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Oxygen and carbon isotope ratios of soil carbonate and carbon isotope ratios of soil organic matter (SOM)
separated from three cores, Kalpi, IITK and Firozpur, of the Ganga Plain, India are used to reconstruct past
rainfall variations and their effect on ambient vegetation. The δ18O values of soil carbonate (δ18OSC) analyzed
from the cores range from −8.2 to −4.1‰. Using these variations in δ18OSC values we are able, for the first
time, to show periodic change in rainfall amount between 100 and 18 ka with three peaks of higher monsoon
at about 100, 40 and 25 ka. The estimation of rainfall variations using δ18O value of rainwater-amount effect
suggests maximum decrease in rainfall intensity (~20%) during the last glacial maximum. The δ13C values of
soil carbonate (δ13CSC) and SOM (δ13CSOM) range from −6.3 to +1.6‰ and −28.9 to −19.4‰, respectively,
implying varying proportions of C3 and C4 vegetations over the Ganga Plain during the last 100 ka. The com-
parison between monsoonal rainfall and atmospheric CO2 with vegetation for the time period 84 to 18 ka in-
dicate that relative abundances of C3 and C4 vegetations were mainly driven by variations in monsoonal
rainfall.

© 2011 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

During the Quaternary Period, global climate has oscillated between
glacial and interglacial conditions (Cane, 1998; Clement et al., 1999)
and the Indian monsoon has responded to these climatic changes
(Prell and Van Campo, 1986; Prell and Kutzbach, 1987). Past monsoon
reconstructions from marine sediments suggest that the glacial and in-
terglacial periods were characterized by weaker and stronger summer
monsoons, respectively (Prell and Van Campo, 1986; Clemens and
Prell, 1990; Clemens et al., 1991). Model simulations suggest that the
Indian summer monsoon rainfall varied by up to 30% during the last
150 ka as a result of changes in insolation coupledwith glacial–intergla-
cial conditions (Prell and Kutzbach, 1987). Most of these studies used
proxy records that respond to wind-induced upwelling, and therefore
essentially relate to the variation in wind speeds. However, rainfall as-
sociated with Indian summer monsoon depends on the moisture con-
tent and transportation path of wind rather than the speed (Clemens
et al., 1996; Sarkar et al., 2000). There have been several attempts to re-
construct the past monsoon from continental records (Wasson et al.,
1983; Tandon et al., 1997; Juyal et al., 2000, 2006, 2009; Gibling et al.,
2005). However, the inferencesmade from those studies are qualitative
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in nature, and no quantitative estimate on the amount ofmonsoon rain-
fall variability for the late Quaternary (last 0.5 Ma) is available.

The alluvial sediments of the Ganga Plain, which lie in the path of
the Indian summer monsoon, provide an excellent archive for past
rainfall reconstructions. The sediments in the Ganga Plain are mainly
deposited by perennial and monsoon-fed rivers (Ganga, Yamuna,
Chambal etc.; Fig. 1). Gibling et al. (2005) proposed that variations
in monsoonal rainfall affect the river system in the Ganga Plain. How-
ever, in absence of rainfall variation data, the climate forcing on the
river system remains speculative. The presence of soil carbonates in
the Ganga Plain sediments, whose isotopic composition is controlled
by rainwater due to isotopic exchange, are useful in reconstruction
of the temporal changes in rainfall amount.

The nature and types of vegetation are governed by ambient atmo-
spheric CO2 concentrations and rainfall amounts (Ehleringer, 2005;
Osborne and Beerling, 2006). For example, it has been suggested
that C4 plants, which can more efficiently assimilate CO2, evolved in
response to the lowering of atmospheric CO2 during the late Miocene
(Cerling et al., 1997). On the other hand, the high water-use efficiency
of C4 plants suggests a strong dependency on temperature and sea-
sonal rainfall (monsoon) in their emergence and proliferation (Pagani
et al., 1999; Sanyal et al., 2004, 2005, 2010). The factors responsible
for spatial and temporal variations of C3 and C4 plants abundances,
however, are still a subject of considerable debate.

The present study aims to reconstruct the monsoon rainfall varia-
tions and vegetation history of the Ganga Plain for the last ~100 ka
c. All rights reserved.
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Figure 1. Map (after Gibling et al., 2005) showing locations of the Kalpi, IITK and Firozpur
cores (solid triangles). The Kalpi core was drilled from the southern bank of the Yamuna
River; the IITK core was taken from the interfluve area of the Ganga–Yamuna River; the
Firozpur core was taken from the valley-fill deposits of the Ganga River.
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using oxygen (δ18OSC) and carbon isotope ratios (δ13CSC) of soil car-
bonate and carbon isotope ratios of coexisting organic matter
(δ13CSOM). By comparing the rainfall data and available pCO2 records
(Barnola et al., 1987) with abundances of C3 and C4 plants, we at-
tempt to ascertain the forcing factors (rainfall and pCO2) in the rela-
tive abundance of C4 plants during the late Quaternary.

Study area

The Ganga Plain covers an area of ~250,000 km2 between 77°E to
88°E longitude and 24°N to 30°N latitude. It lies between the northern
Himalayan foothills (Siwalik) and the southern Peninsular India
(Fig. 1), and made of sediments derived from the Himalaya and the
Peninsular India. The study area lies within the south-central part of
the Ganga Plain (Fig. 1) where the late Quaternary sequences are
exposed along incised valley of major rivers. The rainfall observed
here is on average 800–1000 mm/yr, and the mean maximum and
minimum temperatures range are 30–32°C and 15–18°C, respectively
(Singh, 1994).

