattle grazing. The fan is characterised by vege-
tation cover of grasses, sedges, and crop plants like banana (Musa x
paradisiaca), millet (Setaria italica), corn (Zea mays), custard-apple
(Annona reticulata), and papaya (Carica papaya) (Menzel et al., 2013).

3. Methods and material

3.1. Sampling

Two parallel ca. 10m long cores were retrieved inMay–June 2008 at
5.4 m water depth using a UWITEC sediment piston corer. The cores
were opened in the laboratory; a composite core was constructed and
sub-sampled in 0.5 cm resolution using L-channel sampling procedure.
All samples except those for grain-size analyses were freeze-dried and
ground manually in an agate mortar.

3.2. Analytical methods

The total carbon (TC), total nitrogen (TN), and total organic carbon
(TOC) contents and the δ15N and δ13Corg isotopic composition were de-
termined using an elemental analyser (NC2500 Carlo Erba) coupled
with a ConFlowIII interface on a DELTAplusXL mass spectrometer
(ThemoFisher Scientific). The isotopic composition is given in the
delta (δ) notation indicating the difference, in per mil (‰), between
the isotopic ratios of the sample relative to an international standard:
δ (‰) = [(Rsample / Rstandard) − 1] × 1000. The ratio and standard for
carbon is 13C/12C and VPDB (Vienna PeeDee Belemnite) and for nitrogen
15N/14N and air N2, respectively.

For TC, TN and δ15N determination, around 20mgof samplematerial
was loaded in tin capsules and burned in the elemental analyser. The TC
and TN contents were calibrated against acetanilide whereas for the ni-
trogen isotopic composition two ammonium sulphate standards (e.g.
IAEAN-1 andN-2)were used. The resultswere proofedwith an internal
soil reference sample (Boden3). Replicate measurements resulted in a
standard deviation better than 0.1% for N and 0.2‰ for δ15N.

The TOC contents and δ13Corg values were determined on in situ
decalcified samples. Around 3 mg of sample material was weighted
into Ag-capsules, dropped with 20% HCl, heated for 3 h at 75 °C, and fi-
nally wrapped into the Ag-capsules and measured as described above.
The calibrationwas performed using elemental (urea) and certified iso-
topic standards (USGS24, IAEA CH-7) and proofed with an internal soil
reference sample (Boden3). The reproducibility for replicate analyses is
0.1% for TOC and 0.2‰ for δ13Corg.

Inorganic carbon (IC) was defined as the difference between TC and
TOC. IC was converted to carbonate by multiplying with 8.33, since cal-
cium carbonatewas the only carbonate phase detected in the sediments
despite three distinct zones of the core where gaylussite crystals were
found (1.58–4.22 m, 6.42–7.60 m, 9.10–9.25 m). These crystals were
handpicked under microscope prior to analyses. Due to negligible con-
tribution of biogenic silica, the percentage of lithogenic material in the
sediments was calculated using the formula:

Lith %ð Þ ¼ 100% – total organic matter %½ � þ carbonate %½ �ð Þ:

Analyses of amino acids (AA) and hexosamines (HA) were carried
out on a Biochrom 30 Amino Acid Analyser according to the method
described by Lahajnar et al. (2007). Briefly, after hydrolysis of the
samples with 6 mol l−1 HCl for 22 h at 110 °C under a pure argon
atmosphere, HCl was removed from an aliquot by repeated evaporation
using a vacuum rotating evaporator (Büchi 011) and subsequent
dissolution of the residue in distilled water. After evaporating the
aliquot three times, the residue was taken up in an acidic buffer
(pH: 2.2) and injected into the analyser. The individual monomers were
separated with a cation exchange resin and detected fluorometrically
according to the procedure described by Roth and Hampaĭ (1973).
Duplicate analysis of a standard solution according to this method
results in a relative error of 0.1 to 1.3% for the concentration of
individual AA monomers. Duplicate measurement of a sediment sample
revealed a relative error of b1% for AA and HA concentrations, b10% for
molar contribution of low concentrated (b1 mol%) AA monomers, and
b2.5% for higher concentrated (N1 mol%) AA monomers.

Grain-size distribution of the core samples was determined using a
MalvernMastersizer 2000 analyser. The pre-treatment of sediments in-
cluded the wet-oxidising of the organic matter and the chemical disso-
lution of carbonates at room temperature. 0.3 g freeze-dried sample
aliquots were treated with 10 ml H2O2 (30%) which was added in two
steps. The excess oxidising agent was removed by repeated washing
with Millipore water (18.2 MΩ cm), centrifugation (6000 rpm, 5 min),
and suction of the supernatant. The carbonates of the solid residues
were dissolved by the addition of 3.5 ml 1 M HCl over night. The solid
residues were repeatedly washed (see above) and suspended in 20 ml
Millipore water. The de-acidified samples were kept in an ultrasonic vi-
brator for 15 min to disaggregate all grains. The instrument measured
the grain-size of the suspended particles from 0.02 to 2000 μm for 100
grain-size classes. The content of coarse particles (N200 μm) in the
small aliquots exposed to measurement cannot be representative for
the entire sample. Therefore, we re-calculated the volume-percentage
for the grain-size fraction 0.02 to 200 μm.

3.3. Statistical method

To assess the interrelation of climatic changes in central India and
the North Atlantic region as well as the concurrence of climate changes
in central India and the solar output we have calculated the major fre-
quencies in our climate proxy data as well as the correlation between
our proxy and the 14C production rate. Before the spectral analysis, the
long term climate trendwas removed from thewhole time series by ap-
plying a Gaussian kernel based filter with a kernel bandwidth of
500 years. The spectral analysis is then performed as the Fourier trans-
form of the auto-correlation function. Since the sampling of the time se-
ries is irregular, the auto-correlation estimation is also based on a
Gaussian kernel (bandwidth of 0.5 years), allowing us to directly
apply this method without preceding interpolation (Rehfeld et al.,
2011). A statistical test was performed to create a confidence interval
for the found spectrum. For the test, we have fitted an auto-regressive
process of first order (AR1) to the unfiltered original time series, created
10,000 realisations of this AR1 process, and applied the same kernel
based high-pass filter as for the original time series. From these 10,000
realisations, we calculated the power spectra by Fourier transform of
the auto-correlation function and estimated the 90% confidence interval
(software NESToolbox for MATLAB used).

3.4. Chronology

The age model for the core is based on 19 AMS 14C dated samples
of wood, leaves, gaylussite crystals, and bulk organic matter (Table 1;
S. Prasad et al., 2014). The oldest dated sample of the core shows an
age of 11016 ± 161 cal a BP, suggesting that the core covers the com-
plete Holocene sedimentation history of Lonar Lake. The radiocarbon
dating was carried out at Poznan radiocarbon laboratory, Poland.
Since the catchment geology comprises virtually carbonate free basaltic
rocks of the Deccan Traps, no correction for hard water effect was con-
ducted. However, the elevated salinity and pH in combination with



Table 1
Radiocarbon ages from the Lonar Lake core; first published by S. Prasad et al. (2014). Calibration of the 14C dateswas carried out using the programOxCal, interpolatingwith the INTCAL04
and NH3 calibration curves (Bronk Ramsey, 2008).

