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Abstract: We report here the first §'%0 and 5D measurements of cave drip water collected during 2007-2009 and
2011 CE from the Belum Cave, peninsular India. Stalagmites found here have a great potential for providing
monsoon reconstruction for hundreds of thousands of years. Rain samples were also collected from the top of the
Belum Cave from May 2010 to Jan 2011 CE; their §'%0 values indeed exhibit a significant negative correlation
with the amount of rain recorded at a nearby (<10 km) meteorological station. Changes in §'%0 and 8D values
of drip water samples confirm that the cave drip water do respond to the amount-dependent isotopic changes
in local precipitation. The d-excess values of the rain water samples shift from ~10%o during the initial phase
to ~30%o during the final phase of the southwest monsoon, indicating varying humidity at the surface boundary
layer of the Northern Indian Ocean, and also a significant mixing of evapo-transpired vapour with the incoming

marine vapour in the latter phase.
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Introduction

Much longer proxy records of temperature and
precipitation than are available through instrumental
records are needed to answer important questions, €.g.
whether the current climate change is anthropogenic
or it is a part of slow natural cycles (Hansen et al.,
2012). Worldwide, numerous studies of speleothems
have shown that the %0 of these carbonate deposits
serve as a proxy for variations of the local surface
air temperature in the mid-to-high latitudes, and for
precipitation in the tropics. The latter, the so-called
‘amount effect’ is an empirical relation (Dansgaard,
1964; Yurteswar and Gat, 1981; Rozanski et al., 1993;
Frick and O’Neil, 1999) derived from a large number of
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world-wide tropical precipitation samples: a significant
negative correlation between the rain 8'%0 and the
amount of monthly rain, the coefficient being —1.5%o
per 100 mm of rain. However, there are a few reported
exceptions, showing an absence of this effect in some
places in the tropics (Breitenbach et al., 2010). Humidity
at the cloud base is believed to determine the presence/
absence of the amount effect (Frick and O’Neil, 1999;
Lee and Fung, 2007).

Some factors could modify the amount effect present
in the rain when it is recorded by speleothems. These
include evaporation in the soil during recharge (Sheffer
et al., 2011), prior calcite precipitation before the water
drips from the roof of the cave (Oster et al., 2012;
McDonald et al., 2007; Cruz et al., 2005) and natural
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isotopic variations caused by seasonal differences in
the oceanic moisture sources (Polk et al., 2012; Fuller
et al., 2008; Mattey et al., 2008; Cobb et al., 2007; van
Beynen and Febberollio, 2006). As these factors may
vary geographically some sites may exhibit a weak or
insignificant amount effect (Breitenbach et al., 2010).
Hence, verification of the presence of amount effect in
local precipitation and subsequent demonstration that
such an effect is actually transferred to the cave drip
water, and preserved in the speleothem carbonate, is
necessary to robustly reconstruct past monsoon rainfall
using speleothem (McDermott, 2004).

Generally, regions under the influence of the
monsoons are those enclosed by the seasonal extreme
positions of the Inter Tropical Convergence Zone
from the equator. These are characterized by intense
convective motion (Pant and Rupakumar, 1997) and
are likely to exhibit amount effect (Dansgaard, 1964).
In a typical situation where cloud masses travel
inland, successive precipitation would be progressively
depleted in '®0, and thus may show a strong regional
amount effect (Polk et al., 2012; Lekshmy et al., 2014).
Thickness and porosity of the overlying bedrock-
soil cover above a cave and the size of hydrological
pathways decide how fast each rain event percolates
into the cave (Dar et al., 2014, 2011) before isotopic
variations in the rain are damped due to evaporation at
the soil surface and mixing.

Only a few high-resolution terrestrial monsoon proxy
records from tree rings (Mangave et al., 2011) and
speleothem (Yadava et al., 2004; Yadava and Ramesh,
2005; Sinha et al., 2007; Kotlia et al., 2012, Laskar et
al., 2013) have been reported so far from Southern India
(Ramesh et al., 2010). There has been no study of cave
drip waters from anywhere in India to verify whether the
drip water isotopic composition changes in consonance
with that of the overhead precipitation (Williams and
Fowler, 2002; Pape et al., 2010). Here we report for
the first time, §'%0 and 8D of drip water collected from
the Belum cave (15°06°N, 78°06°E; 367 m above msl),
located in the Cuddapah Basin of the Kurnool district,
Andhra Pradesh, India (Figure 1); we explore if there
are seasonal variations and the amount dependency in
8'80 of drip water and local rain water, a pre-requisite
for paleo-monsoon reconstruction. This region is well
known for caves and speleothems from here are being
used for past monsoon reconstruction (Narayana et al.,
2014a, 2014b; Lone et al., 2014).