Three sediment cores, Kalpi (50 m), IITK (50 m) and Firozpur
(25 m), were drilled for this study and are described as follows:

Kalpi core
The Kalpi core (Fig. 2a)was drilled from the top part of a cliff section
at Kalpi, along the Yamuna River (“Kalpi cliff”). The sediments in the
Kalpi core are alternatingfloodplain and sand deposits (Fig. 2a). Rhi-
zoconcretions,mottles and Fe/Mn nodules, which indicate pedogen-
ic activity during the pauses in sedimentation, are found within the
floodplain and channel deposits. Thick accumulations of carbonates
are observed at depths of ~22 and 30 m. These carbonates are com-
parable with the ground-water calcrete of the Kalpi cliff section
(Sinha et al., 2006). The details of the dating technique used on the
Kalpi core samples are provided in methodology section below.
oi.org/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
IITK core
The IITK core (Fig. 3a) belongs to interfluve region of the Ganga
Plain and contains mainly fine-grained floodplain sediments inter-
spersed with minor sand layers (Sinha et al., 2007). Except in
some parts of the IITK core, the presence of thick soil layer, dark
mottles and rhizoconcretions indicates that the floodplain units
have undergone pedogenesis (Sinha et al., 2007). The floodplain
units of the IITK core yield strong magnetic signatures which also
suggest pedogenesis (Sangode and Bloemendal, 2005; Sinha et al.,
2007). A thick accumulation of carbonate is observed at a depth of
~14 m. Four Optically Stimulated Luminescence (OSL) ages 30.3±
3.4, 38.7±3.7, 63±4.0 and 86±7.4 ka have been obtained for
IITK core at 11.6, 21.5, 31.86 and 41.93 m depths, respectively
(Sinha et al., 2007).
Firozpur core
The Firozpur core (Fig. 4a) was obtained from a valley-fill deposit
of the Ganga Plain at Firozpur. The core is marked by alternate
channel and floodplain facies with two fining-upward cycles.
Sinha et al. (2007) interpreted this observation as repeated events
of valley aggradation. Floodplain facies of the Firozpur core (10–
20 m depth) is characterized by abundance of carbonate nodules
and black mottles, which indicate that floodplain units have un-
dergone pedogenesis. The lower floodplain and channel unit con-
tain a thick accumulation of carbonates. Three OSL ages have been
obtained for the Firozpur core at 4.6, 7.6 and 18.5 m which corre-
spond to 8.5±1.2, 10.5±1.7 and N31.6±2.7 ka respectively
(Sinha et al., 2007).

Most paleosols in the Ganga Plain are accretionary (Sinha et al.,
2007) implying that nodules at the bottom of paleosol unit are the
oldest and those at the top of profile are the youngest. Isotopic ratios
of soil carbonate nodules, therefore, record continuous time-series
rather than time-averaged states.

Sample description

The diameter of carbonate nodules collected from the cores ranges
from 0.5 to 5 cm (Figs. 5a,b). On the basis of megascopic property
(size and form), host sediment (sand or mud), degree of indurations
and petrographic characters, carbonates of the Ganga Plain have been
classified as pedogenic (soil carbonates) and non-pedogenic carbonate
(ground-water) (Sinha et al., 2006). Soil carbonates are common in all
the three cores, except in part of the IITK core. Each nodule was divided
into two halves. One-half was used for making a thin section for micro-
scopic studies and the remaining half was used for isotopic analyses of
carbonates. The thin sections of the soil carbonate from the Kalpi, IITK
and Firozpur cores (Figs. 5a1,a2,a3) reveal that the calcium carbonate is
mostly micritic in nature. Small amounts of sparry calcite (Figs. 5a2) in-
dicate that there has been insignificant recrystallization of micrite since
the initial precipitation of the carbonates. Thin sections of ground-
water carbonates from the channel unit of the Kalpi and Firozpur cores
show abundant floating grains (mainly quartz and small amounts of
muscovite and biotite) in a sparry groundmass (Figs. 5b1,c1). The car-
bonates in muddy sediments from the lower part of the Firozpur core
are also micritic and occur with an accumulation of quartz grains (Fig.
5d1).

Methodology

Optical dating of the Kalpi core sediments

Luminescence dating techniques rely on the principle that the lumi-
nescence response of naturally occurring minerals to environmental
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Figure 2. (a) Litholog of the Kalpi core collected from the Ganga Plain and variations in: (b) δ18OSC, (c) δ13CSC, and (d) δ13CSOM with respect to depth. The δ18OSC values show shorter
term isotopically negative intervals at 50, 25 and 14 m depth (b). These negative intervals of δ18OSC values represent high monsoon conditions and correspond to 84, 40 and 25 ka,
respectively. The δ13CSC values show negative intervals around 50, 35 and 14 m depth (c), almost coinciding with high monsoon intervals. The δ13CSC values show mixed C3–C4
vegetation with higher abundance of C3 plants during high monsoon. The δ13CSOM values show negative intervals from 50 to 30 m depth (d), indicating higher abundance of C3
plants.
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radiation is cumulative over time and during transportation of sedi-
ment, geological luminescence (trapped charges) is reduced to a resid-
ual level by exposure of the sediment to sunlight (bleaching). Once
sediment is buried, accumulation of luminescence occurs due to ioniz-
ing radiation arising from ambient radioactivity from U, Th and K.
Hence, the luminescence concentration in the mineral is a function of
burial time and the intensity of radioactivity in the sample environment
(Aitken, 1998).

Core samples for optical dating were collected and sequentially pre-
treated for removing carbonate and organic carbon with 10% HCl and
30% H2O2, and 90–150 μm size fractions were obtained by dry sieving.
The pure quartz fractions were eventually extracted via density separa-
tion with sodium polytungstate (ρ=2.58 g/cm3). Quartz grains thus
obtainedwere treatedwith 40%HF for 80 min to remove alpha-affected
layers and to remove feldspar contamination, if present. After etching,
sample KP-4 did not yield enough quartz for analysis. Samples KP-5
and KP-6 showed early saturation; hence, the feldspar extracted from
these two samples was analyzed using Infra-Red Stimulated Lumines-
cence (IRSL) dating with the Single Aliquot Regeneration (SAR) proto-
col (Murray and Wintle, 2003). Considering that feldspars are prone
to loss of luminescence signal at room temperature, ‘fading’ corrections
suggested by Huntley and Lamothe (2001) and Auclair et al. (2003)
were applied to obtain fading-corrected ages. In order to estimate the
environmental dose rates, XRF and ICP-MS were used to measure the
concentrations of U, Th and K in the sediment samples.