Lab no. Material Composite depth
(cm)

14C date (2σ)
(14C yr BP)

Calendar age range (2σ)
(cal yr BP)

Poz 44133 Bulk 0 116.79 ± 0.84 −55 to−59
Poz 44142 Wood 20 143.51 ± 0.0086 −16 to−28
Poz 44143 Bulk 107.88 ± 0.76
Poz 27189 Wood 163.5 564 ± 60 669 to 505
Poz 41602 Bulk 760 ± 360
Poz 41605 Gaylussite crystal 266 1105 ± 60 1076 to 944
Poz 27190 Wood 266.5 1105 ± 60 1079 to 947
Poz 41603 Bulk 1075 ± 60
Poz 41604 Wood 267.5 1100 ± 60 1086 to 950
Poz 41607 Wood 383.5 1840 ± 70 1924 to 1624
Poz 27236 Wood 482 2315 ± 70 2696 to 2192
Poz 44141 Bulk 511.5 2680 ± 70 2944 to 2580
Poz 44226 Bulk 612 3470 ± 70 3867 to 3531
Poz 27237 Wood 778 4185 ± 70 4911 to 4583
Poz 27191 Wood 820 4600 ± 120 5479 to 4867
Poz 41611 Wood 870 7420 ± 80 8396 to 8096
Poz 27193 Wood 870.5 7460 ± 180 8412 to 8104
Poz 27194 Wood 872 7410 ± 200 8476 to 8100
Poz 27373 Wood 882.5 8880 ± 120 10197 to 9529
Poz 27253 Wood 899 8990 ± 160 10707 to 9867
Poz 27238 Leaf 902 9740 ± 100 11274 to 10670
Poz 27192 Wood 904 9570 ± 200 11338 to 10694
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stratification of thewater body led to an ageing of the bulk organicmat-
ter samples (S. Prasad et al., 2014). Calibration of the 14C dates was car-
ried out using the program OxCal, interpolating with the INTCAL04 and
NH3 calibration curves (Bronk Ramsey, 2008).

3.5. Mineralogical and biogeochemical proxies

Our reconstruction of the climatic history of the Lonar Lake region and
its comparison to the North Atlantic region is mainly based on lithogenic
contribution to the sediments, grain-size, atomic organic carbon to total
nitrogen ratio (C/N), δ13Corg, δ15N, and amino acid derived indices. The
C/N, δ13Corg, and δ15N data were reported and interpreted with respect
to climate variability and climatic tele-connections of the Lonar Lake re-
gion with the Pacific by S. Prasad et al. (2014). Additionally, the occur-
rence of evaporitic gaylussite crystals in the sediments, as reported by
Anoop et al. (2013b), was used for the climate reconstruction. Themech-
anisms driving the changes in the parameters are shortly summarised in
the following sections.

3.5.1. Lithogenic contribution
The lithogenic contribution to lake sedimentsmostly depends on the

erosion that takes place in the catchment area, transport energy, and
shore line proximity (Koinig et al., 2003; Magny et al., 2012). The inten-
sity of erosion at a lake, which is not affected by temperatures below the
freezing point, ismostly driven by the amount of rainfall, the occurrence
of heavy rainfall events, and the density of vegetation that prevents ero-
sion (Kauppila and Salonen, 1997; Anoop et al., 2013a). Human interfer-
ences like deforestation, agricultural land use, and construction activity
must be considered as potential causes of enhanced erosion especially
in the younger past (Wilmshurst, 1997). Counterintuitively, phases of
enhanced precipitation potentially triggering stronger erosion do not
necessarily coincide with elevated lithogenic percentages in the lake
sediments. This is due to the spreading of vegetation during climatically
wet phases, but can also be controlled by changes in lake level. During
wet phases, the lake level increases, which also increases the distance
between a sampling site and the lake shore. Thus, high proportions of
the eroded material from the catchment are deposited relatively close
to the shore in shallow water and do not reach the deeper sampling
site. These mechanisms seem to dominate at Lonar Lake, since time
slices of the Lonar core that show strong evidence of dry climate coin-
cide with high lithogenic contribution to the sediments.
Thus, the lithogenic contribution seems to be a good proxy for the
climate reconstruction at Lonar Lake with high values indicating low
lake level during drier climate and low values indicating high lake
level during wetter climate.
3.5.2. Grain-size
The grain-size of lake sediments depends much on the source of the

sediment load. But if the source of the sediments does not change, the
grain-size can give information about changes in the hydrodynamics of
inflowing streams, the amount of precipitation, the occurrence of heavy
rainfall events, seasonality, shore line or sediment source (e.g., river
mouth) proximity, changes in the internal hydrodynamics (e.g., currents),
and external factors affecting the catchment erosion (McLaren and
Bowles, 1985; Sun et al., 2002; Peng et al., 2005). The sorting of the sedi-
ments can be used to reconstruct the transport distance and the rate of
deposition.

The grain-size data are particularly useful for the broad, Holocene cli-
mate reconstruction at Lonar Lake since they depend on changes inmon-
soon strength. However, for the reconstruction of smaller scale climate
variability, the resolution of grain-size datamight not be high enough, es-
pecially in the lower part of the core, where sedimentation rates are low.
3.5.3. C/N
The C/N ratio is often used to determine the source of organic matter

(OM) in lake and coastal sediments (Meyers, 1997). Since aquatic OM is
relatively enriched in nitrogen rich proteins, and vascular plant OM is rel-
atively enriched in nitrogen depleted lignin and cellulose, the ratio of car-
bon to nitrogen is much lower in aquatic OM than in OM of terrestrial
origin. C/N ratios of 4–10 indicate the origin of aquatic OM source, where-
as C/N ratios of N20 typically indicate dominant contribution of terrestrial
plants (Meyers and Ishiwatari, 1993). However, the use of C/N ratios as
OM source indicator can be biased since C/N ratios can be altered during
degradation. This can shift the C/N ratio to higher values if the degraded
OM is enriched in labile nitrogen rich compounds like proteins, peptides,
and free amino acids, which aremost abundant in planktonic OM. On the
other hand, OMof terrestrial origin tends to become relatively depleted in
carbon during degradation, since nitrogen deficient components like car-
bohydrates and lipids are preferentially decomposed (Meyers and Lallier-
Vergès, 1999). Nevertheless, these alterations are usually ofminormagni-
tude, hence, the source information of the C/N ratio is mainly preserved.
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At the modern Lonar Lake, soils show a tendency towards low C/N
ratios (Menzel et al., 2013). This is related to the aforementioned prefer-
ential degradation of nitrogen depleted components in combination
with the immobilisation of re-mineralised nitrogen, which can be
absorbed by clay minerals in the form of NH4

+ (Sollins et al., 1984;
Mengel, 1996). This effect has the strongest influence on sediments
that show low TOC contents.