Study Area

The Belum Cave

The Belum cave has several open chambers (Narayana
et al., 2014a; Gebauer, 1985) and long galleries
decorated with huge speleothem formation (Figure 1).
The cave was declared a protected area in 2002 CE and
is open to public viewing. For the convenience of the
visitors, at present it is well ventilated and lit artificially.
Unfortunately several stalagmites have been broken in
the process. At present the land above the cave is not
used for any farming and has several public utilities.
However, it must have been the abode of vegetation/
woods about 50 years ago.

Climate

Based on the data from the meteorological observatories,
long-term average climatological features of the Kurnool
district are shown in Figure 2 (IMD, 1999). Throughout
the year, Kurnool receives rains: mostly from the south-
west (summer) monsoon between May and October
(moisture source being the Arabian Sea) and to some
extent from the north-east (winter) monsoon (moisture
from the Bay of Bengal) during the remaining months.
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Figure 1: Map showing location of the Belum Cave in
peninsular India. Contours show the northern limit
of monsoon rain on the approximate dates when the
southwest monsoon reaches (dashed curve) and withdraws
(continuous curve) from the region. A schematic of the
cave galleries is shown in the inset, at the top: the circle
indicates the location of drip water sampling (4iravatham).
The arrow over the Arabian Sea indicates the usual wind
direction during the southwest monsoon and the arrow
over Bay of Bengal, the northeast monsoons.
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Figure 2: Long-term monthly average (from CE 1950 to
1981, IMD, 1999) of rainfall (vertical bars), the maximum
(filled triangles) and minimum temperatures (open
triangles) and humidity (circles). ‘I’ and ‘II’ indicate
observations made at 8:30 and 17:30 Hrs Indian Standard
Time (0300 and 1200 Hrs Universal Time), respectively.

5'%0 and 8D analyses of 160 samples of summer and
winter rains collected during CE 2006-2008 at Gadanki,
~200 km south of the cave site show that: (i) There
are significant differences between the mean isotopic
compositions of summer (8D = —15.4+2.0; §'%0 =
—2.6+0.3, n = 73; uncertainties quoted are one standard
error) and winter (8D = —42.7+2.0; §'80 = —6.4+0.3, n =
70; one standard error uncertainties) rains. (ii) Summer
rains show a progressive 8'%0 and 8D depletion after
the monsoon onset, while the isotopic compositions of
winter rains fluctuate about a mean value (iii) There is
no significant difference in the slopes and intercepts of
the summer and winter §D-3'30 lines, nor is there any
difference between their d-excess values (Srivastava
et al., 2015).

Temperature varies from ~43°C (May) to ~12°C
(December) with a long-term average annual rainfall
of ~726 mm. The mean annual air temperature inside
the cave is 27°C (seasonal variations are less than 3°C)
and the mean annual relative humidity 88%. Outside
the cave the mean annual temperature is also 30°C,
but the mean annual relative humidity 55%. The cave
passages are located 12 m below the ground surface.
The investigated site is located at about 200 m from
the nearest entrance. Water drips throughout the year
and the drip rate is variable at different parts of the
cave. Narayana et al. (2014a, b) have described the
geology of the location as the Cuddapah sedimentary
basin of Proterozoic age. The cave is situated in the
Precambrian Narji limestone terrain, which belongs to
the Kurnool Supergroup. The limestones are bluish gray,
fine-grained, and well-bedded. These limestone beds are

overlain by sandstones, quartzite, and conglomerates of
the Banganapalli Group. The caves are 15 m above a
35 m escarpment, and this rules out permanent ground
water contribution to speleothem formation in this cave.
The caves are small and narrow, typically 0.5 m to 1.5
m wide. However, the passage is on the average ~9 m
high, on two sides, and has galleries 15 m long, which
narrow down to corridors less than 1.5 m wide. Soil
cover above the cave is ~1 m thick.

Samples and Methods

During the first week of March, 2007 CE, when the cave
was sampled, a dripping spot was observed to be active
and therefore the sampling of drip water was initiated
from this spot (at Airavatham, Figure 1); samples were
fortnightly total accumulations. Samples were collected
from the end of March to the beginning of October in
2007 (number of collections, n = 14), April to June in
2008 (n=15), May to July (n = 7) in 2009 and from July
2010 to June 2011 (rn = 21). Due to the remoteness of
the area and other logistic reasons, a continuous, reliable
sampling of drip water could not be carried out. From
May 2010 to Jan 2011, daily rainwater samples were
collected in a narrow-mouthed carboy kept at the cave
top attached with a known diameter funnel. Samples
were transferred in storage bottles daily in the morning
(8 to 10 Hrs. Indian Standard Time). Unfortunately
again due to the unavailability of reliable local scientific
help, while rain samples were collected, the amount of
rainfall could not be ascertained.