In view of the saturation effect on quartz, an attempt was made to
use an evolving technique called the Iso-thermal luminescence (ITL)
(Jain et al., 2005) on the quartz extracted from samples KP-5 and
KP-6. However, the ITL ages were significantly overestimated (~40%
residual luminescence after bleaching for 1000 s). Therefore, fading-
rg/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
corrected IRSL ages obtained on feldspar were used as the best esti-
mates for ages of the Kalpi core samples.

In order to check the reliability of the IRSL-SAR protocol used on
the feldspar minerals, standard tests were performed: preheat pla-
teau, thermal transfer, dose recovery, etc. (Murray and Wintle,
2000). The results indicate that the samples can be analyzed by the
standard SAR protocol of Murray and Wintle (2000). The dating of
the samples was done at the Department of Geosciences, National
Taiwan University, Taipei, Taiwan.

Isotopic analysis of carbonates

Samples for isotopic analyses were taken from the fresh surface of
the nodules by a dental drill under microscope to avoid sampling of
fracture-fill carbonates. Powdered samples were reacted with 100%
H3PO4 at 72°C in the Gas Bench II coupled with Finnigan DeltaPlusXP
Continuous Flow Isotope Ratio Mass Spectrometer (CFIRMS). The C
and O isotope ratios were measured from the evolved CO2 in a
CFIRMS. Long-term (~1 yr) measurements of in-house CaCO3 stan-
dards BDH (procured from University College London) and Z-Carrara
(procured from Physical Research Laboratory, Ahmedabad) that were
calibrated via NBS-19 provide an external precision of ±0.1‰ (2σ)
for both the δ18O and δ13C values.

Isotopic analysis of soil organic matter (SOM) and modern plant samples

The individual paleosol samples were powdered and thereafter
decarbonated using 0.5 N HCl. Acid and soluble salts were removed
by centrifuging (~3000 rpm) with deionized water. Subsequently,

image of Figure�2
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Figure 3. (a) Litholog of the IITK core (Sinha et al., 2007) collected from the Ganga Plain and variation in (b) δ18OSC, (c) δ13CSC and (d) δ13CSOM values with respect to depth. The (b)
δ18OSC values show isotopically negative intervals around 50 and 5 m depth, which suggest high monsoon phases around 100 and 22 ka. The (c) δ13CSC and (d) δ13CSOM values show
negative intervals around 50 and 5 m that suggest higher abundance of C3 plants.
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the decarbonated samples were dried in an oven at 70°C. The dried
samples were crushed to make a fine powder.

To analyze δ13C values of modern C3 and C4 plants, grass samples
were collected from the south-central part of the Ganga Plain (Bithur
and the Kalpi cliffs) and the Kharagpur region. The plant samples
were washed with dilute HCl, rinsed with water and oven dried and
then crushed to make fine powder. 10–25 mg of the powdered sam-
ple of SOM and ~100 μg samples of modern plants were combusted
in a Flash EA 1112 elemental analyzer coupled with CFIRMS. The
IAEA standard C-3Cellulosewas analyzed alongwith each set of samples,
to calibrate the data and check the reproducibility. Both C-3 and UBC-
ACE (Acetanilide)were used tomonitor analytical precisions. All isotopic
data are reported against VPDB with a routine precision of ±0.1‰ (2σ)
for δ13C values. All carbonates, organic matter and plant samples were
analyzed in the Stable Isotope Laboratory National facility of the Indian
Institute of Technology, Kharagpur, India.

Results

Ages of the Kalpi core

Three ages were obtained from the Kalpi core at depths 10.33 m,
30.6 m and 50.24 m. These ages are 20±4 ka (KP-4), 46±8 ka (KP-5)
and 84±18 ka (KP-6), respectively (Fig. 2a; Table 1).

δ13C values of modern plants

The δ13C values of C3 plants from south-central part of the Ganga Plain
and the Kharagpur region range from −32.6 to −19.2‰ and average
oi.org/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
−29.5±2.2‰ (n=47) (Table S1) and for C4 plants the value range
from−16.6 to−10.5‰ and average−13.0±1.4‰ (n=35) (Table S2).

δ18O and δ13C values in soil carbonate and δ13C values in SOM

Intra-profile isotopic variability
Figure 6 shows intra-profile variation of δ18OSC and δ13CSC, both lat-

eral and vertical where samples were available, in the four profiles of
the Kalpi core. The δ18OSC values aremore or less constant in both direc-
tions (lateral and vertical) for profiles 1, 2 and 3 (Figs. 6a,b,c). In case of
profile 4, the δ18OSC values show very little enrichment toward the top
(Fig. 6d). The δ13CSC values do not show continuous enrichment or de-
pletion with depth except for profile 4 where enrichment is observed
(Fig. 6d).

Kalpi core

The δ18OSC values in the Kalpi core range from −7.5 to −4.8‰
(Table S3). The variations of oxygen isotope ratio show enrichment
in 18O from bottom to top part of the core (Fig. 2b) with distinct fluc-
tuation. Overall, the δ18OSC values show more negative intervals at
~50, 25 and 12 m and less negative intervals at ~37, 17 and 8 m
depth (Fig. 2b).

The δ13CSC values in the Kalpi core samples range from −6.3 to
+0.9‰ (Table S3). The δ13CSC values show more negative intervals
at ~10 m and between 50 and 30 m depth. Less negative intervals
were measured at ~35, 27 and 8 m (Fig. 2c).

The δ13CSOM value in the Kalpi core samples range from −28.9 to
−19.4‰ (Table S3). From 50 to 30 m, the δ13CSOM values remain
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Figure 4. (a) Litholog of the Firozpur core (Sinha et al., 2007) collected from the Ganga Plain and variation in (b) δ18OSC, (c) δ13CSC, and (d) δ13CSOM values with respect to depth. The
δ18OSC values show short term isotopically negative interval around 15 m (b) and represent high monsoon conditions. (c) The δ13CSC and (d) δ13CSOM values show overall enrich-
ment from 20 to 11 m which suggests a decrease in C3 abundance from 30 to 18 ka.

