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Abstract

The Indian summer monsoon (ISM) plays a crucial role in driving the economy

and societal setup of the country. The variability of monsoon is found to be

modulated by the interplay between the insolation in the northern hemisphere

and the northward movement of the inter-tropical convergence zone and changes

in ice extent during glacial-interglacial periods. These governing factors operate

on different timescales and control decadal, centennial and millennial variability

of the monsoon. This thesis reports reconstruction of monsoon variability during

the Holocene and the late Pleistocene. The results are based on stable oxygen

and carbon measurements carried out on new stalagmites samples from the core

monsoon zone of India and a sediment core raised from the Andaman Sea.

The variability of ISM during the Holocene has been studied using three new

stalagmite samples from Dandak (DAN-I and DAN-II) and Kotumsar caves, cen-

tral India. The record extends from ∼ 10.4 ka to the present. Contrary to the

earlier inference of gradual decrease in monsoon at mid-Holocene, an abrupt de-

clining monsoon between ∼ 6 to 5 ka was observed. The millennial scale monsoon

variability is found to be similar to the North-Atlantic climate changes (e.g. Bond

events). During the ‘Little Ice age’, when glacier advances were noticed in the

Northern hemisphere, a phase of prolonged weaker monsoon, between 600 and

150 yr BP, with severe drought-like conditions at ∼ 300 yr BP (1700 AD) is seen

in our reconstruction. The general theory of insolation alone controlling the is

debunked and instead it is observed that millennial - centennial scale changes
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could have been governed by internal feedback mechanisms.

Another stalagmite from the Kailash cave was used to document the variability

of monsoon during the Older Dryas period. Several episodes of decade-long mega-

droughts were observed during this period. Beginning of Allerod period is marked

by a sudden increase in monsoon at ∼ 13.4 ka.

Monsoon between ∼ 70 ka to the present was reconstructed using δ18O of

G.ruber from a sediment core from the Andaman Sea. Significant decline in

ISM was observed during the Last Glacial Maximum between ∼ 20 − 18 ka. A

stalagmite sample (BLM-1) collected from the Belum cave, Kurnool district of

Andhra Pradesh, India, holds the longest available monsoon record reconstructed

from the core monsoon region of India. The Belum cave stalagmite, which grew

between ∼ 190 − 80, ka covers the time period of last interglacial (MIS - 5e)

and the onset of the last Glacial period. A gradual decrease in monsoon was

observed at the onset of glaciation. The δ18O time series of early glaciation, when

compared with the insolation gradient and the insolation at 30°N, shows a good

coherence with the gradient. This suggests that the insolation gradient between

the Mascerene high and the Indian low plays an important role in controlling the

monsoon variability rather than direct influence of insolation on monsoon.

Key words : Indian Summer Monsoon, Core Monsoon Zone, Stalagmites,

Holocene monsoon, Pleistocene climate, Foraminifera.
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Chapter 1

Introduction

Economic and societal setup of India depends primarily on the crop yield, which in

turn is decided by the variability in monsoon rain. Severe draught or flood events

when persistent for a long period of time, may lead to country wide devastation.

Since Indian Summer Monsoon (ISM) contributes to ∼80% of the annual rainfall

in India, the economy of the country critically depends upon the performance of

the monsoon [Gadgil , 2003].

Understanding the causative processes affecting rainfall occurrences requires

continuous instrument based monitoring and observations of meteorological pa-

rameters, and in parallel development of mathematical models validated by the

observations. We also need to look into the variability and conditions of Earth’s

climate in the near and also distant past. This is part of a discipline known as

paleoclimatology, which is the study of past or ancient climates.

1.1 Indian Summer Monsoon

The word monsoon is derived from the Arabic word “mausam” which is defined

as seasonal reversal of winds. It has been suggested that monsoon system was

established about 20 million years ago due to the uplift of the Tibetan plateau.

Indian Summer Monsoon (ISM) is a manifestation of the seasonal migration of

1
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the Inter-tropical Convergence Zone (ITCZ, [Gadgil , 2003]) in response to heating

of the high altitude Tibetan plateau (Figure 1.1). ITCZ is the region where trade

winds merge together and form a low pressure belt. During the northern summer,

the Indian subcontinent gets heated up and a low pressure trough is formed.

This heat induced low pressure (<999 mb) extends from northern Rajasthan to

Kolkata at the surface level. Concomitantly, Austral winter causes high pressure

over the southern hemispheric subtropical Indian ocean (∼ 30oS), also known as

the Mascarene High (>1023 mb). This pressure gradient drives cross equatorial

flow of heat and moisture. On account of this, the ITCZ migrates over the Indian

region causing the wind flow from the southwest leading to monsoon precipitation

[Gadgil , 2003; Sikka and Gadgil , 1980]. Shift of ITCZ is a climate system behavior

occurring at a global scale and hence Indian monsoon forms an interactive part of

the global monsoon system. However, ITCZ behavior on local and regional scales

is quite complex [Tomas and Webster , 1997], and hence unique to a particular

geographic setting.

Figure 1.1: Equatorial position of ITCZ in January (blue) and its northward
migration in July (red). Re-drawn from: The Atmosphere [Lutgens and Tarbuck,
2000], using ocean data viewer.

The Indian monsoon generally responds to interglacial/glacial events by in-

tensification/weakening of its strength.

1.1. Indian Summer Monsoon 2
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1.1.1 Variability

Strength of ISM varies on different timescales ranging from intraseasonal to

interannual,decadal, centennial and millennial [e.g., Gadgil , 2003; Ramesh et al.,

2010]. The intraseasonal oscillation reflected as active and break cycles of mon-

soon, [Rajeevan et al., 2010] having 30-60 day oscillations, are mainly controlled

by the internal dynamics. The interannual variability of monsoon rainfall is

mainly governed by both the internal dynamics as well as the external controls

such as El Niño Southern Oscillation (ENSO) [Kumar et al., 1999], the solar cycle

etc. The longer time scale variability (decadal to millennial) is controlled by the

changes in incoming solar radiation (insolation) associated with changes in the

Earth’s orbital parameters along with the changes in circulation pattern [Imbrie

and Imbrie, 1986].

1.1.2 Paleo-monsoon reconstruction

Instrumental record of monsoon rainfall exists for the past 100 or 150 years and

historical records gives qualitative estimates for a few hundred years farther back

in time. Long term reconstruction of monsoon necessitates exploiting natural

archives which preserve signatures of the monsoon in the form of faunal and

floral counts, characteristic chemical constituents and isotopic compositions. The

most widely used and accepted archives are tree rings [e.g., Managave et al.,

2011b; Ramesh et al., 1989; Sano et al., 2010], speleothems [e.g., Allu et al.,

2015; Laskar et al., 2011; Ramesh et al., 2010; Sinha et al., 2007; Yadava and

Ramesh, 1999, 2001, 2005, 2006; Yadava et al., 2004] , lake sediments [e.g., Enzel

et al., 1999; Prasad and Enzel , 2006] and river sediments [e.g., Juyal et al., 2006;

Khadkikar et al., 2000; Sridhar et al., 2016], and ocean sediments [e.g., Gupta

et al., 2003; Kudrass et al., 2001; Prabhu et al., 2004]. Each of these archives have

associated advantages and drawbacks. Tree rings with sub-annual resolution have

the limitation of the extent of time to which they are available. Ocean sediments

1.1. Indian Summer Monsoon 3
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on the other hand, preserve longer timescale climatic data but lack the ability

to reconstruct annual or decadal monsoonal variability. However, in the case of

speleothems using the U-Th dating technique, potential ISM variability for past

500,000 years can be reconstructed. Also, a speleothem grown under favorable

conditions may offer annual resolution.

1.2 Stable isotopologues of carbon dioxide

Different combinations of the isotopes form CO2 molecules with different masses,

called CO2 isotopologues. Carbon dioxide isotopologues constitute mainly three

masses, with the most abundant mass of 44, CO2 containing 13C atom of mass

45, and additionally, CO2 containing an 18O instead of the 16O oxygen isotope

has mass 46. There are a few CO2 molecules with a 13C and a 18O,or two atoms

of 18O with very low abundances. The three major isotopologues of CO2 with

their relative abundance are shown in table 1.1.

Table 1.1: Isotopologues of carbon dioxide along with their natural abundances.
Source:National Oceanic and Atmospheric Administration (NOAA)

Mass Isotopologues Abundance (%)

44 12C16O2 98.40

45 13C16O2 1.19
12C17O16O 0.0748

46 12C18O16O 0.41
13C17O16O 0.00084

12C17O2 0.0000142

As seen above masses 45 and 46 include 12C17O16O and 13C17O16O, 12C17O2

respectively, with very low abundances. However, for paleoclimate studies, im-

portance is given to relative abundance of 13C and 18O isotopes. Hence, Craig

correction is applied to negate the effect of the former low abundant masses

[Craig , 1957].

1.2. Stable isotopologues of carbon dioxide 4
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1.2.1 Notations

The relative abundance of any heavier isotope is conveniently represented as

it’s ratio with that of the lighter one.

R =
Abundance of the heavier isotope

Abundance of the lighter isotope

As the absolute ratios of the isotopes are difficult to measure and the relative

variations are of principal interest in understanding a process, isotopic ratios

are expressed as deviations (δ) from that of an international standard. Carbon

dioxide isotopic compositions are reported with respect to the standard procurred

from International Atomic Energy Agency (IAEA): Vienna Pee Dee Belemnite

(VPDB)[Gonfiantini , 1978; Gonfiantini et al., 1995]. For example, carbon-13 and

oxygen-18 abundances in a sample are reported respectively as

δ13C =

(
RSample

RStandard

− 1

)
× 103‰

and

δ18O =

(
RSample

RStandard

− 1

)
× 103‰,

1.2.2 Isotopic Fractionation of CO2 in soil

When the infiltrating water dissolves soil CO2, some of it hydrates and dissociates

to form bicarbonate (HCO−
3 ) and carbonate (CO2−

3 ) ions. The concentrations

of these species at any given time is controlled by the pH of the local meteoric

water. At each step of ion formation different fractionation factors are involved

and the largest fractionation occurs during CO2 hydration (Figure 1.2). The rate

of fractionation also depends upon closed and open system conditions (explained

in detail in chapter 2), and type of parent material. In silicate bedrock terrains,

1.2. Stable isotopologues of carbon dioxide 5
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there is less presence of Dissolved Inorganic Carbon (DIC) evolution, whereas in

carbonate bedrock terrains, dissolution of calcite/dolomite acts as an additional

source of carbon to the DIC pool.

Figure 1.2: Schematic of fractionation of 13C in during equilibrium exchange
of carbon between CO2, Dissolved Inorganic Carbon and calcite at 25℃. Source:
Clark and Fritz [1997]

1.2.3 Rayleigh model for isotopic fractionation

The isotopic composition of a system from which material is continuously re-

moved can be studied using the Rayleigh model[Mook , 2006]. Consider a reservoir

(vapor mass) from which rain is continuously removed by condensation. On ac-

count of isotopic fractionation, the remanant vapor gets depleted in 18O and the

rain is enriched in 18O. The following assumptions are important, i) the abun-

dance of heavier isotopes is much less than that of the lighter (N∗ � N), ii)

the isotopic fractionation occurs with instantaneous isotopic equilibrium, iii) the

process is isothermal and iv) the reservoir is homogeneous (no isotopic gradient

across the reservoir). At any instant, the stable isotope ratio R of the vapour is

1.2. Stable isotopologues of carbon dioxide 6
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given by

R =
N∗

N
,

where N* and N are the number of heavier and lighter isotopologues. Differenti-

ating the equation gives,

dR =
dN∗

N
− RdN

N

By solving the equation with fractionation factor α = dN∗
dN

/R, we get

R = R0f
α−1

Where, R0 is the initial isotopic ratio of vapor and f is the fraction of substance

remaining in the reservoir. In δ notations, Rayleigh equation can be expressed as

δ = δ0 + (α− 1)103 ln f

The variation of isotopic composition of the water vapour, rain and the accu-

mulated rain formed from the vapour at any instant according to the Rayleigh

fractionation are shown in Fig 1.3 [Clark and Fritz , 1997]. In permil notation α

is represented as the separation factor,

ε = (α− 1).103‰

1.2. Stable isotopologues of carbon dioxide 7
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Figure 1.3: The change in the δ18O of the water vapor, instantaneous rain and
the accumulated rain formed from the water vapor versus the fraction of vapour
remaining in the system. The process follows Rayleigh isotopic distillation.Figure
redrawn from Lekshmy [2015].

1.2.4 Observed isotopic effects

Stable isotopes of global precipitation shows large variations due to isotopic effects

and geography.

1. Temperature effect: Temperature effect is the observed linear relation-

ship between the mean annual surface air temperature and the mean annual

precipitation isotopic composition(Figure 1.4). The relationship is based

on the data procured from the Global Network of Isotopes in Precipita-

tion (GNIP) and the mean annual air temperature at each station [e.g.,

Dansgaard , 1964; Rozanski et al., 1993],

1.2. Stable isotopologues of carbon dioxide 8
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Figure 1.4: Temperature- δ18O relationship in precipitation in Atarctica, Green-
land,Island stations and N.Atlantic coastal. [source: Clark and Fritz, 1997]

δ18O = 0.695Tannual − 13.6

‰δD = 5.6Tannual − 100‰

This is obeyed mainly by high latitude precipitation and does not apply to

tropical rain.