Cave drip water samples were collected by wrapping
a plastic bag around an active stalactite that had a ~200
ml capacity. As drip water samples were collected after
every ~15 days; the water collected in the bag was an
average representative of the previous fortnights’ drip
water. Immediately after collection, all water samples
were transferred in 30 ml air tight leak proof bottles
(Tarson™) for storage and lab analyses. d'30 of water
samples were measured using the carbon dioxide
equilibration method (Gonfiantini, 1981) on WES
(Water Equilibration System) attached with the GEO 20-
20 mass spectrometer. Equilibration was carried out at
35°C overnight. A laboratory standard ‘NARM’ (water
collected from the Narmada River, Gujarat, India) was
used for inter-calibration. It was also analysed at regular
interval along with sample analysis. NARM oxygen
isotopic ratio, SISOVSMOW (with respect to VSMOW:
Vienna Standard Mean Ocean Water) is —4.03%o.
Overall reproducibility in the §'*0 measurements is
0.1%o. The hydrogen isotope ratio (6D) measurements
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were carried out following hydrogen-water equilibration
method (Hortia, 1988; Brand et al., 1996; Yadava and
Ramesh, 1999) at 35°C, in presence of platinum catalyst
coated on a strip of hydrophobic support, using WES
in the GEO 20-20 mass spectrometer, with 1%o overall
reproducibility. The NARM hydrogen isotopic ratio,
0Dy gpow 18 —31.2%o.

We have participated in Fourth Inter laboratory
comparison exercise for §'%0 and 8D analysis of
water samples (WICO, 2011). Our §'®0 and 8D results
agree very well with the IAEA reported census values
(Table 1).

Results and Discussions

Oxygen and Hydrogen Isotopes in Rainwater
Rainfall at Kolimigundla meteorological station (located
within 10 km from the cave), §'%0 and 8D of rain
and cave drip water samples are presented in Figure 3.
Some of the rain events registered at either of the two
places (top of the cave and the meteorological station,
Kolimigundla) did not occur simultaneously. This could
be due to patchiness (spatial heterogeneity) inherent in
rainfall distribution over land.

Daily rain events which were commonly registered
at both sites (Cave top and Kolimigundla, Table 2)
show a significant association between the §'%0 (of rain
water sample) and the amount of rain (as measured at
Kolimigundla, linear correlation coefficient » = —0.39,
number of samples analysed n = 21, significance level
P < 0.1) as shown in Figure 4.

Hydrogen and oxygen isotopes of rain water samples
are usually together used to infer the humidity of
the source region (ocean) and also evaluate kinetic
fractionation during precipitation. For the Belum region
rainwater §'%0 and 8D show (Figure 5) the following
local meteoric water line (LMWL):

D = (8.36 £ 0.92) §'%0 — (8.01 + 3.43)
(r =0.84, n =136, P <0.01)

(1)
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Figure 3: (A) Amount of rainfall at Kolimigundla; (B and

C) 8'30 and 8D, respectively, of drip water; (D) d-excess

of drip water; (E and F) 6'80 and 38D, respectively, of

rainwater. Similar concurrent patterns are seen e.g., gray

bands marked as ‘1°, ‘2’ and ‘3’. Open circles represent

pre-monsoon; filled circles — monsoon and open triangles
— winter monsoon.

The slope 8.36 + 0.92 agrees within the experimental
uncertainty with the value of 8.13 + 0.07 observed
for slope of the global meteoric water line-GMWL
(Rozanski et al., 1993; Craig, 1961; Gat, 1996) which
indicates that rain over the Belum cave is likely generated
under isotopic equilibrium with the cloud vapour. The
observed intercept, —8.01%o, is quite low compared to

Table 1: Interlaboratory comparison of 8'%0 and 8D values at PRL

Sample code 5180VSM0W %0 0D yoviom %0
PRL value IAEA census value PRL value IAEA census value
OH-13 -1.01 £ 0.07 -0.97 £0.12 -2.35+£0.86 -2.75 £ 091
OH-14 -5.56 £ 0.09 -5.59 £ 0.11 -38.20 + 68 -38.40 £ 0.86
OH-15 -9.31 £0.05 -9.39 £ 0.13 -78.41 £ 0.86 -78.31 £ 0.87
OH-16 -15.25 £ 0.08 -15.44 + 0.13 -114.34 + 0.85 -114.89 + 0.76
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Figure 4: The 8'%0 (of daily rainwater above the cave)
versus the amount of rainfall (recorded at Kolimigundla)
for those rain events which occurred both at the cave top
and at Kolimigundla. The best fit line (solid line) is: ¥ =
—(0.06 £0.03) X=(-1.81+0.84), n =21, r =039, P <
0.1. If we omit the data on the extreme right, the relation
is still statistically significant (dashed line) ¥ = — (0.09 =
0.08) X = (-1.49 £+ 1.26), n = 20, r = -0.25, P < 0.1.
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Figure 5: 8D vs. 3'80 plot for all the rain collected
above the Belum cave. The observed Local Meteoric
Water Line (LMWL) is: 6D = (8.36 £ 0.92) §'%0 —
(8.01 + 3.48), n = 36, r = 0.84, P < 0.01. Boxes show
the weighted average isotopic compositions of the
rain water (8'%0 = —3.1%0 and 8D = —31.5%0) and
average isotopic composition of drip water (830 =
—0.7%o and 6D = 5.6%o).