Figure 5. (a) Soil-carbonate nodules from the Kalpi, IITK and Firozpur cores. Photomicrograph of soil-carbonate nodules from the Kalpi (a1), IITK (a2) and Firozpur cores (a3) dis-
playing mostly micritic nature. Presence of small amount of sparry calcite indicates that no major recrystallization has taken place after precipitation of carbonates (a2). Ground-
water carbonates from channel sand of (b) Kalpi and (c) Firozpur cores, and floodplain sediments of (d) Firozpur core. Photomicrograph of ground-water carbonates from the chan-
nel unit shows abundant floating grains (mainly quartz and small amount of muscovite and biotite) in a spar groundmass (b1, c1). Also, photomicrograph of the carbonates from
the muddy layer of the lower part of the Firozpur core shows floating grains of quartz (d1) in micritic groundmass.
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Table 1
Luminescence chronology of the Kalpi core.

Samples Depth (m) Radioactive element concentration Dose rate
(Gy/ka)

Paleodose
(uncorrected) (Gy)

Average
‘g’ values

Ages
(corrected) (ka)

U (ppm) Th (ppm) K (%)

KP-4 10.25–10.40 2.29±0.02 12.58±0.09 2.13 3.48±0.3 41.1±4.4 5.0 20±4
KP-5 30.52–30.68 3.41±0.02 18.58±0.1 1.90 3.98±0.4 115.7±10.6 4.5 46±8
KP-6 50.20–50.28 1.90±0.02 13.65±0.07 3.55 4.48±0.4 196.4±15.2 5.7 84±18
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between −28.9 and −24.9‰ (Fig. 2d). The 30 m depth is character-
ized by a gradual increase in δ13CSOM values to −22‰ ~27 m.
δ13CSOM values become less negative up to −21.1‰, ~8 m depth
(Fig. 2d).

IITK core

The soil carbonate nodules are mostly found in the lower and
upper parts of the core. A single nodule is found between 39 and
18 m (Fig. 3a). The δ18OSC values in the IITK core range from −8.2
to −4.1‰ (Table S3). Between 50 and 39 m depth, δ18OSC values re-
cord an overall trend toward less negative values from −7.8 to
−5.9‰, (Fig. 3b). In the top part of the core, at about 18 m, a value
of −4.1‰ is observed. Samples above 18 m are characterized by de-
crease in δ18OSC value up to 5 m (Fig. 3b). The most depleted phase
occurred at 5 m which is followed by phase of enrichment up to
3 m (Fig. 3b).

The δ13CSC values range from−5.4 to+0.6‰ (Table S3). From 50 to
39 m δ13CSC values show gradual enrichment. In the top part of the core
at about 13 and 5 m, minimum δ13CSC values are observed (Fig. 3c). On
the other hand, less negative intervals are observed at depths of ~18, 10
and 3 m (Fig. 3c).

The δ13CSOM values range from −27.2 to −19.4‰ (Table S3),
depicting a gradual enrichment in the sections from 50 to 39 m and
from 18 to 13 m (Fig. 3d). The top 18 m is characterized by fluctua-
tions in δ13C values; the maximum enriched value is observed at
~3 m (Fig. 3d).

Firozpur core

The δ18OSC values in the Firozpur core range from−7.8 to −6.2‰
(Table S3). There is a trend towards more negative δ18OSC values from
Figure 6. Intra-profile variations of oxygen and carbon isotope ratio in the Kalpi core. Nea
precipitation of soil carbonates. Replicate samples in a profile also show similar isotopic
shows almost similar pattern except in Profile 1 where higher variation is observed compa

oi.org/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
−6.8 to −7.8‰ between 20 and 15 m (Fig. 4b). This is followed by
less negative δ18OSC trend between 15 and 11 m (Fig. 4b).

The δ13CSC values range from −4.5 to +1.6‰ (Table S3). The data
indicate depleted δ13C values between 20 and 16 m (Fig. 4c) followed
by gradual enrichment at depths up to 11 m. The enrichment observed
in the top part of the core is similar in nature compared to that of the
Kalpi and IITK core data.

The δ13CSOM values range from −28.2 to −21.1‰ (Table S3) with
enrichment in 13C from bottom to top parts of the core (Fig. 4d).

δ18O and δ13C values in ground-water carbonate

The δ18O values of ground-water carbonate of the Kalpi core range
from−5.7 to −4.8‰ (Table S3) whereas δ13C values range from −1.0
to 0.9‰. δ18O and δ13C values in one ground-water carbonate sample
from the IITK core are −6.3‰ and 1.7‰, respectively. The δ18O of
ground-water carbonates of the Firozpur core at about 18.7 and 20 m
depths are −7.1 and −6.9‰, and δ13C values are −2.0 to −1.2‰, re-
spectively. On the other hand, δ18O and δ13C values of carbonate from
the muddy bed are−7.8 and−4.1‰, respectively. There is little appar-
ent isotopic difference observed between soil carbonates and ground-
water carbonates in all the three cores, consistent with observations of
Sinha et al. (2006).

Discussion

δ18O values of soil carbonate

Oxygen isotope ratios of soil carbonate depend on the tempera-
ture of carbonate precipitation and isotopic ratio of soil water, nor-
mally derived from local rainfall. During the last 100 ka, the climate
was characterized by fluctuations in rainfall and temperature. The
r-constant δ18Osc value in a profile implies evaporation was not significant during the
trends, supporting inference of insignificant evaporation. Carbon isotope ratio also

red to oxygen isotope ratio.

image of Figure�6
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δ18O variability obtained from speleothem data suggests that during
the last glacial maximum (LGM, ~18 ka), temperature in the tropical
region was lowered by 3 to 4°C (Farrera et al., 1999). This tempera-
ture change can impart 0.8‰ variation in the δ18O value of soil car-
bonate. As the observed variations in δ18OSC value of the Kalpi, IITK
and Firozpur cores are more than 0.8‰, it can be inferred that the
δ18OSC values in the Ganga Plain soil also recorded change in the
δ18O value of rainwater. However, due to evaporation near the sur-
face, the δ18O value of soil water is enriched in 18O relative to the
δ18O values of rainwater, as 16O is preferentially evaporated. The
evaporation effect is most distinct in closed-basin lakes where
water is lost by infiltration and evaporation (Talbot, 1990), as com-
pared to soils. Soil carbonates form in seasonally dry environments,
and during evaporation, soil water can be enriched by 1‰, as ob-
served by Salomons et al. (1978) in western India. Very little enrich-
ment in 18O towards the top (Fig. 6d) together with near-constant
δ18OSC values (Figs. 6a,b,c) in different profiles of the Kalpi core indi-
cate that evaporation was not very significant there.