The C/N ratio does not provide much direct information for the cli-
mate reconstruction. It is particularly useful for determining the OM
source, which is not much climate dependent. During wet conditions,
more terrestrial OMmight be washed into the lake due to denser vege-
tation and stronger rainfall, but this could also cause more nutrient in-
wash into the lake promoting the production of aquatic OM. Thus, the
C/N ratio cannot be used as a climate proxy but identifies changes in
OMsource and supports the interpretation of other palaeoclimate prox-
ies that are affected by changes in OM source.

3.5.4. δ13Corg
δ13Corg in lake sediments is influenced by the abundances of land plant

OM and aquatic OM in the sediments. The δ13C of terrestrial OM is mainly
driven by the percentage of plants using the C3 pathway and plants using
the C4 pathway of CO2 assimilation. C3 plants show δ13C values of −23
to−35‰, whereas C4 plants have δ13C values of−10 to−16‰ (O'Leary,
1988). C3 plants are more abundant during wet conditions whereas C4
plants usually spread during phases of dry climate (Tieszen et al., 1979).

δ13C of the aquatic OM depend on the δ13C of dissolved inorganic car-
bon (DIC) and on the concentration of CO2(aq.) in the photic zone. Lower
pCO2(aq.) leads to reduced fractionation during CO2 uptake by phyto-
plankton, and thus to 13C enrichment in aquatic OM (Lehmann et al.,
2004). The factors controlling the isotopic composition of DIC in Lonar
Lake are i) the aquatic productivity driven by nutrient supply to the
lake, ii) redox conditions of surface sediments and lake water, determin-
ing themechanisms and inorganic products of OMdecomposition, iii) the
pH of lake water, shifting the equilibrium of the three types of DIC
(CO2(aq.), HCO3

−, and CO3
2−), iv) the development and stability of lake

stratification, affecting the exchange of DIC between the euphotic and
aphotic zones, and v) CO2 degassing caused by lake level decline during
climatically dry phases. Generally, factors enriching the DIC in 13C are
linked to eutrophication, dryer climate, and lake stratification. In highly
productive lakes, 13C deficient OM is transported into the sediments, leav-
ing theDIC in thephotic zone enriched in 13C (Hodell and Schelske, 1998).
This effect can be expedited by strong lake stratification, hampering the
convection of lake water, and thus the transport of 13C depleted CO2,
which is produced during OM degradation mostly in the aphotic zone,
into the photic zone. Additionally, eutrophic conditions and lake stratifi-
cation support the development of anoxia in deep waters. This causes
the production of highly 13C depleted methane during OM degradation,
which can escape the lake system in gaseous state if it is not re-oxidised.
Methanogenesis in anoxic sediments is accompanied by the release of 13C
enriched CO2 at the expense of 13C depletedmethane. Thus, if methane is
degassed from the lake water and not re-oxidised, anoxia leads to
enriched δ13C values of lake water DIC (Gu et al., 2004). In response to
dryer climate, evaporation intensifies and the lake level lowers; this in-
creases the salinity, and thus the alkalinity and pH of lake water. Under
highly alkaline conditions, the equilibrium of the three types of DIC shifts
towards HCO3

− and CO3
2−, which are enriched in 13C compared to

CO2(aq.) (Zhang et al., 1995). Under these CO2(aq.) depleted conditions,
the growth of phytoplankton capable of using HCO3

− as carbon source is
promotedproducing 13C enriched aquaticOM(Stuiver, 1975). Additional-
ly, exceeding evaporation can cause supersaturation of carbonate in the
lake water, and consequently CO2 degassing, which is accompanied by
an increase in δ13C of DIC (Lei et al., 2012).

Since δ13C increases under dry conditions in both aquatic OM and ter-
restrial OM, it is a good climate proxy in our record. The only limitation is
the influence of lake water anoxia, which more likely occurs in a deeper
lake during wet conditions or as a consequence of eutrophication. The
anoxia can cause a change in δ13C of aquaticOMdue tomethanedegassing
or methane oxidation, factors that disappear in a shallow oxic lake.

3.5.5. δ15N
The introduction and cycling of nitrogen in lakes involves several dis-

solved inorganic nitrogen (DIN) species and transformation processes, as-
sociated withmore or less strong isotopic fractionation. Thus, δ15N of OM
in lakes can exhibit highly diverse values, linked to several processes. Usu-
ally, plankton discriminates against 15N during DIN uptake, with the ex-
ception of plankton that is capable of fixing molecular nitrogen (Talbot
and Lærdal, 2000). Hence, phases of intense phytoplankton blooms are
associated with increased δ15N values of DIN in the photic zone. Compa-
rable to carbonuptake, low concentrations of DIN lead to reduced isotopic
fractionation of plankton, amplifying the increase of δ15Nduring phases of
high aquatic productivity (Peterson and Fry, 1987). However, the most
important processes in determining the δ15N values of DIN, and thus in
δ15N of aquatic OM are the conversion processes of the different DIN spe-
cies. The most prominent processes are nitrification, denitrification, and
ammonia volatilisation, which are associated with strong fractionation
factors. Nitrification occurs under oxic conditions and results in 15N de-
pleted nitrate and 15N enriched ammonium, whereas denitrification, oc-
curring under anoxic conditions, leads to 15N enrichment of nitrate at
the expense of 15N depletedmolecular nitrogen. The strongest fractionat-
ing process most probably affecting the DIN pool of Lonar Lake is ammo-
nia volatilisation. This process becomes important in aquatic
environments showing high pH values (N9). Under these conditions,
the equilibrium between ammonium and ammonia shifts towards am-
monia, which is significantly depleted in 15N compared to ammonium
(20–35‰) and can escape the water column in gaseous state (Casciotti
et al., 2011). Thus, ammonia volatilisation leads to increasing δ15N values
of the remaining DIN in lake water.

Even though terrestrial OM does not contribute as much to the δ15N
variability in lake sediments as to δ13Corg due to the fact that terrestrial
OMhasmuch lower nitrogen contents than aquatic OM, changes in δ15N
during phases of low aquatic productivity and high terrestrial OM con-
tribution to the sediments can indicate shifts in the vascular plant and
soil nitrogen isotopic composition. In general, δ15N of soil and terrestrial
plant OM increaseswith increasing temperature and decreasing precip-
itation (Amundson et al., 2003).

The use of δ15N as a proxy for climate reconstruction at Lonar Lake is
limited since δ15N values of aquatic OMdepend on the redox conditions
of lake water with high values occurring under anoxic conditions but
also increasing due to high pH. Andwhereas anoxic water is more likely
accompanying high lake levels during wet conditions, the pH increases
during dry conditions when ions become concentrated in the shrinking
water body. Additionally, terrestrial OM shows a wide range of δ15N
values due to different nitrogen uptake mechanisms, making it difficult
to interpret in terms of climate variability.