2. Amount effect: The explained temperature effect is predominatly ob-

served at high latitudes, especially where the mean annual surface air tem-

perature is > 15oC. In tropics, the isotopic composition of precipitation is

controlled by the amount of rainfall. This phenomenon is known as ”amount

effect”[Dansgaard , 1964]. It is defined as the negative relation between the

1.2. Stable isotopologues of carbon dioxide 9
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precipitation isotopic ratio and rainfall [Fig 1.5]. Dansgaard [1964] observed

−1.5 ‰/ 100 mm of monthly rain on 14 islands distributed at tropical lat-

itudes. The factors responsible for amount effect are :i) according to the

Rayleigh isotopic fractionation, the newly formed condensate is enriched in

18O.ii) There is re-evaporation of isotopically lighter rain at the bottom of

the cloud because of lower humidity.

Figure 1.5: Relation between monthly rainfall and its δ18O in tropical island
stations around the globe [source: GNIP data, [Lekshmy, 2015]].

This exchanges isotopes with rain drops. So higher rainfall (high humidity)

reduces the 18O in rain. However, the process controlling the amount effect

needs further investigation.

In the tropics, atmospheric convection is the main source of precipita-

tion. Figure 1.6 shows a schematic representation of different components

of a convective cloud system. The moisture feeding the system is derived

from sub-cloud layer (SL), which consists of the surface evaporation, recy-

cled moisture from the cloud and the entrained environmental moisture. In

1.2. Stable isotopologues of carbon dioxide 10
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Figure 1.6: Schematic representation of a convective cloud system Source: [Lek-
shmy, 2015; Risi et al., 2008].

case of intense convection, high SL vapor is taken into the cloud in addi-

tion to entrained environmental air which is more depleted in the heavier

isotopes. 18O and D depleted water vapor (unsaturated) is formed due to

condensation inside the cloud, that reaches the SL by downdraft. The re-

evaporation of the rain drops also feed isotopically depleted vapor to the SL

vapor. Hence, during strong convection, effective recycling of the moisture

leads to depleted of 18O and D of rainfall [Lekshmy , 2015; Risi et al., 2008]

3. The altitude effect: As the vapor mass ascends over a mountain and

cools down adiabatically, it leads to orographic precipitation. Precipitation

starting at a particular height of the mountain continues till the top. Con-

tinuous precipitation leads to enriched 18O and D rain at lower altitude

1.2. Stable isotopologues of carbon dioxide 11
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and depleted values at higher altitude. This process known as the altitude

effect (negative relation between δ18O and δD of rain and altitude) as seen

in Figure 1.7.

Figure 1.7: δ18O variation along a high altitude mountain region [source: Yonge
et al., 1989].

4. The continental effect:

Figure 1.8: Variation of δ18O from oceanic (southwest coast of Ireland) to inland
region (Perm) over Europe [source: Rozanski et al., 1993].

The vapor mass transporting from its source region to inland, continues

to rain out leading to the preferential removal of the heavier isotope in the

initial rainout. The gradual depletion of the heavier isotopes is observed in

1.2. Stable isotopologues of carbon dioxide 12
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the precipitation as the vapor mass travels to the interior of the continents.

This effect is known as the continental effect. Figure 1.8 shows an example

of continental effect on the long term annual δ18O of precipitation in Europe.

1.3 Objectives

Variability of ISM throughout the Holocene has been a debatable issue. While

some workers showed that monsoon decreased in response to decline in insolation,

others infer that gradual increase in its intensity from 11.7 ka to present. There is

another growing consensus about the trend of decrease in monsoon during mid-

Holocene which faced widespread aridification with prolonged droughts. The

schools of thought are divided between abrupt or gradual decline of monsoon

during mid-Holocene. Hence, the focus of the present work is to address the

following issues:

1. To generate high resolution speleothem δ18O record covering the entire

Holocene.

2. To test the concepts of increase or decrease in monsoon throughout the

Holocene.

3. To test for coherence between speleothem based monsoon reconstructions

and other proxy records.

4. To assess the contributions of various internal and external driving forces

in governing millennial and centennial monsoon oscillations.

Understanding the variability of monsoon on glacial-interglacial timescales

is equally important as studying Holocene ISM changes. The longer records of

reconstructed ISM show that it was stronger during interglacial and weaker during

glacial periods [Sirocko et al., 1993], whereas the winter monsoon was stronger

during glacial periods. Hence part of this thesis work focuses on :

1.3. Objectives 13
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1. To verify the response of ISM on glacial-interglacial timescales.

2. To study the role of insolation in driving the monsoon variability.

3. To identify the primary drivers of the monsoon system on glacial-interglacial

climate oscillations.

The aforementioned issues are addressed using the five stalagmite samples and

a sediment core from Andaman Sea. Three of these samples are used to study

the Holocene variability of monsoon and the other two are used to reconstruct

paleomonsoon during the late Pleistocene.

1.4 Previous work

Use of speleothem as a proxy to reconstruct the Indian Monsoon, is quite well

established [Kotlia et al., 2014; Laskar et al., 2013; Lone et al., 2014; Sanwal

et al., 2013; Yadava and Ramesh, 2005, 2006; Yadava et al., 2004]. In India,

speleothem formations are found where there are large outcrops of limestone

bedrocks. Cluster of caves are found in Kanger valley National park, Chattisgarh.

As this area falls in the core monsoon region of India, speleothems formed here

represent changes in the amount of monsoon precipitation. Several studies have

been carried out on speleothems from these caves [Ramesh et al., 2010; Sinha

et al., 2007; Yadava and Ramesh, 2006]. Monsoon variability during 14th and 15th

century is caputerd in a 900 years (600-1500 AD) old stalagmite from Dandak

cave. Major famines like Durga Devi famine that lasted from 1396 -1409 AD

during ‘Little Ice Age’ coincides with the enriched oxygen values of spleothem of

this timespan. Higher precipitation during ‘Medieval warming’ during 900-1350

AD is also recorded in the stalagmite. Variability of monsoon during Little ice

age and Medieval warming is correlated with change in the solar activity [Sinha

et al., 2007].

1.4. Previous work 14
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Based on the 3400 yr BP old Gupteshar stalactite sample it was inferred

that high rainfall persisted from 3400-2900 yr BP with declining monsoon inten-

sity during 2900-1200 yr BP. Since then increase in precipitation was recorded

till present [Yadava and Ramesh, 2005, 2006; Yadava et al., 2004]. Speleothems

formed elsewhere in India are also used for monsoon reconstruction. A 331 year

old stalagmite, from the Akalagavi cave of Northern Karnataka, India, revealed

distinct annual layers. Variability in the monsoon rain during CE 1650-1997, with

the highest precipitation at CE 1666 and the lowest around CE 1900 [Yadava

et al., 2004] was observed. Laskar et al. [2011, 2013], studied a stalagmite from

Baratang cave, Andaman to assess the potential of the Andaman speleothems as

monsoon recorders. Weaker ISM was observed during Roman Warm Period (2100

- 1800 cal BP) while strong ISM observed during Medieval warming. Another

stalagmite sample from the Valmiki cave, southern India covering a time span of

15,700 to 14,700 a (U-Th dated) was used to infer abrupt changes in monsoon rain

during the last deglaciation [Lone et al., 2014]. Another study from Mawmulah

cave, Meghalaya records am ISM variability from 33.8 - 5.5 ka [Dutt et al., 2015].

Abrupt increase in rainfall during Bolling-Allerod and early Holocene and sig-

nificant weakening during Younger Dryas and Heinrich cold event was observed.

Solar forcing and strong ocean-atmospheric circulation were suggested as possible

controllers of the ISM dynamics [Allu et al., 2015; Asmerom et al., 2013]. The

work in this field is growing with new stalagmite studies carried across India.

Many more caves are explored to assess their potential for paleoclimatic studies.

1.4. Previous work 15



Chapter 2

Paleoclimate proxies

2.1 Speleothems

The word speleothem is derived from Greek words ‘Spelaion’ meaning cave and

‘thema’ meaning deposit[Moore, 1952; Schwarcz , 1986]. The speleothems used

for paleoclimate studies are made of calcite or aragonite or a mixture of two.

Speleothems are formed in karstic caves, where the water table is significantly

lowered, favoring air exchange with atmosphere. A typical cross section of karstic

caves can be divided to four parts, namely, soil, epikarst, vadose zone/karst and

phreatic zone. A schematic representation of speleothem formation is shown in

Figure 2.1. Partial pressure of carbon dioxide in rainfall is 10−3.5 bars. As rainfall

percolates into the soil, it dissolves a higher amount of additional CO2 released

from microbial decay and plant root respiration. Partial pressure of CO2 (PCO2)

in soil is 10−1bar. This ”corrosive” solution reacts with the host carbonate rocks

in epikarst and forms HCO−
3 , CO

−
3 ions [Sasowsky and Mylroie, 2007]. The degree

of saturation of these ions depends upon the acidity of water and residence time

of water in the passage. During the dissolution process, trace elements from the

bedrock are also incorporated in dissolved, particulate or colloidal state. As the

saturated water descends through the crevices and fractures into the karst, it

comes in contact with cave air having lower PCO2 (10−2.5bars) . This leads to

16
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degassing of CO2 from the solution and precipitation of CaCO3 in the form of

calcite or aragonite.

Figure 2.1: Conceptual model explaining the formation of speleothems in a
karstic cave. Partial pressures of CO2 in rainfall, soil and cave air are typical
values taken from Sasowsky and Mylroie [2007].

At the roof of the cave, near the exposed fractures, slow dripping of water

leads to the formation of hollow cylindrical tubes known as soda straws. They are

among the earliest structures to form. Ceaseless dripping along soda straws leads

to precipitation of calcite on its outer margin, forming a conical structure called as

Stalactite. The excess water from the stalactites drips down and forms stalagmites

which grow upwards. When the rate of precipitation is high, stalactites and

stalagmites grow together and merge to form columns. When the rate of drip

is high, the excess water is spewed on the floor, and subsequently forms layered

deposits known as flow stones. Of the following morphotypes, stalactites and

2.1. Speleothems 17



Chapter 2. Paleoclimate proxies

stalagmites are favored for paleoclimate studies as the layers may be unperturbed

and have less detrital content. Stalagmites, are preferred over stalactites, as they

are cylindrical with near flat layers. This favors sub-sampling along each layer as

opposed to conical growth layers of stalactites, which may also be interrupted by

soda straws in the center.

2.1.1 Mineralogy

Calcite is the most abundant mineral in speleothems. However, sometimes the

calcitic fabric is intertwined with aragonite. Aragonite is metastable with respect

to calcite at atmospheric pressure. Trace elements play a key role in deciding

the calcite-aragonite fabric [Sasowsky and Mylroie, 2007]. Sr2+ ions favor arag-

onite nucleation, thereby hindering the formation of calcite crystals. Aragonite

precipitation is also dominant when the host rock is dolomite, with high Mg/Ca

ratios. Mg2+, inhibits calcite nucleation, thereby necessitating the supersatura-

tion required for the aragonite formation [Berner , 1975; Bischoff , 1968]. Calcite-

Aragonite fabric also depends upon the cave setting. In poorly ventilated caves,

partial pressure of water vapor is saturated and partial pressure of CO2 may ap-

proach that of the drip water. As a result, slow deposition of calcite crystal takes

place. In a dry ventilated caves, humidity is very low and PCO2 may represent

the values of atmosphere background [Bar-Matthews et al., 1991; Murray , 1954;

Railsback et al., 1994]. As a result, there is rapid degassing and deposition of

aragonite may be favored. A speleothem from the Sai baba cave from Nepal was

used to reconstruct changes in the Indian summer monsoon during the last 2300

years based on change in calcite-aragonite fabric. Aragonite crystallization was

observed during the weaker/drier phases of monsoon, whereas calcite crystalliza-

tion was observed during wetter conditions [Denniston et al., 2000].

2.1. Speleothems 18
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2.1.2 Isotope exchange in speleothems

The dissolution of bedrock and subsequent deposition of speleothem involves

involved chemistry, right from the conversation of gaseous carbon oxide into dis-

solved aqueous state.

In the atmosphere, carbon dioxide is present as a trace species with the mixing

ratio reaching up to 400 ppm. Carbon dioxide in gas phase (CO2(g−soil)) dissolves

in meteoric water to form CO2(aq).

CO2(g−soil) ↔ CO2(aq) (2.1)

CO2(aq) then reacts with H2O to form carbonic acid.

CO2(aq) +H2O → H2CO3 (2.2)

Carbonic acid, being a ’weak acid’, dissociates to bicarbonate ions at higher

pH.

H2CO3 → HCO−
3 +H+ (2.3)

The DIC pool at neutral pH values is dominant in HCO−
3 ions, but has a

small proportion of CO−
3 ions for carbonate mineral stability.

HCO−
3 → CO2−

3 +H+ (2.4)

The further reactions leading to speleothem formation are

CO2−
3 + Ca2+ ↔ CaCO3 (2.5)

H2O ↔ OH− +H+ (2.6)

2.1. Speleothems 19
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Dissolution of the bedrock carbonate can be summarized as :

CaCO3 + CO2 +H2O ↔ 2HCO−
3 + Ca++ (2.7)

Speleothems can form as a result of the interplay of various subsurface pro-

cesses shown in Figure 2.2 The isotopic composition of the precipitated calcite

depends upon the following cave characteristics:

(1) The solution dissolving the limestone bedrock is always in contact with

the soil carbon dioxide gas, known as ’open system’

(2) The solution dissolving the limestone bedrock remains isolated from the

gas phase until it is exposed to cave air, known as ’closed system’.