Considering the δ18O value of modern soil water to be −5.4‰
(VSMOW) and mean annual temperature at Kanpur City, India, to
be 25°C, the expected δ18O value of soil carbonate is −7.3‰
(VPDB). This value is similar to the δ18O value obtained for the youn-
ger soil carbonate (−7‰, VPDB) sample collected from the Ganga
Plain (Sinha et al., 2006) implying that the δ18O value of soil carbon-
ate can be used to decipher paleo-precipitation in the Ganga Plain.

It has been observed in low-latitude sites that δ18O value of rain-
water decreases by 1.5‰ for every increase of 100 mm of rainfall
(Yurtsever and Gat, 1981), a phenomenon commonly called the
“amount effect” (Dansgaard, 1964). The δ18O values of rainwater
and rainfall data for the duration of 1961 to 2001 from the Delhi
(Fig. 1) show lowering of the δ18O value with an increase in amount
of rain (Fig. S1; Bhattacharya et al., 2003), indicating that the amount
effect can be applied to explain the variations in δ18Ο values of soil
carbonate. Hence, we interpret periods of more negative δ18OSC values
as intervals of high rainfall and periods of less negative δ18OSC values
as intervals of relatively low rainfall. Based on these assumptions, we
discuss below an oxygen-isotope-based reconstruction of rainfall in-
tensity of the southwest Indian monsoon over the past 100 ka.

The Kalpi core soil carbonate samples delineate three phases of
distinct lowering in the δ18OSC values at about 50, 25 and 12 m
(Fig. 2b), suggesting increases in monsoon rainfall intensities at ~84,
40 and 22 ka. Less negative δ18OSC values at depths of ~37, 17 and
8 m (60, 30 and 18 ka) indicate weaker monsoonal rainfall (Fig. 2b).
Oxygen isotope data at ~50 and 5 m in the IITK core show high
monsoonal rainfall during 100 and 22 ka, and low rainfall at ~80, 35
and 18 ka (Fig. 3b). The more negative δ18OSC interval in the
Firozpur core at 15 m (~25 ka) suggests higher monsoon rainfall
then relative to ~20 and 11 m depths (Fig. 4b). Overall, the age data
of the Firozpur core suggests that the monsoonal rainfall has
gradually increased from 30 to 25 ka. Subsequently, rainfall intensity
decreased from 25 and 18 ka.

The Kalpi, IITK and Firozpur coreswere collected fromdifferent parts
of the Ganga Plain (Fig. 1). Nevertheless, the δ18OSC values record simi-
lar temporal trends. We interpret this synchronicity of oxygen isotope
variations to indicate that during the last 100 ka, the Indian monsoon
has undergone three periods of high monsoon rainfall intensities at
~100, 40, and 25 ka. The post 100 ka maximum intensity is followed
by a gradual decrease in monsoon rainfall intensity until ~60 ka. Mon-
soon intensity maxima at 40 and 25 ka are followed by relative abrupt
transitions to weaker monsoon intensity with weakest conditions at
~18 ka (LGM).

Using the relationship between the δ18O value of rainwater and
amount of rainfall (Yurtsever and Gat, 1981) and difference between
the extreme δ18OSC values of individual enriched or depleted phases,
changes in rainfall amount have been calculated for last 100 ka. Keep-
ing the average rainfall amount to 1000 mm/year for Kanpur City, our
rg/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
results indicate that the rainfall amount during the last 100 ka had
varied by 5 to 20% in the Ganga Plain. The maximum decrease of rain-
fall occurred between 25 and 18 ka (~200 mm decrease in rainfall), in
agreement with the model data of Prell and Kutzbach (1987).

δ13C values of soil carbonate and SOM

δ13C values of soil carbonate and SOM can be used to reconstruct
changes in vegetation across the landscape (Cerling, 1984; Cerling
et al., 1989). Based on the photosynthetic pathway, terrestrial plants
are divided into two groups, C3 (Calvin cycle) and C4 (Hatch–Slack
cycle) plants. The δ13C values of C3 plants range from −34 to
−19‰ and averages −26.7‰; whereas for C4 plants it ranges from
−18 to −10‰ and averages −12.5‰ (Cerling et al., 1997). The
plant bio-organic residues are incorporated into the SOM after
death of the plant. The SOM is assumed to preserve the mean carbon
isotopic composition of the contemporary vegetation, with little or no
fractionation. In contrast, soil carbonate forms from soil solution
mixed with soil CO2, derived from decomposition of SOM and plant
respiration during a drying phase (Wang and Follmer, 1998). Accord-
ing to the Cerling (1984) diffusion-equilibrium model, δ13C values of
soil carbonate are enriched 14 to 17‰ (0 to 25°C) compared to the
δ13C values of SOM, provided the soil-derived CO2 is high enough to
overwhelm the contribution of CO2 from the atmosphere in the soil.
Considering the average δ13C value of modern C3 and C4 plants from
the Ganga Plain, it can be suggested that if the soil is characterized ex-
clusively by C3 plants, the expected δ13C value of soil carbonate
should be around −15.5‰. On the other hand, in case of C4 plants,
the δ13C value of soil carbonate would be around +1.0‰. This
would imply that periods of relatively low δ13C values should corre-
spond to high proportion of C3 plants, while relatively high δ13C
values would indicate dominance of C4 plants.