3.5.6. Amino acids
Themonomeric distribution of the amino acids is commonly used to

determine the state of OMdegradation in sediments. For the assessment
of the OM degradation state, we have calculated the Lonar degradation
index (LI), which was first calculated for modern Lonar Lake sediments
on the basis of the molar percentages of 19 amino acids (Menzel et al.,
2013). The LI compares the amino acid assemblage of the core samples
with the data set of Menzel et al. (2013), which includes fresh OM like
plankton and vascular plants, moderately degraded sediment trap and
surface sediment samples, and highly degraded soil samples from
Lonar Lake and its catchment. The calculation of the LI follows the ap-
proach of the degradation index (DI) calculation developed by Dauwe
and Middelburg (1998) and Dauwe et al. (1999):

LI ¼
X
i

vari−AVGvari
STDvari

� �
� fac:coef :i
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where vari is the original mole percentage of each amino acid in the
sample, AVGvari and STDvari are the arithmetic average and the stan-
dard deviation and fac.coef.i is the factor coefficient of the first axis of
a principle component analysis (PCA) of the individual amino acids in
the data set of Menzel et al. (2013). Negative values indicate less de-
graded and positive values more degraded state of the OM compared
to the average of the reference data set.

The second amino acid derived proxywe used is a ratio of individual
amino acids that are relatively enriched during aerobic degradation and
amino acids that are relatively enriched during anaerobic degradation,
named Ox/Anox:

Ox=Anox ¼ Asp þ Gluþ β‐Alaþ γ‐Abaþ Lys
SerþMetþ Ileþ Leuþ Tyrþ Phe

:

This ratio has been applied to the modern Lonar Lake sediments
(Menzel et al., 2013) to evaluate the redox conditions during OMdegra-
dation and is based on a study of Cowie et al. (1995).

The amino acid derived indices seem to be good proxies for climate
reconstruction as they can be used to identify phases of aerobic degra-
dation within the sediments. Especially during wet phases that induce
a deep anoxic lake, elevated values of theses indices identify relatively
short term, dry anomalies. Highest values are most probably related to
subaerial degradation, and thus to phases of lake desiccation. In rare
cases, the indices could be biased by input of eroded soils, which
would cause elevated values. In addition, eutrophication causes low LI
and Ox/Anox values due to strong aquatic production and the conse-
quent development of lake water anoxia.
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Fig. 2. Summary of the analytical results. Schematic lithology of the Lonar Lake core and down-
Anox (C) and LI (D), stable nitrogen (E) and carbon (F) isotopic ratios of bulk organic matter, an
S. Prasad et al. (2014); gaylussite crystal occurrence was reported by Anoop et al. (2013b). Err
4. Results and discussion

The results of our investigation of the biogeochemical and lithologi-
cal properties of the Holocene sediments from Lonar Lake are shown in
Fig. 2. The percentages of the different grain-size classes of the b 200 μm
fraction indicate sediments dominated by clayey silt with few excep-
tions showing sandy silt (Fig. 3). The sandy silt samples are from 863
to 900 cm depth (10.5–7.8 cal ka BP). Based on the changes in biogeo-
chemical properties, lithology, and sedimentation rate, S. Prasad et al.
(2014) have identified the large scale climate development over the
whole Holocene as well as two phases of prolonged drought. Here we
present several shorter phases of climate changes superimposed on
the large scale trend. The identified phases of drier and wetter climate
can be correlated with other Asian palaeomonsoon records and
palaeoclimate records from the North Atlantic region. A detailed de-
scription is given below (Section 4.2) after a summary of the large
scale climate development with additional remarks regarding the
grain-size and amino acid data.

4.1. Large scale Holocene climate transition

The general long term palaeoclimate trend at the climatically sensi-
tive Lonar Lake reconstructed by S. Prasad et al. (2014) startswith a dry-
ing period that probably coincides with the Younger Dryas at
~11.4 cal ka BP, which marks a dry period prior to the beginning of
the Holocene in many geological records of India and adjacent regions
(Overpeck et al., 1996; Bar-Matthews et al., 1997; Wei and Gasse,
1999; Gasse, 2000; Wang et al., 2001; Morrill et al., 2003; Sharma
et al., 2004; Dykoski et al., 2005; Demske et al., 2009). Median grain-
C
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D F

core variation in lithogenic contribution (A), C/N ratio (B), amino acid derived indices Ox/
d median grain-size of the b 200 μm fraction (G). C/N, δ13Corg, and δ15N were reported by
or bars indicate the standard deviation range (2σ) of calibrated radiocarbon dates.
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Fig. 3. Ternary diagram showing the percentages of the different grain-size classes (clay, silt, sand) of the b 200 μm fraction of the analysed Lonar Lake core sediment samples.
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size of this section is small indicating low energy transport, which is
probably due to dry conditions with reduced sediment input by run-
off and precipitation fed streams and enhanced aeolian deposition.
High LI values indicate strongly degraded OM in these sediments, and
the high Ox/Anox ratios point to subaerial decomposition of the OM.
Fig. 4. Long term Holocene climate trend at Lonar Lake as interpreted from our data. Compari
values (C) (S. Prasad et al., 2014), and summer (JJA) insolation at 20° N (D) (Berger and Loutre, 1
Thus, the bottommost sediment section most likely represents a
palaeosol.

The beginning of the Holocene is marked by a transition from dry to
wet climate with an abrupt increase in monsoon strength after
~11.4 cal ka BP (S. Prasad et al., 2014). The phase of monsoon onset
son of median grain-size of the b 200 μm fraction (A), lithogenic contribution (B), δ13Corg
991). Error bars indicate the standard deviation range (2σ) of calibrated radiocarbon dates.
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and strengthening is reflected in the sediments by high lithogenic input,
which was eroded from the sparsely vegetated crater walls and
transported to the dried out lake bed. The values of the biogeochemical
parameters and the grain-sizes are comparable to those of the underly-
ing soil, and thus indicate high contribution of eroded soil material to
the sediments. On top of this section, few gaylussite crystals can be
found, denoting a drier phase at ~11.1 cal ka BP.

Subsequently, the early Holocene between 11.1 and 6.2 cal ka BP is
characterised by wet conditions (Fig. 4). The sediments of this section
show relatively low lithogenic contribution, and consequently low sedi-
mentation rates. Thus, the section represents a deep lakewith less eroded
material reaching the sampling site. A deep lake developed quickly
after 11.1 cal ka BP as is obvious from seasonally laminated sediments
(S. Prasad et al., 2014). The median grain-size values indicate a shift to
medium silt, and thus to slightly coarser material. This might be due to
higher energy transport during strong rainfall events. The aquatic
productivity was low during this phase, as shown by the high C/N ratios
(mean = 30.1), which denote dominant contribution of terrestrial OM.
Since 9.9 cal ka BP the δ13Corg values stabilised on a relatively low level
(mean = −20.9‰) indicating a C3 dominated vegetation in the catch-
ment of the lake. The predominantly low LI and Ox/Anox values of the
section and the increasing δ15N values between 9.1 and 6.2 cal ka BP
point to extended anoxia in the water column and the sediments.

The time slice between 6.2 and 3.9 cal ka BP is regarded as being a
transitional phase between wet climate during the early Holocene and
dry climate during the late Holocene. This time slice shows two drying
phases accompanied by strong water body reduction between 6.2 and
5.2 cal ka BP and between 4.6 and 3.9 cal ka BP, respectively. The former
drying phase is most obvious from high δ13Corg and δ15N values, where-
as the latter shows elevated lithogenic contribution and gaylussite crys-
tal precipitation (Fig. 4), which indicates strongest lake level decline.