The isotopic composition of speleothems may also be influenced by changes in

the cave environment. These are:

(1) When the humidity inside the cave is very high and partial pressure of

carbon dioxide in cave air is close to the saturated value, the rate of loss of

carbon dioxide from the solution becomes sufficiently slow. At this rate isotopes

are precipitated in isotopic equilibrium. The slowest reactions within solution

are dehydration of bicarbonate ions and hydration of aqueous carbon dioxide.

This is the only step where there is isotopic exchange between oxygen of water

and oxygen of carbon compounds in the solution [Hendy , 1971]. For calcite to

be precipitated under ”oxygen isotopic equilibrium” with the water, equilibrium

between these species is necessary.

(2) In ventilated caves, the partial pressure of cave air may be close to the

atmospheric background value. In such a scenario, when the dripping water

comes in contact with cave air, there is rapid degassing of carbon dioxide, prior

to achieving the state of equilibrium between aqueous carbon dioxide and bicar-

bonate ions. This process is called ”Kinetically fractionated deposition” [Hendy ,

1971].
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Figure 2.2: A schematic diagram of the role of different pathways involved in
speleothem formation. Figure redrawn from Hendy [1971].

(3) The third type of deposition occurs near the cave entrance or where the

cave humidity is very low. In this case, the solution becomes supersaturated

through loss of water due to evaporation.

These processes play a key role in controlling the isotopic composition in

speleothems, and their effects on oxygen and carbon isotopic values will be dis-

cussed in detail below.
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Carbon Isotopes

The carbon in speleothems is derived from two sources (1) Soil CO2 which is

much lighter than the atmospheric carbon dioxide, with a δ13C value of -9‰

[Craig and Keeling , 1963]. And (2) Bedrock Carbon. The evolution of carbon

isotopes is a complex process and depends upon several factors [Hendy , 1971;

Lauritzen and Lundberg , 1999; Wigley et al., 1978] shown in Figure 2.3 . They

are:

(1) The photosynthetic pathways

When carbon dioxide from atmosphere is taken by plants, it is converted to

organic compound during photosynthesis, a process known as ”kinetic isotopic

fractionation”. The plants following Calvin (normal) photosynthetic cycle (C3),

produce biogenic carbon with δ13C values -36‰ to -22‰ w.r.t.VPDB [Badeck

et al., 2005; Cerling and Harris , 1999]. Such type of vegetation is found in

humid conditions, like tropical forests. The plants following HATCH-SLACK

photosynthetic cycle (C4) on the other hand, produce carbon with δ13C values of

about -12‰ [Bender , 1968]. Grasses in semi-arid regions follow this cycle. Hence,

the δ13C of deposited calcite depends upon the relative contribution from these

two types of vegetation. Climate driven changes can effect the type of vegetation

and in turn change the δ13C of speleothems [Clark and Fritz , 1997; Gascoyne,

1992; Lauritzen, 1995]. However, change in vegetation type in response to climate

change is observed on centennial timescales scales.

(2) Biological activity

Carbon dioxide in soil is derived from two sources: plant root respiration and

microbial decomposition. During the wet season, intense respiration leads to high

pCO2 and lower values of δ13C.

(3) Closed cave system

In closed cave systems, the carbon dioxide from the solution does not interact

with the gaseous phase before coming in contact with the limestone bedrock.

Thus, there are two sources of carbon: the solutions that carried carbon from the
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aerated zones and the carbon released during dissolution of limestone. Here the

isotopically depleted carbon species from an aqueous solution with δ13C = -24‰

combine with the isotopically heavier carbon dioxide of δ13C = +1‰ to form

calcite. Unless variation in climate causes changes in δ13C or partial pressure of

carbon dioxide in the soil, there will not be significant variation in the δ13C of

calcite precipitated from a closed system solutions.

(4) Open cave system

In this type of cave setting, the isotopes of carbon in solution dissolving lime-

stone are constantly interacting with the carbon dioxide from soil atmosphere,

such that, a chemical and isotopic equilibrium is maintained. The isotopic com-

position of carbon is give by following equation

δ13CCO2(aq)
∼= δ13CCO2(g)

+ ε13C(CO2(aq)−CO2(g)) (2.8)

where ε13C(CO2(aq)−CO2(g)) is the isotopic enrichment factor between aqueous

carbon dioxide and gaseous carbon dioxide, [Craig , 1954; Hendy , 1971].

(5) Drip rate in the cave

When the saturated solution comes in contact with cave atmosphere, loss of

CO2 may take place by degassing or evaporation. If the rate of degassing is

sufficiently slow then the isotopic equilibrium is maintained between degassing

carbon dioxide, precipitating calcite and carbon isotopes in solution. If the equi-

librium conditions are such that there is a progressive enrichment in 13C of the

species remaining in the solution w.r.t. carbon dioxide degassing and precipitat-

ing calcite, it is called ”Rayleigh distillation” process. In this process, if rate of

transport of CO2 from the solution is close to the cave atmosphere, there will be

steady exchange and isotopic equilibrium is maintained. However, δ13C values

may not truly represent climate variability, unless there is a systematic change in

the partial pressure or δ13C value of the carbon dioxide in the soil atmosphere.
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Figure 2.3: Factors controlling δ13C of speleothem. Figure redrawn from
the sources of carbon is speleothems, presented at the Speleothem Summer
School,2015, Oxford,Jens Fohlmeister

Oxygen Isotopes

The use of oxygen isotopes of speleothems for paleoclimate studies was first re-

ported in the 1960’s [Broecker et al., 1960; Hendy and Wilson, 1968]. The stable

isotopes of interest are, 18O and 16O and their ratios are measured relative to

laboratory and international standards on a mass spectrometer. And the values

are expressed as

δ18O =


(

18O
16O

)
Sample(

18O
16O

)
Standard

− 1

× 103‰ (2.9)

The standard used for carbonate measurement is VPDB-Vienna Pee Dee Belem-

nite derived from the rostrum of Belemnitella americana from the Pee Dee For-

mation of South Carolina in U.S.A [Coplen et al., 1983; Gonfiantini , 1978]. The

standard is procured from IAEA (International Atomic Energy Agency, Vienna).
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When the sample has higher δ18O relative to a standard, it is referred as isotopi-

cally ”enriched” or ”heavier” and vice a versa. The fractionation factor αCW is

known for the calcite-water system and is given by the following equation [O’Neil

et al., 1969].

αCW =

(
18O
16O

)
Calcite(

18O
16O

)
Water

(2.10)

∆cw = (2.78× 106/T 2)–3.39 (2.11)

Where, T is the ambient cave temperature in 0K and ∆cw = 103αCW .

The oxygen isotopes in speleothems can be traced back to the processes con-

trolling the hydrological cycle. Evolution of oxygen isotopes precipitating in

speleothems depends upon the phase changes on its course from ocean water →

vapor → prepitation → soil water → epikarst solution → karst drip water. The

δ18O value of the soil water is determined by the δ18O value of the precipitation

infiltrating the soil pores. Processes such as evaporation and transpiration play

a crucial role in controlling the δ18O in soil pores. In arid regions, evaporation

leads to enrichment in 18O , whereas in humid climates the role of evaporation

is minimal [Allison, 1982; Lachniet , 2009; Tang and Feng , 2001]. Soil water in-

filtrates into the epikarst, having fissures, bedding planes and other solution fea-

tures where water may get stored or mixed. Flow through the epikarst may occur

through primary porosity, joints or large conduits [Klimchouk , 2000; Williams ,

2008; Yonge et al., 1985]. The residence time of water in the epikarst also controls

the δ18O of water. Longer the residence time, more are the chances of mixing

with ground water. Hence, a rapid flow rate leads to less alterations in the δ18O,

making it suitable for detecting high-frequency climatic events[McDonald et al.,

2007], whereas a slow residence time is useful for studying long term climate
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changes. The δ18O of the solution entering the caves later becomes functions of

the degree of saturation of solution, humidity inside the cave etc. In ventilated

caves, where the humidity is less than 100%, evaporation takes place and 18O is

further enriched.

In order for speleothems to track hydrological changes, it is important that the

isotopic equilibrium is maintained between the drip water, degassing CO2 and

precipitating CaCO3[Hendy , 1971]. The only factors which affect the oxygen

isotopic composition are changes in the cave air temperature and change in the

mean isotopic composition of water. Both these factors change with the change in

climate. The temperature inside the cave remains constant throughout the year

in poorly ventilated caves because of thermal inertia [Gascoyne, 1992; Lauritzen,

1995; McDdermott et al., 2006; Repinski et al., 1999]. Changes in the annual

temperature affect the δ18O of the precipitating calcite, where heavier δ18Oc

values imply lower temperatures. The degree on enrichment is given by equation:

d(∆cw)/dT = −0.210C−1at 25℃.

The temperature interpretation based on speleothem δ18O is not straight for-

ward and depends upon many parameters. The factors controlling δ18O are sum-

marized byLauritzen and Lundberg [1999] in an expression

δ18O = exp{a/T 2
1 − b}[F (T2, t, g) + 1000]− 1000 (2.12)

same as

lnα = ln
( δ18O + 1000

F (T2, t, g) + 1000

)
=

a

T2

− b (2.13)

where a = 2.78 × 103 , b = 3.39 × 103 (empirical constants), T1 is the deep

cave temperature and T2 is the surface temperature, t is the time and g is the

geographical position (latitude, longitude) of the cave. The thermodynamic frac-
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tionation between calcite and water inside the cave is given by the exponential

part, the drip water isotopic composition (δ18O) is a controlled by F(T2, t, g). In

most of the cases, the cave temperature can be assumed to be equal to the surface

temperature. For paleo-temperature reconstructions T derivative is expressed as

µ =
dδ18OC

dT

and can be positive or negative or even zero. Hence the use of speleothem

δ18Oc for temperature interpretation is ambiguous [Gascoyne, 1992; Lauritzen

and Lundberg , 1999]. However, δ18Oc can be used to trace first order changes

(glacial-interglacial events) in climate [McDdermott et al., 2006].

The caves located in tropics however, show less temperature annual variability.

The δ18Oc of speleothems in such caves, are strongly dependent inversely on the

amount of rainfall.

2.1.3 Trace elements

CaCO3 while precipitating incorporates trace elements (Tr) from the solution. In

the solution, various elements form divalent cations and substitute for Ca ion in

the CaCO3 crystal lattice [Fairchild and Treble, 2009]. Elements such as Mg, Sr,

Ba with similar ionic radii substitute for Ca under different physical conditions

[Morse and Bender , 1990].

CaCO3 + Tr2+ ⇔ TrCO3 + Ca2+

A simple equation is used to define the distribution coefficient to relate solu-

tion and mineral compositions.

(TrCO3/CaCO3) = KTr(Tr/Ca)solution

Where Tr is the trace ion and KTr is the distribution coefficient that depends

on precipitation, temperature, crystal morphology. Other than substitution, trace

elements come through the aqueous medium where they are adsorbed on the

surface of detrital particles and hence get incorporated in speleothems. Excess
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Th that gets adsorbed causes trouble in dating of the speleothem. The geological

setting of karst deposits plays a major role in the trace element contribution. The

primary source of calcium and other major elements come from the bedrock and

overlying soil. Dissolution is maximum where pCO2 reaches its peak. Most of the

P comes from minor traces of Apatite in soil[Huang et al., 2001]. Trace element

concentrations also depend upon residence time of drip water. When the rock has

both dolomitic and limestone composition, both will dissolve in undersaturated

solutions. However, in deposited calcite Mg/Ca ratio will be lower than that

of the host rock composition. The two important modes of transport of trace

element to karstified bedrock are chemical mobilization and through hydrological

processes[Tooth and Fairchild , 2003]. Chemical mobilization is mediated at three

different rates. At rapid rates, trace elements adsorbed on organic and inorganic

surfaces, preexisting dissolved species and mobilized particles are transported. At

intermediate rates, there is calcite dissolution of the host rock followed by the slow

process of chemical weathering of less soluble dolomite, silicates, phosphates and

oxides[Fairchild and Treble, 2009]. Trace element contribution is also affected by

the rate at which drip water flows. If the drip rate is slow due to low-permeable

soil, the interaction time increases leading to the enrichment of trace species. High

flow rate on the other hand can also be associated with trace element enrichment

primarily for the species that are transported as colloids.