In the Kalpi core, δ13CSC values between 50 and 30 m depth (Fig. 2c)
representing 84 to 45 ka, suggest mixed C3–C4 plants with 25–40%
abundance of C3 plants. On the other hand, δ13CSOM value indicates
70–95% abundance of C3 plants between 84 and 45 ka (Fig. 2d). At
~27 m depth both δ13CSC and δ13CSOM values suggest higher abundance
(~70–90%) of C4 plants (Figs. 2c,d) corresponding to the 40 ka age of the
core. Subsequently, δ13CSC values imply an increase to 60% in abundance
of C3 plants until 25 ka with fluctuations within this interval. This spe-
cific trend is not prominent in δ13CSOM but it shows gradual increase
in δ13C values from 21 to 15 m depth bracketed between 34 and 26 ka
age of the core and suggests increasing abundance of C3 plants
(Fig. 2d). C4 plants reached their peak at 18 ka, with 100% abundance
(Fig. 2c).

The δ13CSC and δ13CSOM values from the IITK core showmixed C3–C4
vegetation with 20–25% and 70–80% abundance of C3 plants at ~50 and
5 m (100 and 22 ka, respectively) (Figs. 3c,d). C4 plants dominated at
~39, 18 and 3 m depth (80, 35 and 18 ka) with 85–100% abundance
(Fig. 3c).

In the Firozpur core, δ13CSC values suggest 10–35% abundance of
C3 plants between 20 and 16 m depth (30 to 26 ka) whereas
δ13CSOM suggests dominant C3 vegetation (80–90%) between 30 and
26 ka (Figs. 4c,d). Subsequently, δ13CSC values show increasing abun-
dance up to 75–100% of C4 plants from 16 to 10 m (Fig. 4c) which is
bracketed between 26 and 18 ka (LGM). On the other hand, δ13CSOM
shows increasing abundance of C4 plants up to 50% during the LGM
(Fig. 4d).

The paleovegetation data obtained using δ13CSC and δ13CSOM
values from the Kalpi, IITK and Firozpur cores suggest that the
south-central Ganga Plain was characterized by mixed C3–C4 vegeta-
tion. Although trends of temporal change in vegetation obtained from
δ13CSC and δ13CSOM are similar, estimates of C3 or C4 plants from these
proxies differ. For example, at ~100 ka δ13CSC suggests 25% abun-
dance of C3 plants, whereas δ13CSOM indicates 85% C3 plants. The
probable causes for such mismatches are discussed below. After
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100 ka, C4 plants proliferated: by ~40 ka the C3 component was re-
duced to ~10%. Similarly, the isotopic data suggest an overall increase
in C3 plants (up to 40%) that continued until ~25 ka. Subsequent to
25 ka there was rapid proliferation (90–100%) in C4 plants, culminat-
ing during the LGM.

A higher percentage of C4 plants is inferred from δ13C values of soil
carbonate than from SOM. The changes in the δ13C values of soil CO2

are related to the soil respiration rate and could affect the δ13C values
of soil carbonate. During arid conditions, the soil respiration rate de-
creases, allowing the entrance of atmospheric CO2 to deeper levels
in the soil profile and causing the positive shift in δ13C values of soil
carbonate. However, it is difficult to evaluate the importance of this
effect in the geological past. On the basis of relationship between res-
piration rate and effective moisture, Andrews et al. (1998) assumed a
high respiration rate in soil of the arid Thar Desert (average annual
rainfall 300–400 mm) and suggested that atmospheric CO2 had a neg-
ligible effect on the δ13C values of soil carbonate there. It is reasonable
to assume much higher respiration rate in the more humid south-
central part of the Ganga Plain. Accordingly, we eliminate contribu-
tion of atmospheric CO2 into soil CO2 as a cause for the higher estima-
tion of C4 plants using the δ13C value of soil carbonate.

Poor preservation of carbon in SOM can cause errors in the abun-
dance of vegetation estimated from carbon isotopes. Studies on SOM
degradation have indicated changes in δ13C value by several per mil
(Benner et al., 1987; Nadelhoffer and Fry, 1988; Wedin et al., 1995;
Huang et al., 1996; Krull et al., 2002). Moreover, SOM derived from
C4 plants may be less resistant compared to the C3 counterpart
(Wynn and Bird, 2007) resulting in underestimation of abundances
of C4 plants. It is generally agreed that microorganisms degrade less
resistant organic fractions of SOM like carbohydrates and proteins
quickly compared to more resistant fractions such as lignin and lipids
(Benner et al., 1987). Removal of these less resistant fractions gradu-
ally lowers the δ13C values of SOM as carbohydrates and proteins
more enriched than lignin and lipids in 12C (Goni et al., 1997;
Huang et al., 1999). Therefore, estimation of vegetation from such
SOM would show erroneously high abundances of C3 plants.

Correlation with other monsoon proxies

It is desirable to see whether the monsoonal rainfall variations
reconstructed using oxygen isotope ratios of soil carbonate from the
Ganga Plain are synchronous with other records. One potential diffi-
culty in this exercise is dating error due to the different techniques
used in each study. Our study generated OSL ages for the three
cores from the Ganga Plain. The age model relating depth and time
used an assumed constant sedimentation rate. The similar nature of
isotopic trends in the top part of the cores suggests that this assump-
tion was justified. Paleo-monsoon reconstruction based on the δ18O
values of soil carbonate from the continuous Kalpi core is compared
with the marine oxygen isotope (MIS) and available terrestrial re-
cords below.

Correlation of monsoon with marine oxygen isotope stages

Monsoon wind strength and rainfall vary with glacial–interglacial
climatic conditions (Prell and Kutzbach, 1987; Overpeck et al., 1996)
which are commonly represented by the oxygen isotope ratios of fo-
raminifera collected from deep-sea sediment core samples (Imbrie et
al., 1984; Wright, 2000). Values of δ18O in the foraminifera change as
water from the oceans is temporarily stored as polar ice during glaci-
ations. Patterns of change in the δ18O record are summarized as ma-
rine oxygen isotope stages (MIS).