Following the climate transition between 6.2 and 3.9 cal ka BP, evi-
dence of relatively dry climatepersists until today. Elevated δ13Corg values,
lithogenic contribution,Ox/Anox ratios, andfinermedian grain-sizes indi-
cate drier conditions compared to the early Holocene. The lithogenic con-
tribution and the Ox/Anox ratios denote a shallow lake, and the δ13Corg
values imply a dominance of C4 catchment vegetation. The grain-size
data indicate weaker monsoon rains causing lower transport energy. Ad-
ditionally, the alluvial fan in the northeast of the lakemight have been ex-
posed due to the lower lake level, possibly reducing the velocity of the
streams that enter the lake from the northeast and east. Probably, this ef-
fect has also reduced the distance between the sampling site and
the source of fine sediment (alluvial fan/stream mouth) causing a
shift to finer grain-sizes and increasing the sedimentation rate. A
phase ofexceedingly dry conditions is indicated by the reoccurrence of
evaporitic gaylussite crystals between 2.0 and 0.6 cal ka BP (Anoop
et al., 2013b; S. Prasad et al., 2014). The climate information of the youn-
ger part of the core might be mirrored to some extent due to anthropo-
genic interferences, as for example eutrophication and deforestation. A
persistent decrease in C/N ratio since 1.3 cal ka BP indicates permanent-
ly elevated nutrient supply to the lake, which cannot be observed in the
older parts of the core. Thus, a natural source of these additional nutrients
seems unlikely. Since ca. 0.8 cal ka BP strong anthropogenic interference
is evident from several near shore temples that have been built during
the Yadavan rule approximately in the 12th century (Malu et al., 2005).

In general, the impact of long term Holocene climate change on
palaeolimnology becomes notably obvious from the δ13Corg, lithogenic
contribution, and grain-size values in our record and quite well delin-
eates the insolation curve since the end of the Younger Dryas (Fig. 4),
which additionally seems to drive the position of the summer Inter-
Tropical Convergence Zone (ITCZ), and thus the strength and north-
wards extent of the summer monsoon rainfall (Fleitmann et al., 2007).
One point that might be questioned is the characteristic of the climate
deterioration at 6.2 cal ka BP, which is reflected in the Lonar Lake record
by a sharp increase in δ13Corg, and thus points to an abrupt change,
which was also reported from other records (Morrill et al., 2003).
Nevertheless, we believe that this abrupt change is related to short
term climate variability and that the sudden increase in δ13Corg at
6.2 cal ka BP most likely represents the transgression of a threshold in
annual precipitation that led to the decline in terrestrial C3 plant vegeta-
tion and the increase in C4 plant contribution. Also, the changes in lake
level as displayed by the lithogenic content in the sediments show a rel-
atively smooth transition from a deep to a shallow lake. Additionally,
the relatively short term of the interval of drying between 6.2 and
3.9 cal ka BP is obvious from the subsequent change to wetter condi-
tions indicated by subaquatic sedimentation and the disappearance of
the gaylussite minerals. Thus, the transition from generally wet to
drier climate after the Holocene climate optimum seems to occur grad-
ually, and abrupt changes in the biogeochemical parameters are due to
relatively short-term climate anomalies as postulated by Fleitmann
et al. (2007) and reported from several regions (Hodell et al., 1999;
Gupta et al., 2003; Hong et al., 2003; Gupta et al., 2005; Demske et al.,
2009; Wünnemann et al., 2010).

4.2. Centennial scale Holocene climate variability

Besides the large scale millennial climate trend, several smaller cen-
tennial scale climate variations can be reconstructed from the Lonar
Lake bioclastic record. While the role of ENSO and shifts in the position
of the Indo Pacific Warm Pool (IPWP) in causing the prolonged droughts
during 4.6–3.9 and 2.0–0.6 cal ka have been discussed by S. Prasad et al.
(2014), the short term climate variability identified in our new dataset
cannot be explained by the same mechanism necessitating the search
for alternative causal mechanisms. Several studies have identified links
between Asian monsoon and North Atlantic palaeoclimate with cold
events in the North Atlantic region, as identified by ice-rafted debris in
deep sea cores (Bond et al., 1997; Bond et al., 2001), being linked to de-
creases in monsoon strength over Asia (Gupta et al., 2003; Hong et al.,
2003;Dykoski et al., 2005;Wanget al., 2005; Fleitmannet al., 2007).Near-
ly all Bond events are isochronally reflected by indications of short term
changes in monsoon strength in the proxies from Lonar Lake sediment
core (Fig. 5). Since the centennial scale climate variations at Lonar Lake
are reflected in different proxies and not all proxies show every phase of
climate change, we calculated a Bioclastic Climate Index (BCI) that com-
bines the Holocene course of the independent and climatically sensitive
δ13Corg, lithogenic contribution, and combined amino acid proxy values.
Since the variations in δ15N and C/N values within the Lonar Lake record
seem not to be predominantly driven by climate change or at least are
considerably biased by other processes (see Sections 3.5.3 and 3.5.5), we
did not include them into the BCI calculation. The BCI shows the deviation
from the mean values given in percent of the maximum variation of the
respective proxy in the data set according to the formula:

BCI %ð Þ ¼ Δ13C %ð Þ þ Δlith %ð Þ þ 0:5 � ΔLI %ð Þ þ ΔOx=Anox %ð Þ½ �
3

with high values indicating drier and low values indicating wetter condi-
tions. We used half of the sum of the LI and Ox/Anox values to not over-
state the variability in amino acid data as both values are calculated
from the same data set, and thus are not fully independent. Further, line-
arly interpolated values for the amino acid derived proxies were used as
these proxies were measured in a lower resolution than δ13Corg and
lithogenic contribution. Since the BCI also shows the long term
palaeoclimate trend, a detrended curve was calculated to emphasise the
centennial scale palaeoclimate variations (Fig. 6). The applicability of the
BCI in reconstructing changes in precipitation is corroborated by its nega-
tive correlation (−0.55; p b 0.01), despite human interferences at Lonar
Lake in modern times, with the all India rainfall record (ftp://www.
tropmet.res.in/pub/data/rain/iitm-regionrf.txt) by applying a low-pass fil-
ter to the rainfall data and the Gaussian kernel based correlation analysis
(NESToolbox for MATLAB used; Rehfeld et al., 2011). In addition to the
BCI, the occurrence of evaporitic gaylussite crystals (Anoop et al., 2013b)

ftp://www.tropmet.res.in/pub/data/rain/iitm-regionrf.txt
ftp://www.tropmet.res.in/pub/data/rain/iitm-regionrf.txt


Fig. 5. Comparison of our data of lithogenic contribution (A), C/N ratio (B), Ox/Anox ratio (C), LI (D), δ15N (E), and δ13Corg (F) to the percentage of haematite stained grains (G) in core
MC52, a climate record from the North Atlantic region (Bond et al., 2001). C/N, δ13Corg, and δ15N were reported by S. Prasad et al. (2014); gaylussite crystal occurrence was reported by
Anoop et al. (2013b). Numbers 0–8 designate cold events in the North Atlantic region (Bond events). Grey shaded intervals denote periods that are interpreted to be phases of climate
deterioration at Lonar Lake. Error bars indicate the standard deviation range (2σ) of calibrated radiocarbon dates.
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was used to interpret the climatic changes at Lonar Lake since the
gaylussite crystals exclusively indicate changes in Lonar Lake hydrology
related to reduced available effective moisture.