The infiltrating water passes from the dissolution regime to the precipitation

regime, when it encounters conduits with relatively lower pCO2[Fairchild et al.,

2006]. The resultant degassing leads to supersaturation of water for CaCO3 and

calcite precipitation. As KTr values for the carbonate precipitated are less than

one, there is larger reduction of Ca in solution than that of the trace element

and hence an increase in the ratio of trace element to Ca in solution[Holland

et al., 1964]. Since there are gas filled conduits in the soil, leading to ” Prior Cal-

cite Precipitation” (PCP), it might suggest drier climatic conditions [Fairchild

et al., 2000; Johnson et al., 2006; McMillan et al., 2005]. PCP usually leads
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to higher Mg/Ca and Sr/Ca ratios, which could also favor aragonite formation

in speleothems[Frisia et al., 2002; McMillan et al., 2005]. Sr is incorporated in

larger Quantities at growth rates, where it substitutes for Ca or occupies the

defect sites[Gabitov and Watson, 2006]. Other trace elements are seen associ-

ated with colloidal medium or adsorbed on organic-inorganic substrates. The

elements associated with fluorescent lamina are seen in following rank order:

Y > (Cu,Zn, Pb) > Br, P . Y is essentially transported through an organic col-

loidal phase[Borsato et al., 2007; Fairchild and Treble, 2009]. Phosphorous binds

very strongly to Calcite surfaces and if present in high concentrations may in-

hibit calcite growth[Huang et al., 2001]. Transport of colloids is likely to increase

during higher precipitation conditions where the rate of infiltration is higher. Mn

is transported either as a organic complex, colloidal complexes or as a particle

in groundwater[Perrette et al., 2000; Richter et al., 2004; Zhou et al., 2008]. Mn

that is present as colloidal complex may get attached to the fine detrital layers

in speleothem, and it may not be associated with crystal lattice.

Mg in Speleothem Mg/Ca ratios in speleothem were considered to respond

to temperature changes within caves. Gascoyne [1983] demonstrated a positive

correlation between Dmg and the cave temperature. Fairchild et al. [2001] sug-

gested that Mg in speleothems can be used to reconstruct hydrological changes.

Mg/Ca ratios are found to be sensitive to amount of rainfall and can be used in

conjunction with stable isotope values to assess monsoon variability. Mg/Ca ratio

in drip water is influenced by PCP and is higher during low-flow conditions. A

positive correlation is seen between δ13C and Mg driven by the effect of PCP. In

the case of δ18C values, the Mg/Ca ratios show a negative correlation, as there are

a few sites where PCP takes place. Sampling sites of speleothems are equally im-

portant.Baldini et al. [2006] argued that it is preferable to collect samples below

active seepage flow, as the trace element contribution will respond to hydrological

changes. Thickness of the overlying limestone bedrock is another factor affect-
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ing the influx of trace elements. If the bedrock thickness is less, there are more

chances of preserving the response of trace element to hydrological changes.

2.1.4 Speleothems as paleomonsoon proxy

Speleothems deposited in the karst formations of India are direct recorders of In-

dian summer monsoon as most of the annual precipitation is received in peninsular

India during June to September [Lone et al., 2014; Sinha et al., 2007; Yadava and

Ramesh, 1999, 2005, 2006, 2007]. Most of the speleothems studies so far studied

ISM changes during part of the Holocene period. The Holocene marks the intensi-

fication of monsoon at around 11.7 ka. The monsoon variability during Holocene

period, led to concomitant changes in different human civilizations spread across

India.

There are several proxy records from east Asia and Oman that reconstructed

the ISM during the Pleistocene. However, very few records exist from the core

monsoon region of India covering this timespan[Cai et al., 2015; Yuan et al.,

2004; Zhisheng et al., 2011]. The importance of this period is recurring glacial-

interglacial cycles. In tropical regions, the glacial-interglacial periods are inter-

preted in term of weakening or strengthening of monsoon respectively. Response

of the ISM during these cycles is documented in the studies carried out over the

Indian ocean [Leuschner and Sirocko, 2000; Prabhu et al., 2004; Schulz et al.,

2002; Sirocko et al., 1993; Zorzi et al., 2015] and using various terrestrial prox-

ies[Agrawal et al., 2012; Dutt et al., 2015; Juyal et al., 2006; Roy et al., 2012] .

However, most of the terrestrial proxies which are direct recorders of monsoon

focus on the last glacial maxima. Hence there is a lack of understanding regarding

the effect of glacial millennial climate variability on ISM .With absolutely dated

speleothems, in combination with high resolution stable isotope or trace element

analyses, glacial-interglacial cycles can be studied in great detail.

The aim of the present study is to reconstruct high resolution monsoonal

changes since the late Pleistocene period.
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2.1.5 Sample locations

Most of the carbonate outcrops in India are karstified and host variety of speleothem

formations. Some of these caves are explored extensively by geoscientists for pa-

leoclimate studies. The caves which have been studied to understand the climate

variability are shown in Figure 2.4 [Allu et al., 2015; Sinha et al., 2007; Sinha

and Naik , 2004; Yadava and Ramesh, 2001, 2005, 2006; Yadava et al., 2007]. Our

present work is focused on three such caves in the Kanger valley cave complex,

Chattisgarh and the Belum cave in Andhra Pradesh.

The Kanger valley cave complex

A vast cave complex is located in Kanger valley National Park, Chattisgarh of

central India comprising of unexplored caves like Dandak, Kotumsar and Kailash

2.4. The caves are exposed in the north of the Kanger River[Biswas , 2010]. And

are formed by dissolution of the Kanger limestone belonging to the Indravati

group rocks of Mesoproterozoic era [Maheshwari et al., 2005]. In the present

study, stalagmites from all the three caves spanning different time frames are

studied in detail.

The Dandak cave The Dandak cave (18°51’30” N; 81°57’00”E, 400 m.s.l) is

one of the many caves located in the Kanger valley National Park, Chattisgarh

(Figure 2.4) in Central India[Sinha et al., 2007; Yadava and Ramesh, 2005]. The

cave is situated on a hillock with scattered boulders exposed around [Biswas and

Shrotriya, 2011]. The cave entrance located in the north-west direction opens up

to a large hall, known as the outer chamber of the cave.
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Figure 2.4: Map of the India showing the locations of the caves explored for
paleoclimate studies. The box in the lower right, zooms in onto the Kanger valley
cave complex, Chattisgarh.

The average length of the cave is 330 meters and it has two main chambers.

The outer chamber is connected to the inner one through a narrow passage. The

seasonal variability is found in the physical parameters of the cave such as, cave air

temperature, relative humidity and water pH in both the chambers [Biswas and

Shrotriya, 2011]. Average pH of the seepage water and drip water temperatures

are (7.2-7.5) and (18-20℃), respectively, [Biswas and Shrotriya, 2011]. Tourism

is exempted for the caves, and thus there is a good scope of undisturbed growth

in the speleothem samples. The stalagmite samples were collected from the inner

chamber, exhibiting high humidity and poor ventilation.

2.1. Speleothems 32



Chapter 2. Paleoclimate proxies

Figure 2.5: Left: Overview of the Dandak cave, with the dashed circle indicates
sampling site,Right: Photo showing Dandak stalactite.Photo source: [Biospeleol-
ogist, 2013].

The Kotumsar cave The Kotumsar cave (19°00’N, 82°00’E, 35m below ground

level) is located 5km north of the Dandak cave (Figure2.4) in Kanger valley Na-

tional Park. The lateral extent of the caves is around 330 meters with several

chambers and passages around 20-70 meters wide [Yadava and Ramesh, 2007].

Cave entrance is formed by the vertical fissure in the wall of a hill[Biswas , 2010].

A narrow channel of water passes through the central part of the cave galleries

which is fed at the cave entrance during the ISM season (June to September),

and terminates in the middle of the cave becoming a part of the underground

pathways. Small ponds are seen during the dry seasons, i.e., pre-monsoon and

post-monsoon (winter), which receive cave drip water and serve as a source of life

for the cave biology [Sinha and Naik , 2004]. The average pH of the pond water

is 8.04 ± 0.36. Currently the cave is open to public visit during winter. The

average annual air and water temperatures within the cave are 28.25 ± 1.23 and

26.33 ± 0.96 ℃respectively[Biswas , 2010]. In the far interior of this cave (Figure

2.6), a few stalagmite pieces were found lying horizontally within a narrow zone

( 1 to 1.5 m of vertical space between the cave roof and the surface of 1m raised

bedrock). A few stalagmites were recovered from this site in June, 2006 CE.

Around these stalagmites, layers of fresh carbonate deposition were seen due to

which these were lying intact on the surface, although the surrounding was found
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to be dry at the time of collection.

The Kailash cave Kailash cave (18°84’N, 82°00’E,40 m.s.l.) is located at ∼ 40

km from Jagdalpur, to the south of the Kotumsar and the Dandak caves(Figure

2.4). The cave is located on a limestone hilltop in a thickly forested area of the

Figure 2.6: Top left:Sketch of Horizontal cross sectional view of Kotumsar cave
[Yadava and Ramesh, 2007]. Dotted circle shows the site of KOT-I speleothem.
Top right and Bottom: Photos showing stalactites and stalagmites exposures in
cave.Photo source:[Wikipedia, 2016a].

Kanger National Park. The Kailash cave is 250 m long with only one narrow

entrance at the top. The main hall of the cave follows the dip of the host rock

with a very steep slope.
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The Belum cave

The Belum cave (1506’N, 7806’E, 367 m above m.s.l. ) is situated in the southern

part of India in the Kurnool district, Andhra Pradesh. Geologically the area has

outcrops representing middle to upper Proterozoic rock types of the Cuddapah

Basin. The caves are formed in karstified Narji Limestone series. It is the second

largest cave in the Indian subcontinent and one of the longest caves in India

with its gallerias extending 825 m long(Narayana,et al., 2014). The deepest part

of the cave is 80 m below the cave entrance. The caves have sixteen pathways

including the main entrance. The cave is divided into many chambers colloquially

referred as ”hall”. Each hall displays a magnificent formation of stalactites and

stalagmites.The BLM-1 stalagmite was recovered from the inner gallery of cave

having 100% humidity with a narrow channel to access.

Figure 2.7: Top left: Sketch of Horizontal cross sectional view of the Belum
cave.Redrawn from the sign board near the entrance of the Belum Cave. Circle
over the map shows Belum stalagmite sampling site. Top right: Photo showing
several stalactites famously known as ”Ceiling hall of thousand hoods”. Bot-
tom:Photo showing a giant calcium carbonate column surrounded by stalactites
known as ”Banayan tree hall”. Photo source: [Wikipedia, 2016b]
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2.2 Foraminifera

Sediments in the seas around the Indian subcontinent are excellent recorders of

past monsoon variability. As southwest monsoon winds flow past the Arabian Sea,

warm ocean surface water gets dragged towards the western coast of India. As a

result, colder deeper waters, rich in nutrients force their way to the surface (Figure

2.8)near the Oman coast [Anderson et al., 1992]. Planktons such as foraminifera

bloom in such conditions and hence the abundance of certain foraminiferal species

(e.g.,G. bulloides) is used as an indicator of upwelling/wind strength, which in

turn is a proxy for the Indian monsoon. Higher abundance of this species has

been interpreted as stronger monsoon winds [Gupta et al., 2003].

Figure 2.8: Upwelling in the coast of Oman. Colder water from the deeper ocean
rises up as the warm surface water is dragged by the south-westerly winds.

During glaciations, Arabian Sea upwelling weakens in response to weakening

in the monsoon wind strength. As a result, records show a lower abundance of G.

bulloides during the glacial period and high abundance during interglacial period.

Urey [1947], proposed that isotopic ratio of 18O to 16O (measured as deviation

[δ18O] in parts per mille ‰ from that of a reference, Pee Dee Belemnite) of cal-

citic tests of marine microfossils varies depending upon the water temperature

at which the test is formed; higher ratio (i.e. more positive δ18O) in the test
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signifies a lower temperature (i.e. a temperature coefficient of ∼ −0.2 ‰(℃)−1),

as later experimentally verified by Epstein et al. [1953]. Marine Isotopic Stages

(MISs) were first described based on a core raised from the Caribbean [Emiliani ,

1955]. δ18O fluctuations of planktonic foraminifera (marine organisms that live

typically for ∼ 6 weeks in the top 100 m of the ocean, on whose death, their

calcareous tests settle down on the ocean floor, typically at the rate of 1 to 10

cm/ka) were used to deduce the climate variability of past ∼ 280 ka as recorded

by these microfossils in marine sediment. In a stratigraphic column alternate

‘warm’ and ‘cold’ stages were observed. Accordingly, the present ‘warm’ stage

was designated by number 1 and the preceding ‘cold’ stage, an even number (MIS

2). Therefore, all the ‘warm’ and ‘cold’ stages are odd and even nos., respectively,

giving an appearance of a sinusoidal wave where the stage boundary is marked as

the midpoint between ‘temperature maximum’ and ‘minimum’. Shackleton and

Opdyke [1976], recognized that it is not just temperature change that contributed

to the observed changes in δ18O of tests of the marine microfossils, but also that

changes in sea level or ‘ice-volume’; thus they refined and further extended this

timescale to 22 stages spanning ∼ 900 ka as opposed to 16 stages originally

proposed by Emiliani [1955]. Initially researchers used planktonic foraminiferal

tests for δ18O measurements. Planktonic foraminifera respond to local temper-

ature variations and may not be a suitable proxy to record global temperature

variations. Deeper oceans are more uniform in temperature and salinity than the

surface ocean, therefore δ18O values of benthic foraminifera (foraminifera that

live and die on the ocean floor) could be more reliable, as they are believed to

respond mostly to global ice volume or sea level changes. Recent reconstructions

of Marine Isotopic Stages are done using δ18O of benthic foraminiferal tests. Cli-

mate record was improved when stacks which were averages of δ18O values of

benthic foraminiferal records from multiple ocean sites were correlated. A new

5.3 Myr benthic δ18O stack (called “LR04”) was presented consisting of over

38,000 individual δ18O measurements from 57 sites distributed globally [Lisiecki
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and Raymo, 2005; Shackleton, 1987]. Most of the measurements were done on the

species Uvigerina peregrina or Cibicidoides wuellerstorfi. The advantage is the

elimination of “local” climate signals and generation of a smooth curve that rep-

resents “global” climate change. Two inferences are readily seen from this curve:

first, a steady increasing (plotted downward) trend in the mean δ18O values. This

implies that the ocean water steadily became enriched in 18O, signifying the for-

mation of ice sheets (which preferentially lock in H2
16O) and global cooling that

appears to have commenced around 3 million years ago. Secondly, the amplitude

of fluctuations has increased during the last one million years. This signifies that

the δ18O glacial and interglacial sea level changes have become higher in magni-

tude ( 100 m) with time. Equivalent, long and continuous monsoon proxy records

are not available for the Indian region so far.