that of the GMWL which is generally ~+10%o (Rozanski
et al., 1993). This could be due to a significant mixture
of vapour from local evapotranspiration to the cloud
vapour (see discussion below).

Table 2: Time series of common dates of rain
occurrence at both places: Belum cave and
Kollimigundla meteorological station,
less than 10 km away

Date Rainfall
(dd/mm/yyyy) (mm)
16/5/2010 7.8
2/6/2010 20.0
9/6/2010 11.8
12/6/2010 94
24/6/2010 7.8
9/7/2010 15.8
13/7/2010 16.4
17/7/2010 31.8
22/7/2010 11.4
25/7/2010 7.6
30/7/2010 6.4
31/7/2010 6.2
7/8/2010 16.6
23/8/2010 15.8
24/8/2010 90.2
25/8/2010 11.2
30/8/2010 6.4
7/10/2010 18.6
7/12/2010 7.2
15/4/2011 7.6
1/6/2011 34.6

Source: Bureau of Economics & Statistics,
Government of Andhra Pradesh.

Oxygen and Hydrogen Isotopes in Drip Water
Temporal variations in the 8D and §'%0 in the
fortnightly drip water collection from the cave (Figure
3) show sharp changes, indicating that the cave water
is responding to the isotopic variations of the local
precipitation. A visual comparison between amount
of rainwater (measured at Kolimigundla) and §'30 of
drip water indicates that some of the sharp changes
and patterns observed in the drip water have a close
resemblance with the concurrent changes seen in the
amount of rain (e.g. common features ‘1°, ‘2” and ‘3’
marked as vertical gray bands in Figure 3). Despite
the fact that actual values of the amount of water for
the rain events that occurred above the cave were not
recorded, similarities in the drip §'%0 and amount of
rainwater (from the nearby Kolimigundla) during some
events indicates that the cave is likely responding to
the changes in the local rainfall. This suggests that
speleothem of the Belum cave have a good potential for
paleo-monsoon reconstruction using the ‘amount effect’.
Effect of evaporation is difficult to see in the 580
and 6D values of drip water. For example, the average
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values of 880 of drip water is 0.7 + 0.4%o which is
same as that of the rainwater (3.1 + 2.4%o), within the
uncertainty. Similarly 6D values of drip water (5.6 +
3.5%o) are indistinguishable from that of the rainwater
(—=31.5 £23.4%o). Note that the variance is considerably
reduced in the cave water, because of the averaging
effect.

d-excess in Rain and Drip Water

The deuterium excess (d) of any water sample is defined
as the difference between the measured value of 6D
and its expected value when condensation occurs under
isotopic equilibrium (d = 8D — 8 x §'%0). This parameter
is widely used to infer the humidity, wind speed and
sea surface temperature (SST) during evaporation from
the ocean surface (Gonfiantini, 1981; Clark and Fritz,
1997). The d-excess values for the rainwater samples
(Figure 6) show contrasting values during the beginning
and the end of the south-west monsoon. At the onset of
monsoon, the Arabian Sea (the source of moisture for
the Belum cave region) seems to be quite humid, close
to ~85% for the surface boundary layer (IMD, 1999) and
therefore d-excess values are within the +10%o range
(box 1 in Figure 6). Withdrawal of the monsoon from
northern India starts around mid-September (Pant and
Rupakumar, 1997) and by the end of October it retreats
completely from north of 15°N (approximate latitude of
the Belum cave). The sea surface humidity (also wind
speed and sea surface temperature) remains more or less
similar until the end of July (mid-southwest monsoon)
when d-excess values are highly variable (box 2 in
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Figure 6: d-excess values for all the rain water samples.
Three phases in the values are observed, highlighted by

boxes 1, 2 and 3.