Largely, the changes in the de-trended BCI are coincident with the
intervals of increased ice rafted debris in the North Atlantic (Bond
et al., 2001). The oldest of the Holocene cooling events in the North At-
lantic region, the Bond event 8, can be correlatedwith the occurrence of
gaylussite crystals in the Lonar Lake core on top of the section that rep-
resents the phase of climate transition andmonsoon onset after the soil
formation (Fig. 5). The Bond event 7 is concurrently correlated to a
double-peaked increase in δ13Corg and to an increase in lithogenic con-
tribution. The δ13Corg increases are interpreted as changes in terrestrial
vegetation to more C4 plant abundance, indicating drier conditions.
The subsequent decrease in δ13Corg denotes the transition to C3 plant
domination, and thus wetter conditions during the early Holocene. A
concurrent climate variation to Bond event 6 is indicated by elevated
LI and Ox/Anox values as well as high δ15N values (Fig. 5). The amino
acid based indices reveal an increase in oxygen supply to the sediments
at 9.15 cal ka BP, and the pollen record points to a dry phase, during
which the whole sediment section of this subunit became exposed to
oxic or even subaerial conditions, since only fewpollen that are resistant
to aerobic decomposition are preserved in the sediments older than
9.2 cal ka BP (Riedel & Stebich, unpublished data). Enhanced oxygen
supply could also be responsible for the elevated δ15N values, since an
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Fig. 6. Comparison between the Bioclastic Climate Index (BCI) (A), the detrended BCI (B), the climate record from the North Atlantic Region (C), and the detrended and smoothed 14C
production rate (D) (Bond et al., 2001). Detrending of the BCI was performed by applying a Gaussian kernel based filter with a kernel bandwidth of 500 years to the values of the time
slice b11.14 cal ka BP. The values of the time slice ≥11.14 cal ka BP were adjusted by subtracting the lowest value of this time slice from the data since a rapid shift in BCI values at
11.14 cal ka BP occurs. Red and blue colour fills indicate relatively dry and wet phases, respectively. Error bars indicate the standard deviation range (2σ) of calibrated radiocarbon
dates. (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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increase in δ15N during aerobic degradation was reported from in vitro
(Lehmann et al., 2002) as well as from in vivo (Freudenthal et al., 2001)
investigations. A drying trend in the Asian tropical region during this so
called 9.2 ka event was reported before and also related to a cooling
trend in the North Atlantic region (Dykoski et al., 2005; Fleitmann
et al., 2008). Elevated LI, Ox/Anox, and lithogenic contribution values
in the Lonar Lake core comparable to the values at 9.2 cal ka BP can be
found during 8.2–7.7 cal ka BP (Fig. 5). This phase correlateswithin dat-
ing uncertainties with a cool phase in the North Atlantic situated at the
early stage of Bond event 5. The relatively short cool phase during the
early stage of Bond event 5 is also known as the 8.2 ka event. Similar
to the 9.2 ka event, a cooling trend in the North Atlantic region was ac-
companied by a drying trend in monsoon-influenced Asia (Alley et al.,
1997; Wang et al., 2005). It is widely accepted that the cooling during
the 8.2 ka event was caused by a pulse of freshwater that burst out of
the Lakes Agassiz and Ojibway through the Hudson Straight, which
weakened the thermohaline Atlantic meridional overturning circula-
tion, thus leading to the climate anomaly (Barber et al., 1999; Teller
et al., 2002; Kendall et al., 2008). The peak at the later stage of Bond
event 5 is correlated with elevated δ13Corg values and an increase in
lithogenic contribution (Fig. 5). Elevated LI, Ox/Anox, and lithogenic
contribution at 6.45 cal ka BP correlate within dating uncertainties
with a cool phase at the beginning of Bond event 4. The following inten-
sification of the North Atlantic cold spell (Bond event 4) and the Bond
event 3 are reflected by the most obvious centennial scale climate
changes shown by our data. These two phases constitute the climate
transition from generally wet to generally drier conditions during the
mid Holocene (see Section 4.1) at 6.2–5.2 cal ka BP and 4.6–3.9 cal ka
BP, respectively, which is consistent with reports of southward migra-
tion of the ITCZ, monsoon weakening, and related drying trends from
various locations of the Asian monsoon realm (Enzel et al., 1999;
Morrill et al., 2003; Parker et al., 2004; Prasad and Enzel, 2006;
Staubwasser and Weiss, 2006; Fleitmann et al., 2007; Demske et al.,
2009; V. Prasad et al., 2014). The older phase, concordant with Bond
event 4, is characterised by a strong increase in δ13Corg with two sudden
shifts, the first by ~8‰ at about 6.2 cal ka BP and the second by ~4‰ at
about 5.7 cal ka BP. The second shift in δ13Corg is accompanied by an in-
crease in δ15N of ~2‰. The increase in δ13Corg ismost likely linked to two
major factors. A shift in terrestrial vegetation from C3 dominance to
more C4 contribution seems to explain the increase in δ13Corg at
6.2 cal ka BP since S. Sarkar (in preparation) found an increase in δ13C
of long chain n-alkanes. The second increase in δ13Corg at 5.8 cal ka BP
results in δ13Corg values that even exceed the values of C4 land plants,
and thus the second shift cannot be explained by a further change in
the terrestrial fraction of the OM alone. Hence, the elevated δ13Corg

values seem to be related to a change in the aquatic system. A reason-
able explanation is an increase in pH, as a result of an increased salt con-
centration in the water during lake level decline in response to
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relatively dry conditions, and a related shift in the dominant photosyn-
thetic inorganic carbon source fromCO2 toHCO3