Figure 2.9: Location of core SK-234-60 from Andaman Sea.

The present study is based on a 4 m long sediment core (SK-234-60) raised

from the Andaman Sea N 12°05’46” and E 94°05’18” at a depth of 2 km. Part

of the work related to core SK-234-60(Figure 2.9) is covered in Awasthi [2012],
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where geochemical studies on the sediments were carried out to understand the

provenance of the deposits.The Present work is to interpret δ18O timeseries to

reconstruct ISM variability.

2.3 Tree rings

Climate change during the past 1000 years is important to reconstruct as it can

be correlated with the historical archives and extent to which climate affected

civilizations can be deduced.Of the several proxies used for paleoclimate (e.g.

ice cores, lake sediments,corals and speleothems) reconstructions, tree rings have

special advantages: they record seasonal monsoonal variability, they preserve con-

tinuous record and can be easily dated using ring-counting. An individual tree

ring records contemporaneous climate changes in the year of formation over the

life-span of the tree. Cross correlation and matching of ring patterns of different

(dead, archived and growing) trees of the same climate regime can extend the

climate reconstructions to past several thousands of years. Significant contribu-

tions to climate science within the last decade have firmly established tree-rings as

valuable sources of proxy data for evaluating long-term climate variability/trends

and as useful tools for developing long-term records of extreme climatic events

[Mann et al., 1999].

Previous monsoon reconstructions using tree rings were based on ring width.

The analogy used was: trees from high latitude or altitude regions, with wider

(narrower) rings correspond to higher (lower) temperature/ precipitation [Mana-

gave and Ramesh, 2012].However, the presumably simple relation between width

and climate is rather complex and is influenced by non-climatic factors such as

light availability, topography, soil type and forest thinning, ecological parameters

and also genetic variability among trees of the same species (e.g. Kress et al.

[2009], Fritts [1976]). On the other hand, isotopic composition (stable isotope ra-

tios of carbon (δ13C), hydrogen (δD) and oxygen (δ18O)) of tree rings is believed
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to be less effected by ecological parameters and considered to be better measures

for climate reconstruction. Tree cellulose δ18O is more sensitive to rainfall fluc-

tuations as compared to ring-width and ring density [Sano et al., 2010]. Several

researches and reviews on tree rings isotopes by Farquhar et al. [1989],Ramesh

et al. [1986], Dawson et al. [2002], McCarroll and Loader [2004] Managave and

Ramesh [2012] highlight that oxygen and hydrogen of cellulose from individual

growth rings can be used as proxies for climatic parameters such as rainfall, hu-

midity and temperature. The oxygen isotope composition of plants is influenced

by various physiological and climate processes. It is mainly controlled by δ18O of

the source water, the level of 18O enrichment in leaf due to evaporation, biochem-

ical fractionation of 18O due to synthesis of sucrose in the leaf and the isotopic

exchange between carbohydrate and xylem water during cellulose synthesis. The

δ18O of rainfall is inversely related to the amount of precipitation in the trop-

ics [Dansgaard , 1964; Rozanski et al., 1993; Schmidt et al., 2007; Yadava and

Ramesh, 2007] hence tree cellulose δ18O is a powerful tool to reconstruct past

monsoon rainfall.

In the present study, the available records of monsoon reconstruction from

tree rings of the Indian peninsula are used to compare with speleothem based

reconstructions to asses the coherence between the two proxies.
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The major focus of the present study is to reconstruct high resolution monsoon

records from δ18O of speleothem samples distributed across the peninsular In-

dia and compare them with available terrestrial and oceanic records for possible

coherence. The work also includes analysis of planktonic foraminifera from An-

daman Sea.

The following chapter describes the detailed procedures for stable isotope and

trace element measurements on five stalagmite samples collected from peninsular

India. The chapter is divided into six sections. Section 3.1 describes samples

collected and sub-sampling . In section3.2, analysis of stable isotope ratios of

carbon and oxygen in carbonates, and trace element measurements are discussed.

Section3.3 describes the meteorological data used in the present study. Focus of

sections 3.4 and 3.5 is on 14C geochronology and the U/Th dating technique

used to date speleothems. Section 3.6 describes the sampling and analysis of a

sediment core from the Andaman Sea.

3.1 Samples

A total of five stalagmites were collected and analyzed in the present study. All

were cut along their growth axes using a Dramet cutting machine (Figure 3.1)
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into four slices. One slice was used for stable isotope analysis, the second slice

was used for the trace element studies, the third for U-Th dating and the fourth

was archived. Sub-samples for stable isotopes were extracted using a New

Figure 3.1: Dramet cutting machine at PRL used to slice speleothems.

Wave Research Micro Mill with the maximum possible resolution of ∼ 200 µm

(Figure 3.2).The system has a video microscope coupled to a high speed drill

and a set of computer controlled motorized stages. It uses a carborundum or

diamond drill bit of ∼ 100 µm diameter. The sub-samples milled are stored in

autoclavable polypropylene 0.2 ml tubes. The stable isotope measurements of

the samples were carried out on Delta-V plus and MAT-253 Isotope Ratio Mass

Spectrometers (IRMS) at the Physical Research Laboratory, Ahmedabad, India.

The details of samples are discussed below.

The Dandak cave Two stalagmite samples were retrieved from the Dandak

cave. Active calcium carbonate precipitation was seen on one of the samples
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Figure 3.2: Left: New Wave Research Micro Mill at PRL. Right: Sub-sampling
of a stalagmite.

referred to as Dan-I stalagmite. The tip of the stalagmite represents the year

of its collection i.e. CE 1996. Length of the sample is ∼ 29 cm and 1590 sub-

samples were extracted for stable isotope measurements. The sample has a hiatus,

which is seen as a discontinuity at the bottom. As shown in the figure 3.3,

the layers below the hiatus are rich in detritus. The younger layers above the

hiatus are made of white calcite crystals seen clearly in the thin section. The

younger layers however are interrupted by thin laminations of detritus. The

second stalagmite (Dan-II) has a length of 41.3 cm (Figure 3.4) and 2250 sub-

samples were extracted for stable isotope analysis. The layers are made of pure

calcite and show uninterrupted growth. The sample shows younger growth layers

on the left side, in response to the re-activation of the drip water and shift in the

drip site. Both the samples were sent to University of New Mexico, Mexico for

U-Th geochronology.

The Kotumsar stalagmite The Kotumsar stalagmite (KOT-I) sample is a

29.6 cm long stalagmite (Figure 3.5), composed mostly of white calcite with its

outer surface covered by gray calcitic layer (based on X-ray diffraction analyses).

The sample, when cut open along its growth axis, can be divided into four bands
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(I to IV, Figure 3.5) based on color and texture. All the bands show annual layers

( 1 mm thick in bands I, II and IV and 0.3 mm in band III) that can be viewed

with the naked eye. In band III, distinct brown laminae, due to incorporation

of soil impurities, are observed. High resolution sampling (Figure 3.6) was done

using a micro-mill, with the spatial resolution of 200 µm (∼ 3 − 5 samples in

a layer). Around 1277 subsamples were extracted weighing ∼ 500 micro grams.

Sub-samples for Hendy’s test [Hendy , 1971] were extracted from four layers are

shown in figure 3.6.

The Kailash cave The Kailash cave stalagmite with a length of 49 cm is the

longest studied sample in the present study (Figure 3.7). The sample shows

uninterrupted calcite growth layers. The thickness of the layers varies between ∼

1−2 mm and can be counted with the aid of hand-held lens. Total 146 layers were

counted and 2872 subsamples were extracted for stable isotope measurements.

The layers which are annual in nature have merged at some places to form thick

white bands, making the counting difficult. The change in the growth axes at

three different locations, point to a lateral shift of the drip site. The sample was

sent to Taiwan University, Taiwan for geochronology.

The Belum cave The BLM-1 stalagmite was recovered from the inner gallery

of cave having 100% humidity with a narrow channel to access. It is 31.4 cm long

and shows distinct growth layers. The sample has three distinct growth zones

representing the influence of different climatic regimes. The lower most section

has white calcitic layers. The middle sections has high detritus with porous radial

crystals and the uppermost has prominent growth layers. These three sections

are separated by two hiatuses, one between the lower and the middle and other

between the middle and the uppermost sections (Figure 3.8) respectively.
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Figure 3.3: Polished cross sectional view of the Dandak-I stalagmite. Planar
view of the growth layers indicated constant shift in the drip direction, changing
the growth axes. Near the bottom, a hiatus (Blue arrow) is observed as a distinct
boundary separating two growth phases. Post hiatus, the growth axis has shifted
and there is a continuous growth thereafter.
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Figure 3.4: Left: Polished cross sectional view of the Dandak-II stalagmite;
.Right: Schematic cross section of Dandak-II stalagmite The gray bands represent
high resolution sampling points for stable isotope analyses. Since the sampling
resolution is ∼ 200 µm, the band is seen as continuous. Four 230Th dating points
are marked by the blue lines.
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Figure 3.5: Left: Polished cross sectional view of the KOT-I speleothem showing
color bands; Right: Enlarged photo of part of the sample showing distinct layers
that could be annual.
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Figure 3.6: Schematic cross section of KOT-I. The dark lines indicate distinct
layers that can be seen with the naked eye. Subsamples for the Hendy’s test were
extracted along dashed lines marked as H-1 to H-4. The dark vertical band in the
middle, stretching from top to bottom, represents high resolution sampling points
for stable isotope analyses. Since the sampling resolution is ∼ 200 µm, the band
is seen as continuous. Two 230Th dates at the bottom and top are 5100 ± 1500
(SN-2) and 4000 ± 1100 (SN-1) years (errors at 2σ level), respectively. 14C
dating positions are shown as dashed rectangles.
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Figure 3.7: Left: Photo shows the polished cross-section of Kailash stalagmite.
The stalagmite growth is continuous and is made of calcite.The growth axis has
shifted trice during deposition. Right: An enlarged view of the older section of
the sample. Layers are visible to the naked eye and range from ∼ 1 − 2 mm in
thickness.
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Figure 3.8: Photo shows the cross-section of the Belum stalagmite (BLM-1).
The sample was divided into various bands based on the compositional changes,
and for the ease of sampling. The green arrows show two distinct hiatuses, along
the growth layers.
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3.2 Stable Isotope and concentration measure-

ments

3.2.1 Isotope ratio mass spectrometer (IRMS)

Analysis in the present study is by the use of two stable isotope mass spectrom-

eters for isotopes of oxygen and carbon and a Q-ICP-MS (see below) for trace

elements. The working principle of all the three mass-spectrometers is explained

below.

Mass spectrometry is a technique of where ions are separated based on the

mass to charge ratio. Mass spectrometer has three main components namely, the

source, the analyzer and the detector (Figure 3.9). The roles of all the three parts

are explained below.

1. The source: The source is the most diverse component of an instrument.

In stable isotope mass spectrometry, electrons emitted from a filament are

used to ionize the gaseous samples, whereas in an ICP-MS, the sample is

injected in an aqueous medium and an argon plasma is used to ionize the

sample.

The stable isotope mass spectrometer uses a thorium coated tungsten fila-

ment, to produce electrons (accelerated to∼70 eV energy) by passing∼3.5A

current through it. Upon entering the source, the gas (CO2) gets ionized

with the an efficiency of 0.1%. A low magnetic field is applied to increase

the ionization efficiency, wherein the electron move in spiral motion along

the magnetic field.The ion beam is focused using collimating plates and a

high voltage (∼2.5 kV) accelerates the positively ionized gas molecules into

the analyzer (Figure3.9).

The Quadrupole- Inductively coupled plasma mass spectrometer (Q-ICP-

MS) has a radio frequency inductively coupled argon plasma as an ion

source. The aqueous samples are introduced to a nebulizer which converts
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them to small aerosol droplets. A spray chamber transfers these aerosol

droplets to a plasma torch, which is at a temperature of 6000℃. Here the

sample in gaseous form is stripped of an electron and the ionized gas enters

the interface. As the plasma operates at air pressure while the quadrapole

operates at a very low pressure, an interface between them is required to

reduce the pressure. The sample ions in the interface are directed through

cones and skimmer into the quadrupole.

A charged (q) molecule in an accelerating voltage (V) obtains a kinetic

energy.

qV =
1

2
mv2

Figure 3.9: Sketch of a mass spectrometer with the three key components :
source, analyzer and detector. Source: Clark and Fritz [1997]
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2. The analyzer: For the analysis of carbon and oxygen isotopes of CO2

prepared from the sample is introduced in the IRMS. A magnetic field of

∼3.8 kG is applied perpendicular to the ion beam across the flight tube.