Figure 6), ranging from, ~+4 to ~+43%.. Subsequently,
sea surface humidity reduces further (up to ~40 to 60%,
and winds frequently become more turbulent; therefore
kinetic fractionation in the boundary layer (Clark
and Fritz, 1997) at the Arabian sea surface results in
consistently increased d-excess (around +30%o). Hence,
d-excess values indicate the humidity at the Arabian Sea
surface during the summer monsoon. Such a variation,
with a trend towards higher deuterium excess may result
in an intercept having negative value (—8%o) as noticed
in the LMWL.

The onset of monsoon is usually characterized by
frequent storms and evaporations that may contribute
to kinetic effects. Two samples collected during the
onset of monsoon in CE 2011 show negative values for
d-excess possibly due to mixing of vapour mass with
the re-evaporated components and to some extent due
to kinetic processes.

The d-excess values for all the drip water samples
(shown in Figure 3) have positive values, ranging
from +6 to +20%o. This indicates that rain having
typical d-excess values varying from —10%o to +40%eo,
percolates through the soil and get mixed there due to a
finite residence time of the soil aquifer. As most of the
rain samples have positive d-excess value, the mixing
results in positive d-excess for all the drip samples.
Additionally, evaporation at the soil surface reduces the
d-excess of the water that percolates into the soil. This
is because even during the wet months when rainwater
percolates downward, humidity at the soil surface is
expected to be much lower than the values usually
observed at the ocean surface (average value ~85%,
Merilvat, 1979); therefore the evaporated vapours have
higher d-excess relative to rain, resulting lower d-excess
of percolating water. Alternatively, the fraction of rain
that percolates into soil would have less d-excess than
rain before evaporation.

Evolution of Isotopic Composition of Rain

Rain falling over the soil surface of the cave, slowly
percolates down and reappears as drip water inside the
cave. Prior to this, it evaporates significantly at the
ground level under varying ambient humidity; therefore,
it could undergo non-equilibrium isotopic fractionation.
When water evaporates into a static atmosphere almost
saturated with water vapour, the isotopic fractionation
is close to equilibrium values, whereas when water
evaporates into a breezy/windy unsaturated atmosphere,
the isotopic fractionation is invariably kinetic (this
happens because of the different rates of diffusion of
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water isotopologues, i.e., H,'°0, HDO, H,'®0O through
air). In the latter case, in addition to equilibrium
fractionation, a humidity dependent kinetic fractionation
takes place, so that the magnitude of the overall isotopic
fractionation is larger (Criss, 1999). For example, we
start with a 6D value of —50%o for water evaporating
at 20°C, into an atmosphere containing vapour with
a 0D value of —100%o. When 80% of the water has
vapourized, the 8D of the remaining water would be
—15%o if the relative humidity was 90%; and +55%o for
a relative humidity of 40% (Criss, 1999).

Isotopic fractionation in the open atmosphere is a
complex phenomenon (Luz et al., 2009; Cappa et al.,
2003). In order to investigate isotopic changes in the
water that rained and got evaporated from the cave top
before it percolated, we use the approach described by
(Criss, 1999). The isotopic composition (3, ) of water
at a time when the remaining, un-evaporated fraction
of water is ‘/” given as:

5, =/ (@, - 8)+ 5, 2)
where 6 is the isotopic composition at this instant, Siw
at the initial time and 6°, is the isotopic composition of
the water after a long time when evaporation has gone

to near completion. The values of the exponent u# and
6%, are given as:

u=(1-a )1~ h), (1 h) 3)
8, = (0 7 (8,107 + 1)/(1 — o (1~ ) — 1) 10°
4)

where £ is the ambient humidity, 8 being the isotopic
composition of the ambient atmospheric vapour,
Ol the temperature dependent equilibrium isotopic
fractionation factor, aoevap the non-equilibrium isotopic
fractionation factor and is defined as aoevap= a, \D,
where D is ratio of the diffusion coefficients for light
to heavy isotopes and has values of 1.0166 and 1.0324,
respectively for the case of oxygen and the hydrogen
isotopes (WICO, 2011).

For Belum cave site, during the season when
monsoon is most active (June to Oct) the average values
of ambient temperature varies between 28°C and 32°C.
Considering humidity to vary from 30% to 80%, a
model was used to calculate the time evolution of 6D
and §'%0 to estimate a typical value of the fraction of
rainwater (f) that reaches the average observed value of
the isotopic composition of the drip water (6D = 5.6%o
and §'%0 = — 0.7%o, Figure 5). Isotopic composition of
ambient vapour is estimated using the average values
of 8D and 8'%0 of rain, using the equilibrium isotopic