− (S. Prasad et al., 2014).
The assumption that elevated pH is responsible for the δ13Corg increase
is corroborated by the concurrent increase in δ15N. In anoxic waters,
whichmost probably were present during the related time as indicated
by the low Ox/Anox ratios, high pH causes ammonia volatilisation that
leads to a δ15N increase of aquatic OM (Casciotti et al., 2011). After
5.2 cal ka BP, the δ13Corg and δ15N values gradually decrease, which
could indicate a slightly wetter period from 5.2 to 4.6 cal ka BP but
which could also be due to the disappearance of the anoxic water
layer as a response to further lake level decline. Subsequently, the dry
phase between 4.6 and 3.9 cal ka BP, which has been correlated with
an expansion of the IPWP (S. Prasad et al., 2014) but also partly corre-
lates with Bond event 3, does not show as elevated δ13Corg and δ15N
values as the previous dry episode. This seems to be related to the disap-
pearance of the anoxic water layer, and hence the lack of ammonia
volatilisation, producing 15N enriched ammonium, and the lack of
methanogenesis, producing 13C enriched CO2. The strongest indications
for dry climate during this period are the occurrence of evaporitic
gaylussite crystals throughout this zone (Anoop et al., 2013b) and the
elevated lithogenic content in the sediments indicating low lake level.
However, the decreased δ13Corg values are responsible for the lower
BCI values during this time slice even though the occurrence of
gaylussite crystals indicates drier conditions compared to the time
slice 6.2–5.2 cal ka BP (Fig. 6). Subsequently, the only Bond event that
does not show a marked complement in the Lonar Lake record is Bond
event 2 between ca. 3.5 and 2.7 cal ka BP. This might be due to the
fact that generally drier conditions had been established after the very
dry period correlated with Bond events 4 and 3. Thus, thewetter period
during ca. 3.9–3.5 cal ka BP did not provide enough excess in precipita-
tion over evaporation to establish a high lake level with strong anoxic
hypolimnion and vegetation dominated by C3 plants. Hence, if the peri-
od between 3.5 and 2.7 cal ka BP was drier at Lonar Lake compared to
the period 3.9–3.5 cal ka BP, no significant changes in our proxies
could be expected as long as the lake does not desiccate. Nevertheless,
two minor positive shifts in δ13Corg and contemporaneous increases in
the amino acid derived indices result in two BCI peaks that possibly in-
dicate drier conditions at Lonar Lake corresponding to the double-
peaked North Atlantic cooling event during Bond event 2 (Fig. 6). The
following period of strong evidence of climate deterioration at Lonar
Lake is again marked by evaporitic gaylussite crystals and was dated
at an age of 2.0–0.6 cal a BP (Anoop et al., 2013b; S. Prasad et al.,
2014). Thus, it can be correlated with Bond event 1 but exceeds the
time span of the Bond event by about 500 years, which is in accordance
with the report of decadal scale famines in India during the 14th and
15th century (Sinha et al., 2007). However, this strong drying event is
also coincident with an increase in ENSO like conditions (Moy et al.,
2002; Rein et al., 2005) in the Pacific (S. Prasad et al., 2014) suggesting
complex links to the North Atlantic and to the Pacific forcings. The dry
climate of this period, as indicated by the gaylussite precipitation, is
not well reflected in the BCI. This is due to the eutrophication, which
causes the development of lake water anoxia and a related descent of
the amino acid derived proxy values. The BCI indicates an abrupt transi-
tion to wet climate at 1.3 cal ka BP (Fig. 6), which is due to the biased
amino acid indices. Thus, the BCI values during the phase of strongest
anoxia between 1.3 and 0.3 cal ka BP, as indicated by the Ox/Anox
ratio, are shifted to lower values, hence indicating wetter climate than
actually prevailed. Finally, Bond event 0 is concurrently correlated to in-
creased δ13Corg and lithogenic contribution values between 440 and
240 cal a BP (Fig. 5). Again, anthropogenic interference cannot be
ruled out here in the younger part of the core. But, since the two-step in-
crease in δ13Corg at 440 and 260–245 cal a BP and the subsequent de-
crease in δ13Corg correlate with two minima in solar activity, the
Spörer Minimum and the Maunder Minimum, and a subsequent in-
crease in solar activity, it seems likely that these changes are driven by
monsoon strength weakening during the ‘Little Ice Age’ (Bond event
0) and the subsequent climate amelioration (Anderson et al., 2002;
Agnihotri et al., 2008).

Multiple proxies (S. Prasad et al., 2014; this study) indicate that
there are both tropical and high latitude influences on the ISM that
can be finally linked to solar variability. The fact that all phases of cli-
mate cooling in the North Atlantic region identified by Bond et al.
(2001) are largely contemporaneously (within dating uncertainties) ac-
companied by climate deteriorations at Lonar Lake, as inferred from
changes in BCI and evaporative gaylussite crystal precipitation, indicates
that the North Atlantic and the Indian monsoon climate systems were
linked during theHolocene. Evidence for contemporaneous climate var-
iability in the Asian tropics and the North Atlantic region during the Ho-
locene has also been reported from annually laminated, precisely dated
stalagmites (Liu et al., 2013). A reasonable explanation for such a con-
current linkage is an atmospheric tele-connection,which has the poten-
tial to connect the two systems without substantial delay. Coupled
ocean–atmosphere climate simulations could show that cooling of the
northern hemisphere results in reduced summer monsoon rainfall
over India (Broccoli et al., 2006; Pausata et al., 2011). This is due to the
development of an asymmetric Hadley cell accompanied by a south-
wards shift of the ITCZ, which causes an enhanced net energy (heat)
transport from the tropics to the cooled northern hemisphere
(Broccoli et al., 2006). Such a southwards shift of the ITCZ would lead
to weaker-than-normal Asian summer monsoon, and thus might be
the mechanism responsible for the Asian-North Atlantic climate con-
nection indicated by our data. Anothermechanism thatmight have con-
tributed to the connection could be the effect of northern hemisphere
cooling on Eurasian snow cover if the cold phases recorded in the
North Atlantic region have caused enhanced snow accumulation over
Eurasia. Modern observations and model calculations show that extent
and duration of Eurasian snow cover affect the Asian monsoon system
(Barnett et al., 1989; Bamzai and Shukla, 1999). Prolonged Eurasian
snow cover during spring cools the overlying air since energy is used
to melt the snow and to evaporate the melt water instead of warming
the land surface, thus having a downwind effect on South Asian land-
masses and weakening the thermal gradients between land and
ocean, which causes a weaker-than-normal summer monsoon
(Barnett et al., 1989).

The reason for the North Atlantic cooling events might be reduction
in insolation triggered by reduced solar output. This was postulated by
Bond et al. (2001)who found that theNorth Atlantic cooling events cor-
relate with smoothed and detrended 14C and 10Be production rates (14C
shown in Fig. 6), which are inversely correlatedwith solar output (Beer,
2000). They also found a ca. 1500 year periodicity of the palaeoclimate
variation in their record, which is in agreement with palaeoclimate var-
iations reconstructed from other records (see Mayewski et al., 2004)
and the link between periodicities in climate archives and solar activity
(Soon et al., 2014). To compare these findings with our data, we have
calculated the major frequencies in our climate proxy data as well as
the correlation between the BCI and the 14C production rate. Before
the spectral analysis, the long term climate trend was removed from
the whole time series by applying a Gaussian kernel based filter with
a kernel bandwidth of 500 years. The correlation between the
detrended 14C production rate (Bond et al., 2001) and the detrended
BCI is relatively high (0.63), thus supporting the hypothesis that climate
variability in India is influenced by changes in solar irradiance (Gupta
et al., 2005). The power spectral analysis revealed a 1519 year periodic-
ity besides 120 year, 274 year, 435 year, and 822 year periodicities in
our data set (Fig. 7). Thus, a periodicity in climate variability similar to
the “1500-year cycle” observed by Bond et al. (2001) is present in our
record and corroborates the connection of the North Atlantic and the
Indian monsoon palaeoclimates. The other periodicities seem to be re-
lated to solar cycles. The periodicities of 120 and 435 years equal eccen-
tricity periodicities (122 and 432 years), whereas the 822 year cycle
might be related to precession and obliquity cycles of 840 years
(Loutre et al., 1992). Due to the difference, it is questionable if the
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274 year cycle in our data set is related to the 245 year cycle of eccen-
tricity, obliquity, and precession (Loutre et al., 1992), but the possibility
should not be excluded. In summary,we conclude thatwhile IPWP forc-
ings are important in causingmillennial scale periods of prolonged dry-
ness during the mid and late Holocene in central India (S. Prasad et al.,
2014), the subtle short term changes identified by the BCI indicate the
presence of North Atlantic forcings as well.