The CO2 ions are split based on the mass to charge ratio. In this case,

three beams are produced. The motion of the ions is deflected and they

follow curvilinear paths owing to the Lorentz force. This force imparts

a centripetal acceleration to the ion beam entering perpendicular to the

magnetic field.

q(v×B) =
mv2

r

Hence the radius of curvature of the ion is,

r =

√
2V m

B2q

When V, B and q are constant, the radius of curvature of singly charged ion

is directly proportional to the square root of its mass [Faure, 1977; Potts ,

2012]. Hence, ions of heavier mass (CO2 = 46) are deflected into a path of

higher radius compared to the lighter ions(CO2 = 44).

In Q-ICP-MS, the voltages and radio frequencies are managed so that at a

given time, ions with a specific mass by charge ratio remain stable within

the rods and pass through to the detector. The ions with different mass by

charge ratio are rejected (Figure 3.10). To cover the mass range of interest,

the electronics rapidly changes the quadrapole settings to allow different

mass-to charge- ratios to pass through. The quadrupole has a capacity of

scanning at a rate of 5000 atomic mass units (amu) per second [Elmer ,

2001].

3. The detector: The currents due to ion beams are measured using Fara-

day cups, which are attached to very high resistances ∼109 Ω. In IRMS,
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ions produce a voltage across the resistance, which is measured. This is

proportional to the number of ions entering into the cup per unit time.

In Q-ICP-MS, the ions exiting the mass spectrometer, strike the surface of

an detector (dynode), releasing an electron each time an ion strikes it. The

series of dynodes generate a cascading stream of electrons until a measurable

pulse is generated. The system counts the ions that hit the first dynode

converting it to a signal.

Figure 3.10: Schematic showing the working principle of quadrupole. The beam
carries ions, photons, unionized particles and neutrals. The ions of selected mass
pass through the detector, while photons and neutral particles are ejected out.

Figure 3.11: Photo shows Thermo Fisher Delta-V Plus IRMS on the left and
Pal Gas-bench to the right at PRL.
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Figure 3.12: Photo shows Kiel-carbonate device to the left and Thermo Fisher
MAT-253 IRMS to the right at PRL.

3.2.2 δ18O and δ13C measurements

Carbonate samples are converted to CO2 by reacting the sample with

100% H3PO4(Ortho-phospheric acid), where the liberated CO2 is directed

to the mass spectrometer. Use of 100% H3PO4 is highly recommended as

it is devoid of water and hence there is no variable contribution of oxygen

isotopes from the water molecules. 100% H3PO4 acid is made by heating

it at 120℃ and slowly adding phosphorus pentoxide (P2O5), a dehydrating

agent. The detailed procedure of preparing the acid is given by Coplen et al.

[1983] and Wachter and Hayes [1985]. Samples were measured on two mass

spectrometers, namely, Delta V-plus IRMS (Figure 3.11) aided with Gas

bench and MAT-253 aided with Kiel Carbonate device (Figure 3.12). The

differences in components of both the IRMS are given in Table 3.1.

For the measurements in Delta v-plus, powdered carbonate samples were

taken in 12 ml glass vials and tightly capped. The vials were then loaded

onto the Gas Bench and flushed with He gas. Vials containing a laboratory

carbonate standard, Makrana Marble (MMB), was placed in between the
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Table 3.1: Sample preparation methods and mass spectrometric parameters used
in the measurement of δ18O and δ13C in Delta V-plus and MAT-253 mass spec-
trometers.

δ18O/δ13C
Delta V+ MAT-253

Peripheral Gas bench Kiel carbonate device
Sample amount 500µg 100µg
Vial volume 12 ml 5.9 ml
Flushing gas He (99.999 %) He (99 %)/Ar
Flush time 12 minutes -
CO2 liberation time 1 hour 400 seconds
temperature 72oC 72oC
Electron energy 110 eV 110 eV
Faraday cups 5 10
High voltage 3 kV 10 kV
Separated ion 12C16O16O(44), 13C16O16O+12C16O17O(45)
beams 12C16O18O +13C16O17O+12C17O17O (46)
Correction Craig correction
Internal precision 0.06‰ 0.04‰

sample vials at regular intervals. The needle used for flushing has two

openings, one of the opening forces He gas into the vial, and the air within

is flushed out through the other hole, which is then released out through

the fused-silica capillary. After flushing, ∼ 0.1 ml of ortho-phosphoric acid

is injected manually using 1ml syringe. The samples are kept at 72℃ for

an hour to ensure complete the liberation of CO2 gas. The CO2 gas is then

directed to the mass-spectrometer through the analysis needle. Figure 3.11

shows the photo of gas bench connected to Delta-V plus IRMS.

In the Kiel carbonate device, the sample powder is placed in vials and loaded

onto a magazine(turret) with 44 slots. Ar/He is used as a carrier gas. The

device has an automated acid injection system. After injecting the acid, the

gas is carried through sample purification system comprising of two cold

traps. The electronics attached to the traps ensures temperature changes

from 0 to -190℃. The gas is trapped in liquid nitrogen at -190℃ in the form

of dry ice. At -80℃, pure CO2 is liberated, whereas the moisture remains
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in the traps. From the second trap, the purified CO2 gas is transferred to

the Dual inlet system of the mass spectrometer. The working principle of

Kiel carbonate with MAT-253 IRMS is shown in Figure 3.13.

Figure 3.13: Working principle of Kiel carbonate connected to MAT-253 IRMS.
Source: Instrument manual, Thermo Scientific

For the present measurements, continuous flow mode of Delta V-Plus and

dual inlet mode of MAT-253 IRMS were used. In dual inlet there is al-

ternation between a ”reference” gas (of known isotopic composition) and a

sample gas, whereas in the continuous flow, Helium is used as a carrier gas

to carry sample to the source chamber. The details of sample preparation,

equilibration and mass spectrometric conditions are listed in Table 3.1.

The sample isotopic abundances are reported with respect to VPDB(Vienna

Pee Dee Belemnite) using the following conversion equation [Clark and
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Fritz , 1997].

δ18OSample
V PDB = δ18OMMB

V PDB + δ18OSample
MMB + (δ18OMMB

V PDB × δ18OSample
MMB × 10−3‰)

(3.1)

δ13CSample
V PDB = δ13CMMB

V PDB + δ13CSample
MMB + (δ13CMMB

V PDB × δ13CSample
MMB × 10−3‰)

(3.2)

Here, MMB is the laboratory standard and stands for Makrana marble with

99.99% pure CaCO3. MMB has been calibrated with respect to Interna-

tional standard (VPDB) and the values are:

δ18OMMB
V PDB = −10.7‰ (3.3)

δ13CMMB
V PDB = 3.9‰ (3.4)

Since the mass spectrometer measures the values of δ18Osample
ref and δ18OMMB

ref

(ref=reference gas), the δ18OSample
MMB is calculated from the following equation

δ18OSample
MMB = δ18Osample

ref + δ18Oref
MMB + (δ18Osample

ref × δ18Oref
MMB × 10−3‰)

(3.5)

where δ18Oref
MMB is,

δ18Oref
MMB =

−δ18OMMB
ref

(
δ18OMMB

ref

1000
) + 1

(3.6)

Using equations(1.3,1.5 and 1.6) the values of δ18OSample
V PDB are calculated.

Similarly, calculations were done to derive δ13C values of carbonate samples.

The mass spectrometer measures ratios of 44/46 and 45/46 for δ18O and

δ13C respectively. The corrections applied to remove isobaric interferences

are explained below.
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Craig correction: The masses 45 and 46 have small contribution from

very low abundant isotopes of 13C and 17O. When these molecular ratios

are converted into atomic ratios, a correction is required to eliminate the

effect of 13C16O17O from 12C16O18O (δ18O), which is called Craig correction

[Craig , 1957].

δ13C = 1.0676δ45 − 0.0338δ46

δ18O = 1.0010δ46 − 0.0021δ45

The accuracy and precision of the measurement were checked time to time

using the international standards procured from IAEA. The reported iso-

topic values of the different standards procured from IAEA are given in

Table 3.2. Of these standards, NBS-19 and IAEA-CO-1 were used for

cross-checking the values of laboratory standard MMB. Table 3.3, shows

the comparison between reported and measured values of IAEA standards.

The measured values are averages of 20 analyses of each of the standards.
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Table 3.2: IAEA standards used for carbonate and water isotope measurements.

IAEA primary standards

Name Nature δ‰
Reference
standard

V-SMOW water 2H/1H 0 V-SMOW

18O/16O 0 V-SMOW

SLAP water 2H/1H -428.0 V-SMOW
18O/16O -55.50 V-SMOW

NBS-19 calcite 13C/12C 1.95 V-PDB
18O/16O -2.20 V-PDB

Intercomparison materials

GISP water 2H −189.73± 0.87 V-SMOW
18O/16O −24.784± 0.075 V-SMOW

NBS-18 calcite 13C −5.029± 0.049 V-PDB
18O −23.035± 0.172 V-PDB

IAEA-CO-1 calcite 13C 2.48± 0.025 V-PDB
18O −2.437± 0.073 V-PDB

IAEA-CO-8 calcite 13C −5.749± 0.063 V-PDB
18O −22.667± 0.187 V-PDB

Table 3.3: Comparison between reported (above) and measured (present work)
values of IAEA standards

Delta-vplus/Mat-253

Standard
δ18O
reported

δ18O
Measured

δ13C
reported

δ13C
reported

NBS-19 -2.20 -2.22±0.08 1.95 2.1±0.07

IAEA-CO-1 -2.44 -2.49± 0.03 2.48 2.42±0.072

3.2.3 Trace element analysis

Trace element studies of the Belum and the Kailash stalagmites were carried

out on a Q-ICP-MS at PRL (Figure 3.14). 100 subsamples from the Belum

3.2. Stable Isotope and concentration measurements 60



Chapter 3. Experimental Methods

stalagmite were milled using a dentist drill at the resolution of 3 mm

for major and trace element analyses. Around 200 subsamples of Kailash

stalagmite were prepared, each by clubbing 15 subsamples milled for stable

isotope analysis. Each of subsamples weighed 6 to 10 mg. For trace element

measurements the procedure described by [Eggins et al., 1997] and modified

by [Zhou et al., 2008] was used. Samples were milled in a clean environment

and ∼ 6 mg was dissolved in 10 ml 2% nitric acid. The 10 ml solution with a

dilution factor of 1666 is used as a stock solution. Sensitivity of the machine

lies between 1 ppb to 1 ppt. Hence, major elements like Ca and Mg need

significant factors of dilution. Two sets of dilutions were made; one for

high weight percentages of Ca and the other for low concentrations of Mg,

Sr and Mn. The aliquots used for Ca measurement was diluted 400 times

and the aliquots prepared for trace element measurements were diluted

only 4 times the volume. Since the solution had no residue, no further

processing was required and they were measured directly on the Q-ICP-

MS. For internal standardization, multiple enriched isotopes of 69Ga −115

In −209 Bi were used. A synthetic limestone standard, JLs-1 was used

for external calibration. The concentrations of elements of interest in the

standard are shown in Table 3.4. External calibration is done using known

dilutions of the standard and plotting a linear diagram of concentrations

versus the counts. Once the calibration curve is ready, counts of a sample

with unknown concentration can be mapped on the calibration curve and its

respective concentration can be estimated. The calibration curves for the

elements measured are shown in figure 3.15. The concentrations of Mg, Sr

and Mn were normalized with that of Ca. Samples were altered with blank

solutions to check the consistency of measurements. For cross-calibration

of the measurements, JDo-1, an artificial Dolomite rock standard was run

as an unknown.
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Figure 3.14: Thermo-scientific Quadrupole-Inductively Coupled Plasma mass
spectrometer at PRL, Ahmedabad.

Table 3.4: International standards used for trace element measurements. *
marks the major elements in % and minor and trace elements are reported in
ppm.

GSJ Geochemical Reference Standards

Element JLs-1 JDo-1

Cao* 55.09 33.96

MgO* 0.606 18.47

MnO* 0.00209 0.00657

Sr 295 116

Ba 476 6.14

U 1.75 0.858

Th 0.0287 0.0429

Zn 3.19 35.4
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Figure 3.15: Typical calibration curves for different trace elements generated on
ICP-MS using various dilutions of JLs-1.
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3.3 Additional data used

To reconstruct monsoon from δ18O of stalagmites, it is first essential to

establish the existance of ”amount effect” in the sampling region. The

isotope values of rainwater samples for a long duration of time were taken

from the Global Network of Isotopes in Precipitation (www.iaea.org).

3.3.1 Global Network of Isotopes in Precipitation (GNIP)

The IAEA’s Water Resources Programme and the World Meteorological

Organization (WMO) has established a global network for surveying the

stable δ18O and δD and tritium concentrations in the worldwide precipita-

tion since 1961 CE. The data is archived at www.iaea.org/water/. In the

present study, δ18O and the corresponding rainfall amount over the study

region is used from the GNIP data.

3.3.2 Reanalysis/satellite data

Wind field and specific humidity data were taken from the National cen-

ter for Environmental Prediction reanalysis-1 [NCEP,Kalnay et al. [1996]].

And the monthly rainfall data were taken from Global Precipitation Clima-

tological Project[GPCP,Adler et al. [2003]].

Along with the ”amount effect”, it is also important to know the source

of precipitation over a region. This is verified using HYSPLIT models ex-

plained below.