evap (

fraction factor at 30°C (i.e. , for oxygen = -3.1 — 8.9
= —12.0%0 and for hydrogen = -31.5 — 71.0 = -102.5
%o). Results (Figure 7) show a highly variable isotopic
evolution between the extreme assumed values of
humidity. At high humidity, the evolved 8D and §!30
values reach the expected saturation levels (WICO,
2011). The value of fwhen 8D reaches the observed drip
water value (5.6%o) is between 0.6 and 0.4. Contrarily,
for oxygen isotope, the value of f when §'80 reaches
at the drip water level (i.e. — 0.7%0) is around 0.9.
Both these results indicate different values of /" and
indicate that the evaporation is a complex process and
this simple model is quite inadequate to estimate the
precise fraction of rainwater that percolated into the
Belum cave.
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Figure 7: Assuming two values of ambient temperature
(T) as 28°C and 32°C, and relative humidity at ground
level as 30%, 50% and 80%, a model (equations 2-4 in
text) is used to calculate 3D (A) and 5'%0 (B) of rain that
undergoes non-equilibrium (kinetic) fractionation during
evaporation at the ground surface over the cave, before
percolating into the soil. The estimated fraction of water
(between two vertical lines) that attains the drip water
isotopic composition (horizontal line) is different in both

the graphs.
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Conclusions

We present the first stable isotope measurements of cave
drip waters and rain over the Belum cave, India. The
slope of the local meteoric water line (i.e. 8D - §'3%0
relation) is found to be quite close to 8 suggesting
equilibrium condensation of vapour during precipitation
around the cave region. However, the negative value
of the intercept is suggestive of variable humidity at
the vapour source region as evidenced by the d-excess
values. Drip water shows sharp changes in the §'0 and
oD values, indicating that the likely amount-dependent
isotopic changes in precipitation are mimicked by the
drip water isotopic composition. The d-excess attains
values around 10%o during initial phase of the monsoon
and after a highly variable phase in between, where
values vary from +4%o to +43%o, it attains a value
around +30%o near the final phase. Effect of evaporation
is difficult to observe in the average values of the §'%0,
oD and d-excess values of the drip water, because of
the large variance associated with them. Although the
sampling is unevenly spaced in time, the results clearly
demonstrate the potential of speleothem in this cave for
quantitative reconstruction of past monsoon rainfall.

Acknowledgements

We thank Indian Space Research Organisation
Geosphere Biosphere Programme (ISRO-GBP) for
funding.

References

Brand, W.A., Avak, H., Seedorf, R., Hofmann, D. and
Conradi, Th., 1996. New methods for fully automated
isotope ratio determination from hydrogen at the natural
abundance level. Isotopes in Environmental and Health
Studies, 32: 263-273.

Breitenbach, S.F.M., Adkins, J.F., Meyer, H., Marwan, N.,
Kumar, K.K. and Haug, G.H., 2010. Strong influence
of water vapor source dynamics on stable isotopes in
precipitation observed in Southern Meghalaya, NE India.
Earth and Planetary Science Letters, 292: 212-220.

Cappa, C.D., Hendricks, M.B., DePaolo, D.J. and Cohen,
R.C., 2003. Isotopic fractionation of water during
evaporation. Journal of Geophysical Research, 108(D16):
4525, doi:10.1029/2003JD003597.

Clark, I. and Fritz, P., 1997. Environmental Isotopes in
Hydrology. Lewis Publishers, New York.

Cobb, K.M., Adkins, J.F., Partin, J.W. and Clark, B., 2007.
Regional-scale climate influences on temporal variations
of rainwater and cave dripwater oxygen isotopes in
northern Borneo. Earth and Planetary Science Letters,
263: 207-220.

Craig, H., 1961. Isotopic Variations in Meteoric Waters.
Science, 133: 1702-1703.

Criss, R.E., 1999. Principles of stable isotope distribution.
Oxford University Press, New York.

Cruz, J.EW., Karmann, I., Viana, J.O., Burns, S.J., Ferrari,
J.A., Vuille, M., Sial, A.N. and Moreira, M.Z., 2005. Stable
isotope study of cave percolation waters in subtropical
Brazil: Implications for paleoclimate inferences from
speleothems. Chemical Geology, 220: 245-262.

Dansgaard, W., 1964. Stable isotopes in precipitation. 7ellus,
6: 436-468.

Dar, F.A., Perrin, J., Ahmed, S. and Narayana, A.C., 2014.
Review: Carbonate aquifers and future perspectives of
karst hydrogeology in India. Hydrogeology Journal, DOI
10.1007/s10040-014-1151-z, 1-14.

Dar, F.A., Perrin, J., Riotte, J., Gebauer, H.D. and Narayana,
A.C., 2011. Karstification in the Cuddapah Sedimentary
Basin, Southern India: Implications for Groundwater
Resources. Acta Carsologica, 40/3: 457-472.

Fricke, H.C. and O’Neil, J.R., 1999. The correlations between
130/'®0 ratios of meteoric water and surface temperature:
Its use in investigating terrestrial climate change over
geologic time. Earth and Planetary Science Letters, 170:
181-196.