4.3. Implication for the archaeological history

Our palaeoclimate reconstruction from Lonar Lake gives some clues
according to the ongoing discussion about the role of mid-Holocene cli-
mate change on the de-urbanisation and abandonment of most Mature
Harappan cities in the Indus valley region and the dislocation of settle-
ments during the Late Harappan phase after 3.9 cal ka BP especially to
the western Ganga Plains (Possehl, 1997). Singh (1971) postulated that
thedevelopment andexpansion of theHarappanCivilisationwas strongly
related to favourable climate conditions and to severe climate deteriora-
tion during its decline. However, Possehl (1997) and Enzel et al. (1999)
proposed that the influence of climate to the fate of theHarappan Civilisa-
tionwasminimal or absent. But, since the capture of rivers that contribut-
ed to the water supply of the Harappan cities caused by tectonic activity
during the time of Harappan decline could not be confirmed (Clift et al.,
2012) and since almost all of these rivers were monsoon fed (Tripathi
et al., 2004; Giosan et al., 2012), vulnerability of the urban Harappan
sites to weakened monsoon seems likely. And while Staubwasser and
Weiss (2006) argue for a direct link between the decline of the Harappan
Civilisation and the relatively short dry episode at about 4.2 cal ka BP,
others hypothesise that the gradual climatic decline between ~5 and
4 cal ka BP caused an adaptionof the cultivationmethods to reduced sum-
mer monsoon rainfall (Gupta et al., 2006; Madella and Fuller, 2006;
MacDonald, 2011) and related diminution in seasonal flooding (Giosan
et al., 2012).

Our data support the view that the rise of the Harappan Civilisation
did not occur during a phase of wettest climate (Enzel et al., 1999) but
that the development of the huge cultural centres was more likely
linked to the climate deterioration during the transition from thewetter
early Holocene towards the drier late Holocene. A similar development
was reconstructed for the rise and fall of the Mayan cities in Central
America where the spread of urban centres coincided with a phase of
declining humidity between 1.3 and 1.15 ka BP and the abandonment
started subsequently at ~1.15 ka BP probably due to persistent dry con-
ditions (Kennett et al., 2012). The development of highly populated cen-
tres in the Indus Valley was possibly due to the reduction of annual
rainfall and the concentration of cultivable acreage along the rivers
that provided enough water for agriculture in the form of seasonal
flooding to supply the resident population. The fact that diminished
available effective moisture at Lonar Lake between 4.6 and 3.9 cal ka
BP correlates well with other records from the Asian monsoon realm
(Hong et al., 2003; Gupta et al., 2005; Demske et al., 2009;
Wünnemann et al., 2010) displays the supra-regional character of this
drying trend and corroborates the assumption that the climatically sen-
sitive sites especially in the relatively dry regions of the western
Harappan territories were forced to adapt to severe shortages in water
supply as for example to rivers that became ephemeral. A consequent
change in agricultural strategy towards cultivation of crops that called
for amore extensive land use and could not support the highly populat-
ed centres seems to be a reasonable explanation for the gradual decline
of the Harappan Civilisation.

5. Conclusions

The analyses of the C/N, δ13Corg, δ15N, lithogenic contribution, grain-
size, and amino acid degradation indices LI and Ox/Anox ratio values in
combination with the evaporitic gaylussite crystals from the sediment
core samples of the climatically sensitive Lonar Lake revealed several
environmental and hydrological changes during the Holocene that can
be related to climate shifts.

The long term Holocene climate development at Lonar Lake shows
three phases. The first phase is characterised by dry conditions at
about 11.4 cal ka BP followed by a transition towetter conditions during
the time of monsoon onset and strengthening (~11.4–11.1 cal ka BP).
The second phase comprises the early Holocene and shows wet condi-
tions with high lake level and C3 dominated catchment vegetation. A
subsequent transition to drier conditions occurs between ca. 6.2 and
3.9 cal ka BP. The late Holocene represents the third phase, which is
characterised by relatively dry conditions as indicated by lower lake
level and terrestrial vegetationwith high C4 plant contribution. Compar-
ison of these findings with other climate records from South Asia and
the North Atlantic region displays a strong similarity, with strong mon-
soon phases in Asia correlatingwith warm periods in the North Atlantic
region and weak monsoon correlating with colder climate in the North
Atlantic region (Johnsen et al., 2001). These climatic conditions seem to
be closely related to the northern hemisphere insolation, which addi-
tionally seems to drive the position of the ITCZ, and thus the northwards
extent of the summer monsoon rainfall (Fleitmann et al., 2007).

The long termclimate trend is superimposed by several shorter term
climatefluctuations. Someof thesefluctuationshave also been observed
in other high resolution climate records from Asia, and they can be cor-
related with the North Atlantic Bond events (Bond et al., 1997, 2001).
The correlation is the same as observed for the long term trend with
cold periods in the North Atlantic correlating with dry periods over
South Asia and vice versa. All the 9 Bond events during the Holocene
are isochronally (within dating uncertainties) reflected in the Lonar
Lake record. This points to a connection between the two climate sys-
tems or to an identical trigger of climate variability. The fact that the
Bioclastic Climate Index (BCI) quite well delineates the solar output
proxy 14C production rate (Bond et al., 2001) corroborates the assump-
tion that variations in solar activity triggered centennial scale variability
of the Indian monsoon climate during the Holocene. However, the am-
plitude of the BCI not solely depends on the centennial climate variabil-
ity but is also influenced by the long term Holocene climate variability,
other tele-connections (e.g., Pacific climate; S. Prasad et al., 2014), local
climate phenomena, changes in environmental conditions, and anthro-
pogenic interferences. Thus, the amplitude of the BCI curve does not al-
ways reliably display the absolute strength of climate variability.

With respect to the archaeological record from India and Pakistan,
our results support the hypothesis that the rise of theHarappan Civilisa-
tion was linked to the climate deterioration during the transition from
wetter climate of the early Holocene to drier climate of the late Holo-
cene. We believe that the decline of the urban centres especially in the
western Harappan territories might best be explained by a gradual re-
duction of summer monsoon between ~4.6 and 3.9 cal ka BP and a
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consequent adoption of new agricultural practices and crops that
demanded a social adjustment.
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