3.3. Additional data used 64



Chapter 3. Experimental Methods

3.3.3 Hybrid Single-Particle Lagrangian Integrated Tra-

jectory (HYSPLIT)

HYSPLIT model is used to understand the trajectories of an air parcel

reaching the sampling region.The model is forced using data from Global

Data Assimilation System (GDAS) The advection of the air parcel is cal-

culated from the position (grid point) and 3D wind field (V). At each time

step, the model calculates a guess position and the velocity vectors are

linearly interpolated in both space and time. The first guess position is

P
′

t+∆t = Pt + VP,t∆t

and the final position is,

P
′

t+∆t = Pt + 0.5(VP,t + VP ′ ,t+∆t)∆t

The integration time ∆t varies from 1 hour to 1 minute depending upon

the prevailing wind speed. The model also provides meteorological param-

eters such as temperature, potential temperature, relative humidity and

height of the parcel above the mean sea level along the trajectory. In the

present study back trajectory at 1500 m above ground level was calculated

by the HYSPLIT.

3.4 Radiocarbon dating

Radiocarbon dating was used to assign ages to the KOT-I stalagmite. The sample

was converted to benzene and liquid scintillation counter was used to measure

the residual 14C activity.The detailed procedure of benzene synthesis is explained

below.
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1. Wet combustion Four subsamples from the KOT-I stalagmite were ex-

tracted using dentist drill. Each subsample covering many growth laminae

and weighing ∼ 5− 8g, were taken in round bottom flask connected to the

vacuum line, pumped by a rotary pump. To ensure minimum loss of sed-

iments, the powder was wetted with distilled water and evacuated. Dilute

H3PO4 acid was added slowly to the flask and the solution was churned

with magnetic stirrer to confirm complete liberation of CO2 [Agrawal and

Yadava, 1995; Gupta and Polach, 1985; Yadava and Ramesh, 1999]. The

gas was then passed through two subsequent moisture traps maintained at

-80℃ using a slush(ethanol + liquid nitrogen) for water vapor trapping.

The purified CO2 was trapped in liquid nitrogen (LN2) at -190℃. With

additional trapping and purification, CO2 was then stored in glass flasks

for acetylene preparation. The CO2 extraction and purification glass line

are shown in Figures 3.16 and 3.17 .

2. Acetylene Preparation In this step, CO2 from the sample was converted

to Acetylene. For this purpose, 6g of pure lithium metal is melted at 750℃in

an evacuated reaction chamber (Figure 3.18). 6 g of lithium is required

for CO2 equivalent to 1 g of carbon. At 550℃, CO2 is passed to reaction

chamber(Figure 3.16), where it reacts to form Lithium carbide (Li2C2). The

reaction should be carried out very slowly to ensure no elemental carbon is

formed. The reaction proceeds as follows:

2CO2 + 10Li→ Li2C2 + 4Li2O

After reaction the vessel is cooled to room temperature for hydrolysis.

3. Hydrolysis The process of hydrolysis involves reaction of distilled ground

water with Lithium carbide. Ground water is used as there is no tritium

activity and hence no interference is observed while counting. The reaction

is exothermic, and hence should be carried out very slowly. The reaction

proceeds as follows
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Li2C2 + 2H2O → C2H2 + 2LiOH

Figure 3.16: Photo shows the benzene synthesis glass line at PRL on the left
and reaction chamber on the right.

The acetylene is removed by cryogenic pumping. It is passed through mois-

ture trap at -80℃ to remove traces of water vapor. As shown in the figure

3.18, the gas passes through the a trap filled with glass beads coated with

NaOH and H3PO4 and subsequently through the trap filled with sodalime.

They are used to remove the trace gases from the acetylene. The acetylene

is collected using two traps, maintained at -190℃ using liquid nitrogen. The

gas is slowly passed to a column containing a catalyst, vanadium pentoxide

(V2O5) pellets.The process is exothermic, and hence the column is cooled

for a long time.

4. Benzene synthesis The catalyst helps in polymerization of acetylene

(C2H2) to Benzene (C6H6). Benzene is recovered from the column by heat-

ing it to 110℃ [Polach et al., 1972] and trapping it in a vial at -190℃ using
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liquid nitrogen. The catalyst is reactivated at about 300℃ by periodically

passing dry air (through molecular sieve) into the column. The overall

chemical yield is between 90-94% [Yadava, 2002].

Conversion to benzene is important for two reasons. The first reason is

that benzene is a molecule with very small atomic structure containing the

maximum number of carbon atoms. And the second is that the benzene

solution has high transmission and low absorption for scintillation. As a

result very little counts are lost.

The benzene thus obtained was made up to 1 ml and an organic scintillator

(Butyl-PBD, 0.015 g per ml) is added to it for converting the β particle

to photons and assayed to a low background Liquid Scintillation Counter

(LSC) in a teflon vial.

The schematic of benzene synthesis line is shown in figure 3.18.

To estimate the background activity, an anthracite sample with no radio-

carbon activity is used. The modern reference activity is periodically calcu-

lated from Oxalic acid-I and Oxalic acid-II provided by the U.S. National

Bureau of Standards by converting them to benzene. As these compounds

are organic in nature, CO2 is produced from them using dry combustion.

The samples were heated in a quartz tube to produce carbon dioxide un-

der continuous flow of oxygen. Carbon monoxide present in trace amounts

was removed by oxidizing it using CuO mesh heated at 550℃. The carbon

dioxide was purified by passing it through the chemical traps filled with

the solutions of KI/I2, AgNO3 and H2SO4/K2Cr2O7. The procedure for

acetylene and Benzene preparation follows the same protocol as described

above.

Liquid Scintillatio counter(LKB-QUANTULUS) 14C decays by the emis-

sion of β− particles. The energy levels of these particles range from 0 to 156 keV.
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These particles have kinetic energy which is transferred to the solvent molecules

of the scintillator. These excited solvent molecules then transfer their energy to

the scintillator molecules. A stable energy state leads to emission of photons

proportional to energy of the emitted particle. Scintillation solutions comprise

of primary and secondary scintillators. Primary scintillator is a solution which

converts excitation energy into photons. The important function of the secondary

scintillators is to shift the wavelengths of the photons emitted from 370 nm to

420 nm. Thus they act as wavelength shifters. The most widely used secondary

scintillator is POPOP [1,4 – bis-(2-(-5 Phenyloxazolyl))-benzene].

In order to detect the photons efficiently photosensitive device is used. Scin-

tillation counter has two photo multiplier tubes (PMTs) which collect the total

light produced in the scintillation vial and convert the absorbed photon energy

into electrical energy by the release of photoelectrons. Thus the PMT amplifies

the signal such that the amplitude of the pulse is directly proportional to the

number of photons detected by the photo cathode. The counting period is set to

85 minutes duration and 30 repeat runs are done for statistically sound results.

The average background for 1ml of benzene 0.30 ± 0.03 cpm and the modern

reference is 9.36± 0.13 cpm per ml of benzene measured (over a period of a year)

with an overall precision of 1.5% Modern[Yadava, 2002]. The laboratory dating

limit is 40 kyr [Yadava, 2002]. The isotopic fractionation associated with CO2 to

C6H6 conversion is minimal; depletion of 1.7 ± 1‰ is observed[Panarello et al.,

1983; Yadava, 2002]. These values correspond to age overestimation by only 10

-45 years. Radiocarbon age ( T ) equation is given as:

T = (1/λ).ln(Aabs/A) (3.7)

A = net activity of the sample

Aabs = original equilibrium 14C activity of the reservoir that supplied the sample.

This is obtained using reference materials e.g. oxalic-I and oxalic-II.
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λ = 1.21x10−4yr−1 is the 14C decay constant (half-life of 5730 years)

The results of the Kotumsar caves are discussed in chapter 4. In the case

of speleothems, a discrepancy exists as there are two sources of carbon to the

precipitating calcite; modern CO2 and the carbon from limestone rock (dead

carbon). The contribution from each of these sources may vary and the resultant

calcite may overestimate the age if it has excess carbon from the limestone. Hence,

recourse is taken to the more precise 230Th dating technique.
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Figure 3.17: Schematic representation showing Wet and dry combustion setup
for radiocarbon dating.
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Figure 3.18: Schematic diagram showing acetylene and benzene synthesis setup.
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3.5 U-Th dating

All the samples including KOT-I, were dated using the uranium-thorium dating

technique. An overview of the systematics is given below.

3.5.1 Principles of dating

U-Th dating systematics is used on carbonates with accretionary growth (corals

and speleothems) and deposited as a closed system. Precise age estimation can

span from hundreds to over 500,000 years [Edwards et al., 1987; Henderson, 2006;

Scholz and Hoffmann, 2008]. The technique does not reply upon the long decay

series of 238U to 206Pb, instead it is based on the decay of its daughter product

234U to 230Th. U-Pb systematics under a closed system assumptions are in sec-

ular equilibrium, as the half-life of the parent nuclide is much greater than the

intermediate daughter nuclide [Faure, 1977]. The secondary carbonate formed

from dissolution and subsequent-precipitation, such as speleothems, however, is

in disequilibrium due to incorporation of excess daughter nuclide or its deficiency

as a result of nuclear or physical fractionation. Time required for the system to

attain secular equilibrium is used to determine the ages of the sample.

The average continental abundance of U and Th are 1.7 and 8.5 µgg−1 respec-

tively[Richards and Dorale, 2003; Wedepohl , 1995]. However, their abundances

in the aquatic system vary significantly, because of the different solubility indices

of U and Th. Uranium mobilizes quickly in contact with water and gets oxidized

from +4 to +6 oxidation state and forms Uranyl ion (UO2+
2 ) and its complexes

as seen in figure 3.19 [Faure, 1977]. Uranyl ion co-precipitates with carbonates to

form a complex(UO2(CO3)−3) and gets incorporated into the system. Whereas,

Th remains in the reduced +4 state and instead adsorbs or precipitates on the

sediments. Hence, the speleothems precipitating under clean environments are

devoid of initial Th activity.
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Figure 3.19: The schematic diagram explaining oxidation of uranium ion to
form uranyl ion. Thorium adsorbs on the sediments and settles in water.

Hence, the 234U/238U activity is used to calculate the age of a speleothem,

provided it’s initial ratio while getting incorporated is known and the sample

remained as a closed system. The final age equation, originally from Broecker

(1963), was re-expressed by Haase-Schramm et al. (2004) as:

[
230Th
238U

]
= (1− e−λ230t) +

([
234U
238U

]
− 1

)
×

(
λ230

λ230 − λ234

)
× (e−λ234t − e−λ230t)

(3.8)

where, the square brackets imply the activity ratios, λ stands for decay constant

and t= age. As the equation is transcendental, the age can be found out iter-

atively or graphically. The sample may have initial Th content adhering to the

detrital particles, which is accounted by its measuring 232Th activity. Higher

232Th concentration implies higher amount of 230Th. Corrections are made for

the detrital 230Th based on 232Th concentration, used as a measure of contami-
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nation and assuming appropriate 230Th/232Th ratio [Richards and Dorale, 2003].

The another approach to deduce the initial activities of Th and 234U is to employ

isochron technique. Isochrons can be plotted in two steps as given by Ludwig

[2003].

1. 230Th/232Th−238U/232Th and 234U/232Th−238U/232Th referred as Rosholt

type-II diagrams.The slope of the plots give the initial 230Th and 234U ac-

tivities(Figure 3.20).

2. 230Th/238U −232 Th/238U and 234U/238U −232 Th/238U referred as Osmond

type-II diagrams. The intercept of the plots give the initial 230Th and 234U

activities (Figure 3.20).

Figure 3.20: Rosholt and Osmond type plots used to determine for initial activ-
ities of 230Th and 234U in the sample [Ludwig, 2003].
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3.5.2 Preliminary procedures

Since U-Th dating technique is crucial for speleothem based paleoclimate studies,

an attempt was made to setup the technique at PRL. Much of the work is still

under progress and the preliminary steps are discussed in brief.

Pre-concentration process Bulk carbonate sample consists of various trace

elements, hence preferential removal of U and Th with maximum yield is impor-

tant. Since the sample has trace amounts of U-Th, aerial contamination during

extraction should be minimized. Hence, the pre-concentration procedures are

carried out in a clean lab with class 1000 Hepa filters. U-Th separation from the

matrix can be done using two types of Resins, namely, ion-exchange resin and

chelating resin (UTEVA). In our work, we have used UTEVA resin, for removal of

U and Th [Carter et al., 1999; Horwitz et al., 1992]. The maximum concentration

of Uranium in speleothems can go up to is 170 µgg−1. For this reason,optimum

carbonate sample quantity is 200 mg.

Resins are made of three main components: (a) the inner support, which is

porous silica or organic polymer with size range of 50-150 mm (b) a stationary

phase, which is liquid extractant and (c) a mobile phase, an acid solution. By

changing the strength of the acids, different elements are leached out. In UTEVA

(Uranium tetravalent Actinide) resin, the extractant is diamyl, amyl-phosphate

(DAAP), which forms nitrate complexes with the actinide elements, which in-

cludes uranium and thorium. The format ion of these complexes is driven by the

concentration of nitrate in the sample solution. Therefore, at a higher strength

of the acid (3M HNO3) U(VI) and Th(IV) are retained by the resin, and the

matrix elements(alkali earth) are separated out. In the next step, U-Th elution

from the actinides is provoked by changing 3M HNO3 to 3M HCl or changing

the strength of 3N HNO3 to 0.01M HNO3 [Horwitz et al., 1992]. In such con-

ditions, the retention coefficient of thorium in HCl is less than that of uranium,

favoring a good separation between the two elements. The protocol will be re-

3.5. U-Th dating 76



Chapter 3. Experimental Methods

fined by the measuring the concentration of elements collected in each elute and

thereby changing thr acid strength till the maximum recovery of U-Th. 229Th

and 236U double spikes will be used to correct for the instrument introduced mass

fractionation[Rudge et al., 2009]. The final aliquots will be measured on a multi-

collector-ICP-MS, using the procedures given by [Seth et al., 2003; Shen et al.,

2002].