A comparison of MIS and paleoclimatic records from the Indian
Ocean shows that the monsoon during MIS 3 (57–25 ka) was weaker
than during both interglacial MIS 5 (128–75 ka) and MIS 1 (10–0 ka),
but slightly stronger than during glacial MIS 4 (75–57 ka) and much
oi.org/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
stronger than during MIS 2 (25–10 ka) (Feng et al., 2007). Overall,
there was a gradual decrease in monsoon strength from MIS 5 to
MIS 2, punctuated by short-term fluctuations.

The δ18O data from the Ganga Plain also correlates well with the
marine record (Figs. 7b,c). The oldest sample in the Kalpi core is
around 84 ka, in MIS 5. The data show higher monsoonal rainfall
during 84 ka followed by gradually decreasing intensity with distinct
fluctuations, similar to the pattern of δ18O changes in the marine re-
cord. Monsoon strength was higher during MIS 5 than MIS 3, as is
evident from the lower δ18OSC values during MIS 5. The post 40 ka
data show a lowering of δ18OSC values, indicating the increase in
monsoonal rainfall intensity that was characteristic of MIS 3. After
25 ka, the data depict an abrupt increase in δ18OSC, consistent with
the onset of the LGM (Figs. 7b,c). Again, this is similar to the pattern
in the marine record.

Correlation of monsoon rainfall with terrestrial records

Reconstruction of the Indian monsoon based on variations in pol-
len, magnetic susceptibility and geochemical data have been done by
various workers (Table S4; Figs. 7a,d). These records encompass a
short period. Magnetic susceptibility and geochemical data of the
Goting Lake sediments from the higher central Himalayas indicate
moderate to strong monsoon circulation during 25 ka, whereas at
~22 ka the early LGM climate was mainly arid (Fig. 7d; Juyal et al.,
2009). Bookhagen et al. (2005) showed a five-fold increase in erosion
of the Sutlej Valley, Greater Himalaya, attributed to the strong mon-
soon during the late Pleistocene (29 to 24 ka; Fig. 7d). Stable isotope
records of calcrete from the Thar Desert suggest weak monsoon in-
tensities during MIS 4 and MIS 2 and strong monsoon during MIS 3
and MIS 1 (Fig. 7d; Andrews et al., 1998). 75 different paleoclimatic
records from the Central Asia show moderate dry to wet climate dur-
ing 40 to 30 ka (middle to late MIS 3) and dry to moderate dry condi-
tion during 21.3 to 19.8 ka (MIS 2; Table S4; Fig. 7d; Herzschuh,
2006). The strong monsoon periods observed in the above-
mentioned studies are synchronous with the high rainfall phases
reconstructed in this study using records from the Ganga Plain
(Table S4; Figs. 7c,d).

Correlation ofmonsoonal rainfall with sedimentary sequences of the Indian
subcontinent

Evolution of sedimentary sequences in the Ganga Plain during the
Quaternary Period is linked to tectonic episodes as well as climate, es-
pecially those of glacial–interglacial cycles (Ritter et al., 1995; Kumar
et al., 2007). In active orogenic belts, tectonics play considerable role
on fluvial succession (DeCelles et al., 1991). On the other hand, the
climatic factor controls the alluvial deposits by maintaining balance
between sediment load and discharge of rivers from catchments to
basin area. The change in balance causes aggradation or degradation
of floodplains that can remain either attached or detached from the
main channel (Gibling et al., 2005). Rainfall reconstruction for the
late Quaternary from the Ganga Plain shows periodic fluctuations in
rainfall during last 100 ka. These changes in rainfall could have al-
tered the balance between sediment load and discharge rate of the
rivers draining their source regions. Therefore, monsoon reconstruc-
tion based on the δ18O values of soil carbonate from the Ganga Plain
is compared with the sedimentary records of the Indian subcontinent.

As mentioned earlier, the IITK core is characterized by floodplain
units. Sinha et al. (2007) showed that the sedimentation rate in the
upper section of IITK core (1.25 mm/yr) was three times higher
than that in lower section (0.4 mm/yr). The increase in sedimentation
rate indicates that the amount of rainfall has increased with time.
Though the rainfall record is discrete in the IITK core, the data show
a sudden increase in rainfall from 36 to 31 ka, coinciding with the
higher sedimentation rate. The sedimentary sequence at the bank of
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Figure 7. (a) The inset map shows spatial distribution of palaeoclimatic studies (numbers indicated refer to the records, see Fig. 7d) from different parts of the Indian subcontinent
and Central Asia. (b) MIS (Imbrie et al., 1984) in relation to (c) δ18O values of soil carbonate from the Kalpi core of the Ganga Plain. In MIS, overall increase in oxygen isotope ratio
with time is well-correlated with the δ18Osc value change in the Kalpi core. A detailed comparison shows that the 84 ka monsoonal high (gray shade) and 18 ka monsoon low (white
shade) are synchronous. (d) Sedimentary and geochemical records of the Indian subcontinent and Central Asia are compared with (c) monsoonal rainfall curve generated from the
Ganga Plain. This comparison shows sedimentary sequences and geochemical proxies responded to high-amplitude climate changes (gray rectangles stand for high monsoon con-
dition, white rectangles for weak monsoon and for dashed gray rectangle see section correlation of monsoonal rainfall with sedimentary sequence of the Indian subcontinent).
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the Ganga River (Bithur cliff section) indicates a change from flood-
plain to lake deposit at around 27 ka, indicating floodplain detachment.
Gibling et al. (2005) and Sinha et al. (2007) explained this detachment
through incision or by change of the main channel to an underfit con-
dition. Our data show that in the 35 to 25 ka interval, rainfall increased
rapidly, suggesting detachment of floodplain through incision by the
monsoon-induced high-energy river (Table S5; Figs. 7c,d; dashed
gray shade block). The increasing monsoon strength from 35 to 25 ka
is also evident from the aggradation phase in the Firozpur area. The
rg/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
reduced monsoon strength from 25 to 18 ka caused the cessation of
the aggradational phase.