Fuller, L., Baker, A., Fairchild, L.J., Spotl, C., Marca-Bell,
A., Rowe, P. and Dennis, P.F., 2008. Isotope hydrology
of dripwaters in a Scottish cave and implications for
stalagmite palacoclimate research. Hydrology and Earth
System Sciences, 12: 1065-1074.

Gat, J.R., 1996. Oxygen and Hydrogen isotopes in the
Hydrologic cycle. Annual Reviews in Earth and Planetary
Sciences, 24: 225-262.

Gebauer, H.D., 1985. Kurnool 1984: Report of the
speleological expedition to the district of Kurnool, Andhra
Pradesh, India. Abhandlungenzur Karst und Hohlenkunde.

Gonfiantini, R., 1981. The 6-notation and the mass-
spectrometric measurement techniques. /n: Gat, J.R. and
Gonfiantini, R. (eds). Stable Isotope Hydrology: Deuterium
and Oxygen- 18 in the Water Cycle, IAEA Tech Series 210.

Hansen, J., Sato, M. and Ruedy, R., 2012. Perception of
Climate Change. PNAS: www.pnas.org/cgi/doi/10.1073/
pnas.1205276109, 1-9.

Horita, J., 1988. Hydrogen isotope analysis of natural waters
using H,-water equilibrium method: A special implication
to brines. Chemical Geology (Isot. Geosci. Sect.), 72:
89-94.

IMD, 1999. Climatological Tables of Observatories in India
1951-1980: India Meteorology Department, National Data
Centre, New Delhi, India.



Stable Oxygen and Hydrogen Isotopes in Drip and Rain Waters at the Belum Cave, Andhra Pradesh, India 121

Kotlia, B.S., Ahmed, S.M., Zhao, J., Raza, W., Collerson,
K.D., Joshi, L.M. and Sanwal, J., 2012. Climatic
fluctuations during the LIA and post-LIA in the Kumaun
Lesser Himalaya, India: Evidence from a 400 yr old
stalagmite record. Quaternary International, 263: 129-138.

Laskar, A.H., Yadava, M.G., Ramesh, R., Polyak, V.J. and
Asmerom, Y., 2013. A 4 kyr stalagmite oxygen isotopic
record of the past Indian Summer Monsoon in the
Andaman Islands. Geochemistry, Geophysics, Geosystems,
14(9), doi: 10.1002/ggge.20203.

Lee, J.E. and Fung, 1., 2007. “Amount Effect” of water
isotopes and quantitative analysis of post-condensation
processes. Hydrological Processes, 25: 2837-2845.

Lekshmy, P.R., Midhun, M., Ramesh, R. and Jani, R.A.,
2014. 130 depletion in monsoon rain relates to large scale
organized convection rather than the amount of rainfall.
Scientific Reports, 4, doi: 10.1038/srep05661.

Lone, M.A., Ahmad, S.M., Dung, N.C., Shen, C.C., Raza, W.
and Kumar, A., 2014. Speleothem based 1000-year high
resolution record of Indian monsoon variability during the
last deglaciation. Palaeogeography, Palaeoclimatology,
Palaeoecology, 395: 1-8.

Luz, B., Barkan, E., Yam, R. and Shemesh, A., 2009.
Fractionation of oxygen and hydrogen isotopes in
evaporating water. Geochimica and Cosmochimica Acta,
73: 6697-6703.

Managave, S.R., Sheshshayee, M.S., Bhattacharyya, A. and
Ramesh, R., 2011. Intra-annual variations of teak cellulose
8180 in Kerala, India: Implications to the reconstruction
of past summer and winter monsoon rains. Climate
Dynamics, 37(3-4): 555-567, DOI: 10.1007/s00382-010-
0917-9.

Mattey, D., Lowry, D., Duffet, J., Fisher, R., Hodge, E. and
Frisia, S.A., 2008. 53 year secasonally resolved oxygen
and carbon isotope record from a modern Gibraltar
speleothem: Reconstructed drip water and relationship to
local precipitation. Earth and Planetary Science Letters,
269: 80-95.

McDermott, F., 2004. Palaco-climate reconstruction from
stable isotope variation in speleothems: A review.
Quaternary Science Reviews, 23: 901-918.

McDonald, J., Drysdale, R., Hill, D., Chisari, R. and Wong,
H., 2007. The hydrochemical response of cave drip
waters to sub-annual and inter-annual climate variability,
Wombeyan Caves, SE Australia. Chemical Geology, 244:
605-623.

Merlivat, L. and Jouzel, J., 1979. Global climatic interpretation
of the deuterium-oxygen 18 relationship for precipitation.
Journal of Geophysical Research, 84: 5029-5033.

Narayana, C.A., Tiwari, M., Yadava, M.G., Dung, N.S.,
Shen, C.C., Belgaonkar, S.P., Ramesh, R. and Laskar,
A.H., 2014. Stalagmite 8'%0 variations in southern India
reveal divergent trends of Indian Summer Monsoon and
East Asian Summer Monsoon during the last interglacial.
Quaternary International, 1-6. http://dx.doi.org/10.1016/j.
quaint.2014.12.014.

Narayana, A.C., Yadava, M.G., Dar, A.C. and Ramesh,
R., 2014. The Spectacular Belum and Borra Caves
of Eastern India. In: V.S. Kale (ed.), Landscapes
and Landforms of India, World Geomorphological
Landscapes, DOI: 10.1007/978-94-017-8029-2 19,
Springer Science+Business Media Dordrecht: 1-6.

Oster, J.L., Montanez, I.P. and Kelley, N.P., 2012. Response
of a modern cave system to large seasonal precipitation
variability. Geochimica et Cosmochimica Acta, 91: 92-108.

Pant, G.B. and Rupakumar, K., 1997 (editors). Climates of
South Asia. Wiley, Chichester.

Pape, J.R., Banner, J.L., Mack, L.E., Musgrove, M. and
Guilfoyle, A., 2010. Controls on oxygen isotope variability
in precipitation and cave drip waters, central Texas, USA.
Journal of Hydrology, 385: 203-215.

Polk, J.S., van Beynen, P. and Wynn, J., 2012. An isotopic
calibration study of precipitation, cave dripwater, and
climate in west-central Florida. Hydrological Processes,
26: 652-662.

Ramesh, R., Tiwari, M., Chakraborty, S., Managave, S.,
Yadava, M.G. and Sinha, D.K., 2010. Retrieval of south
Asian monsoon variation during the Holocene from natural
climate archives. Current Science, 99(12): 1770-1786.

Rozanski, K., Araguas-Aragguas, L. and Gonfiantini, R.,
1993. Isotopic Patterns in Modern Global Precipitation.
In: Swart, P.K., Lohmann, K.C., McKenzie, J., Savin, S.
(eds). Climate Change in Continental Climate Records.
Am Geophys Union, Geophysics Monograph, 78: 1-36.

Sheffer, N.A., Cohen, M., Morin, E., Grodek, T., Gimburg,
A., Magal, E., Gvirtzman, H., Nied, M., Isele, D. and
Frumkin, A., 2011. Integrated cave drip monitoring for
epikarst recharge estimation in a dry Mediterranean area,
Sif Cave, Israel. Hydrological Processes, 25: 2837-2845.

Sinha, A., Cannariato, K.G., Stott, L.D., Cheng, H., Edwards,
R.L., Yadava, M.G., Ramesh, R. and Singh, I.B., 2007.
A 900-year (600 to 1500 A.D.) record of the Indian
summer monsoon precipitation from the core monsoon
zone of India. Geophysical Research Letters, 34, L16707,
doi:10.1029/2007 GL030431.

Srivastava, R., Ramesh, R. and Rao, T.N., 2015. Stable
isotopic differences between summer and winter monsoon
rains over southern India. Journal of Atmospheric
Chemistry, in the press.

van Beynen, P.E. and Febberollio, P.J., 2006. Stable isotope
record of precipitation and cave water for Indian Oven
Cave, NY. Hydrological Processes, 20: 1793-1803.

WICO, 2011. Final Report on Fourth interlaboratory
comparison exercise for §?H and §'80 analysis of water
samples. International Atomic Energy Agency, Vienna.

Williams, P.W. and Fowler, A., 2002. Relationship between
oxygen isotopes in rainfall, cave percolation waters and
speleothem calcite at Waitomo, New Zealand. Journal of
Hydrology, 41(1): 53-70.



122 Madhusudan G. Yadava et al.

Yadava, M.G. and Ramesh, R., 1999. Speleothems—Useful
proxies for past monsoon rainfall. Journal of Scientific
and Industrial Research, 58: 339-348.

Yadava, M.G., Ramesh, R. and Pant, G.B., 2004. Past
monsoon rainfall variations in peninsular India recorded
in a 331-year-old speleothem. The Holocene, 14: 517-524.

Yadava, M.G. and Ramesh, R., 2005. Monsoon reconstruction
from radiocarbon dated tropical Indian Speleothem. The
Holocene, 15: 48-59.

Yurtsever, Y. and Gat, J.R., 1981. Atmospheric waters.
In: Gat, J.R. and Gonfiantini, R. (eds). Stable Isotope
Hydrology: Deuterium and Oxygen-18 in the Water Cycle.
IAEA Tech Series, 210: 103-142.