The sedimentary sequences of Son and Belan Valleys of the north-
central India, Ganga Plain, Thar Desert (Luni River basin), margin of
the Thar Desert (Mahi, Sabarmati and Orsang basin) and Narmada
River of the central India show close similarities with our data
(Table S5; Figs. 7a,c,d; Wasson et al., 1983; Tandon et al., 1997;
Juyal et al., 2000; Srivastava et al., 2001, 2003; Jain and Tandon,
2003; Kale et al., 2003; Jain et al., 2004; Williams et al., 2006; Gibling

image of Figure�7
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Figure 8. Regressions of (a) δ18OSC–δ13CSC, and (b) δ18OSC–δ13CSOM shows positive cor-
relations and indicate that decrease in rainfall intensity caused an increase in the abun-
dance of C4 plants.
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et al., 2008). Such comparison suggests that the major climatic excur-
sions during the late Quaternary interpreted from the sedimentary
sequences are broadly in phase with the monsoonal records from
the Ganga Plain based on isotope geochemistry of soil profiles
(Table S5; Figs. 7c,d).

Relative abundance of C3–C4 plants: the roles of the monsoon and
atmospheric CO2

Based on the physiological advantage of C4 plants, Cerling et al. (1997)
proposed that lower concentration of atmospheric CO2 was the main
cause of evolution and expansion of C4 plants during the late Miocene.
But the role of atmospheric CO2 in the evolution and expansion of C4
plants remains a matter of debate. The alkenone-based atmospheric
CO2 estimation shows rapid pCO2 decline during Eocene/Oligocene
(~33.5 Ma) boundary, much earlier than the global expansion of C4
plants, and concentration of atmospheric CO2 attained pre-industrial
value at around 9 Ma (Pagani et al., 1999, 2005).

There is evidence of a strong influence of seasonality on the evolu-
tion of C4 plants during the Miocene (Pagani et al., 1999; Sanyal et al.,
2004, 2005, 2010). Additional attempts have been made from the late
Quaternary sedimentary deposits to delineate the relative influence
of atmospheric CO2 concentration and monsoonal rainfall on the rel-
ative abundance of C4 plants as concentration of atmospheric CO2 is
well-constrained for the late Quaternary Period (Barnola et al.,
1987). Sedimentological and carbon isotope studies on the Ganga–
Brahmaputra delta plain showed that the depositional environment,
specifically ecological niches and climatic conditions, rather than
change in atmospheric CO2 controlled the relative abundance of C4
plants during the LGM and Holocene (Sarkar et al., 2009). However,
based on bulk organic matter and n-alkane δ13C values from the Bay
of Bengal sediments, Galy et al. (2008) suggested atmospheric CO2

and humidity level together influenced the relative abundance of
C3–C4 plants during the LGM and Holocene.

Comparison between δ18O and δ13C values of the Kalpi core sug-
gests that during periods of higher rainfall C3 plants dominated the
landscape and that low-rainfall conditions are characterized by
higher abundance of C4 plants (Table S6). Overall, our data show
that during the LGM local ecosystem was dominated by C4 plants
(up to 95%), whereas during times of strengthened monsoon condi-
tions, i.e., at 25 ka, the C4 component was reduced to about 58%
(Table S6). Atmospheric pCO2 reconstructed from the Vostok ice
core for this time (28–18 ka) shows low atmospheric CO2 levels with-
out much variation in concentration (Barnola et al., 1987). Change in
C3–C4 vegetational abundance without change in atmospheric CO2

suggests a dominant role for monsoonal rainfall in the relative abun-
dance of C3 and C4 plants. Also, higher abundance of C4 plants ~30 ka
when pCO2 was high indicates a negligible effect of atmospheric CO2

on vegetation during this time.
To check the dependency of C3–C4 abundance on the variation in

monsoonal intensity, regression analysis between δ18OSC–δ13CSC and
δ18OSC–δ13CSOM was done. Regression analysis between δ18OSC–δ13CSC
(n=41), and δ18OSC–δ13CSOM (n=41) from the Kalpi core shows a sta-
tistically significant correlation (r2=0.20, p=0.002 and r2=0.26,
p=0.0003, respectively; Figs. 8a,b), suggesting a causal relationship be-
tween the type of vegetation and rainfall. The positive slope of the plots
indicates that a decrease in rainfall intensity caused an increase in the
abundance of C4 plants. Positive co-variations between δ18Osc and
δ13Csc and absence of any relation between δ13Csc and pCO2 suggest
that change in rainfall controlled the relative abundance of C3 and C4
plants over the Ganga Plain.

Vegetational reconstructions across theworld also suggest that rain-
fall plays a dominant role on vegetation. A study by Huang et al. (2001)
from two geographically separate lakes in the Mesoamerica shows that
during the LGM, even though CO2 concentration was low, the lake
which received less rainfall was characterized by higher abundance of
oi.org/10.1016/j.yqres.2011.09.003 Published online by Cambridge University Press
C4 plants. Organic carbon isotope evidence from the last glacial–
interglacial loess-soil sequences shows dominant control of climate on
the relative abundance of C3 and C4 plant in the Loess Plateau (Zhaoyan
et al., 2003). δ13C values of soil carbonate of the Thar Desert also show
high abundance of C3 plants before the LGM (i.e., between 25 and
60 ka) followed by high abundance of C4 plants during the LGM
(Singhvi et al., 1996; Andrews et al., 1998).

Conclusions

The Ganga Plain experienced major climatic changes in response
to variation in southwest Indian monsoonal rainfall intensity during
the late Quaternary Period. Monsoonal rainfall reconstruction for
100 to 18 ka shows there are three periods of monsoon intensification
at about 100, 40 and 25 ka. An overall decrease of 20% in rainfall
amount is observed during LGM. Vegetation during last 100 ka was
characterized by mixed C3–C4 plants over the Ganga Plain. Increasing
monsoon rainfall resulted in a higher abundance of C3 plants and de-
creasing rainfall caused an increase in C4 plants. The comparison be-
tween monsoon rainfall and atmospheric CO2 with vegetation
indicates that change in monsoonal rainfall has played a significant
role in abundance variation of C3–C4 plants during the last 84 to 18 ka.
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Supplementary data to this article can be found online at doi:10.
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