Age model After obtaining the U-Th ages, it is important to construct a re-

liable age model. Previously, most scientists opted for a linear interpolation

between two-subsample distances. At present, speleologists use various age mod-

els like StalAge, COPRA, OXCAL, to name a few [Scholz et al., 2012]. Each

model comes with its own advantages and drawbacks. Our work is based on us-

ing the free software package COPRA 1.0, which is an interactive software that

runs on the MATLAB interface [Breitenbach et al., 2012]. Prerequisites to us-

ing this model is monotonicity i.e. the older deposition is at the bottom and

younger at the top. Based on the ages and errors associated with them, a normal

distribution is built around the age and proxy data points. The software uses

2000 Monte-Carlo simulations to interpolate between two data points. Age re-

versals and outliers can be identified and removed from the data set. The model

also incorporates and interpolates ages between the hiatuses. The median of the

distribution and the 95% confidence limits represent the final age model. The

schematic of typical age model derived from COPRA is shown in figure 3.21.

For the speleothems reported in this study, the U-Th ages were obtained from

the Oxford University, the University of New Mexico and the National Taiwan

University. The results will be discussed in chapter 4.
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Figure 3.21: Schematic of the Monte Carlo model. The data pints are plotted
with the normal distribution (Cyan shaded area). The Standard deviation is equal
to measurement error. The gray and brown curves indicate several realizations of
the Monte Carlo simulation. The median blue curve and the 95% confidence limits
(red dashed curves) represent the final age model resulting from the distribution
of 2000 simulations. The image is taken from Breitenbach et al. [2012].

3.6 Foraminifera stable isotope analysis

The 4 m sediment core raised from the Andaman sea was composed of gray to

very dark gray silty clay and seven discrete layers of tephra. After retrieval,

it was divided into two parts, one for dating and stable isotope measurements

and the other for geochemical and radiogeninc isotope studies [Awasthi et al.,

2014]. Planktic foraminifera were separated from the sediment core at intervals

of 2 cm. The top 2 m of the core was dated using Accelerator Mass Spectrome-

ter (AMS) radiocarbon dating of mixed planktic foraminiferal samples (collected

from 10 different depths) at the AMS laboratory of University of Arizona, USA.

The dates were converted into calendar ages using Marine-09 calibration curve

[Reimer et al., 2009] and Calib 6.0 [Stuiver and Reimer , 1993]. A reservoir age
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correction of ∆R (i.e., the difference between the regional marine 14C age and

the global model marine 14C age)= 11±35(1σ) yr was assumed for the Andaman

Sea [Awasthi et al., 2014; Dutta et al., 2001]. The bottom 2 m of the core was

dated based on five sediment samples using 230Th-excess dating at PRL. Samples

collected at 2 cm interval were sent to Delhi university for identification and sep-

aration of foraminiferal species. The δ18O composition of Globigerinoides ruber

(white) was measured on Delta V-Plus IRMS and the values are reported with

respect to VPDB.
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Holocene monsoon variability

The Holocene (Greek meaning = entirely new) period beginning at 11,700 yr BP,

is the most recent interglacial period and is also known as the Marine Isotope

stage -1(MIS-1). Climatic fluctuations within the Holocene were presumed to

be less significant compared to the major glacial-interglacial variations. How-

ever, Holocene paleoclimate reconstructions have gained more importance with

the discovery of oscillations with a pacing similar to the climatic events during

the glacial periods (∼1500 year cycle) [Bond et al., 1997, 2001; Bond and Lotti ,

1995; Broecker and Hemming , 2001; O’brien et al., 1995]. These cycles are con-

sidered to be Holocene extensions of Dansgaard-Oeschger oscillaitons which are

recorders of THE North-Atlantic climate changes during the last glacial period.

Since these oscillations occurred in similar climatic conditions as today (warmer,

and absence of large Hemispheric ice sheets), they are directly related to the un-

derstanding of the contemporary climate change rather than the glacial climate

change. The discussions about the cyclic nature of these changes gained mo-

mentum after observing transitions from the Medieval warm period (MWP) to

Little Ice Age(LIA), which is the most recent advance of glaciers in the Holocene

[Wanner et al., 2008]. These abrupt climatic changes also have had a large im-

pact on rise and fall of human civilizations [Enzel et al., 1999]. In response to

interglacial warming, the Indian monsoon steadily increased at the beginning
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of Holocene, as shown by several comprehensive studies [Mayewski et al., 2004;

Tiwari et al., 2011]. However, some consensus still exists that the Holocene ex-

perienced a countrywide aridification [Ponton et al., 2012]. To test both these

hypotheses it’s important to generate high resolution records of ISM from the

core monsoon region of India. The focus of this chapter is on climate variability

during the Holocene and establish the link between global climate events and the

Indian summer monsoon.

4.1 The Dandak-I stalagmite

The stalagmite sample was collected in February 1996, 220 m inside the cave.The

temperature and humidity of the cave atmosphere were 27℃ and 92%, respec-

tively. To determine the moisture sources contributing to rainfall during the wet

season (June to October), we carried out a Lagrangian back trajectory analysis

using the HYSPLIT model [Stein et al., 2015] with NCEP Reanalysis-1 [Kalnay

et al., 1996] as input to the model. We chose all the days with daily rain above 2

mm during 5 years (1980 to 2009 CE) for the analysis. During ISM, trajectories

suggest that the Arabian Sea is the major source of moisture and its isotopic

composition is likely to reflect the rainout over the Western Ghat region Figure

(4.1).

4.1.1 Mineralogy

The mineralogical composition of the stalagmite was studied based on thin sec-

tions prepared at the M.S.University of Baroda,Vadodara. The sections were

analyzed under a camera aided petrological microscope Leica DM EP. A section

was also prepared across the hiatus boundary to check for the textural changes

prior to the subsequent deposition. The stalagmite sample is composed of calcite.

Figure 4.2 (a) and (b) show one such section where the layers are made up of

columnar calcite fabric. Thin laminations are seen as altered dark layers. The
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hiatus as shown in Figure 4.2 is an erosional boundary, with the growth of calcite

crystals occurred on both the sides.

Figure 4.1: Climatological monthly rainfall in a 0.5 × 0.5 grid over the Dandak
cave. Climatology is calculated using Asian Precipitation-Highly-Resolved Ob-
servational Data Integration Towards Evaluation (APHRODITE) data from CE
1980-2009 [Yatagai et al., 2012].

Figure 4.2: a) and b) are plane polarized light (ppl) and cross polarized light
(xpl) images of DAN-I stalagmite, respectively. The entire sample is composed of
columnar calcite fabric. c) and d) are ppl and xpl images of the sample across the
hiatus. The hiatus is seen as a dark opaque band, with no deposition. Euhedral
crystals of calcite are seen on both sides of the hiatus.

4.1. The Dandak-I stalagmite 82



Chapter 4. Holocene monsoon variability

4.1.2 U-Th ages

Fourteen U-Th ages were obtained from the ∼ 29 cm long Dan-I stalagmite.

The sample was dated in the University of New Mexico, and the U-Th ages

are shown in Table 4.1. Corrected ages use an initial 230Th/232Th atomic ra-

tio = 0.0012 ×232 Th−0.6386 where, 232Th is concentration in parts per million

(ppt), with the supposition that lower concentration of 232Th equates with higher

230Th/232Th ratios. Years before present = yr BP, where present is AD 2007. Sub-

samples weighing ∼ 90− 408 mg were used. The ages have five distinct tractable

reversals, superimposing at 1σ error limit. An interactive tool, COPRA, was

used to generate an age model shown in Figure 4.3. Since the sample was active

(dripping on the stalagmite) during its collection, age zero was introduced in the

model at the tip of the sample. The sample shows a brief hiatus at the depth of

21.7 cm, post which, the growth layers are continuous. Based on the age model,

the stalagmite growth began at ∼ 6.5 ka BP, with a cessation at ∼ 2.2 ka BP.

After the hiatus of 200 years, the sample growth resumed at ∼ 2.0 ka BP to the

present.

Figure 4.3: Age model reconstructed using COPRA- an interactive program on
MATLAB [Breitenbach et al., 2012]. The filled blue circles are 230Th ages used
in the age model. The errors are reported as 2σ. The dashed lines show 95%
confidence intervals and the blue line is the median through which the age model
passes.
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Table 4.1: Uranium and Thorium isotopic compositions and 230Th ages of the
subsamples of Dandak-I stalagmite.All the errors are reported in 2σ.

Sample 238U 232Th 230Th/232Th 230Th/238U measured initial uncorrected corrected

(ppb) (ppt) activity activity δ234U δ234U age age

ratio ratio (‰) (‰) Yr BP Yr BP

1M(7.4 mm) 313.3±0.8 11409± 52 1.2± 0.0 0.0148± 0.0004 461± 2 461± 2 1688± 61 602± 509

top1(34.4 mm) 227.2± 1 10486± 55 0.9± 0.2 0.0131± 0.0036 442± 11 442± 12 993± 278 304± 743

top1-2(34.4 mm) 226.8±0.8 10884± 69 1.2± 0.5 0.0185± 0.0079 454± 5 454± 5 1400± 602 705± 918

40M (40.5 mm) 141.4±0.3 1931± 39 5.0± 0.2 0.0223± 0.0008 451± 2 452± 2 1688± 61 1091± 600

63M (65.3 mm) 193.5±0.5 574± 32 13.4± 0.9 0.0130± 0.0005 447± 1 448± 1 984± 35 702± 284

93M (95.9 mm) 217.9±0.6 230± 41 41.4± 7.6 0.0143± 0.0005 444± 2 445± 2 1087± 39 907± 187

P (106.9 mm) 359.4±2.6 3763± 22 4.9± 0.2 0.0169± 0.0007 444± 8 445± 8 1285± 51 985± 304

P2 (106.9 mm) 358.8±2.6 3944± 30 5.0± 0.5 0.0180± 0.0017 439± 9 440± 9 1373± 128 1067± 220

126M (129.3 mm) 330.8±0.8 331± 1 44.1± 4.9 0.0208± 0.0005 442± 1 444± 1 1583± 38 1428± 160

155M (159.9 mm) 423.1±1.1 22089± 68 1.4± 0.0 0.0247± 0.0004 445± 1 447± 2 1879± 30 1397± 484

N (164.6 mm) 325.0±1.5 939± 12 20.3± 1 0.0192± 0.0010 445± 6 447± 6 1460± 73 1260± 213

N2 (164.6 mm) 325.2±2.2 973± 12 18.5± 0.9 0.0181± 0.0008 438± 11 439± 11 1381± 64 1177± 214

174M (180.4 mm) 415.6± 1 535± 42 46.0± 3.7 0.0194± 0.0003 442± 1 443± 1 1477± 26 1348± 131

200M (204.1 mm) 316.7±0.8 2821± 43 7.5± 0.2 0.0219± 0.0005 439± 2 441± 2 1675± 36 1368± 310

G (210.0 mm) 361.6±2.6 32564±131 1.1± 0.1 0.0312± 0.0020 442± 11 444± 11 2389± 158 1737± 670

G2(210.0 mm) 360.2±2.6 32873±132 1.2± 0.1 0.0347± 0.0038 443± 17 446± 17 2653± 298 1998± 719

213M (221.2 mm) 284.5±0.7 35045± 90 1.3± 0.0 0.0538± 0.0007 0± 0 436± 2 4175± 58 3319± 858

D (253 mm) 136.3±0.6 24204± 70 1.4± 0.1 0.0808± 0.0053 433± 11 439± 12 6323± 430 4759±1621

Corrected ages use an initial 230Th/232Th atomic ratio = 0.0012 ×232 Th−0.6386,
where 232Th is concentration in ppt, with the supposition that lower concentration
of 232Th equates with higher 230Th/232Th ratios. Years before present = yr BP,
where present is AD 2007. Subsample sizes range from 90 to 408 mg. Distances
from the tops of the stalagmites are incorporated into the subsample names.

4.1.3 Stable isotopes of oxygen and carbon

The δ18O time series of the Dandak-I stalagmite is shown in Figure 4.4. The

δ18O (blue) values range from -6 to -2‰, whereas the δ13C (purple) values vary

between -11 to -3‰. The ages with 2σ errors are shown in orange filled circles.

The δ18O values show a slow decrease from 6.5 ka BP to present, with episodes

of enrichment between 6-5 ka,4.7-4.2 ka and 0.8-0.4 ka BP. The δ13C data follow

a similar trend, however the peak observed at 3.5-2.5 ka BP in δ18O values is

not seen. There is sharp enrichment in the values for the span of hundred years
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Table 4.2: Uranium and Thorium isotopic compositions and 230Th ages of the
subsamples of Dandak- II stalagmite.All errors are absolute 2σ values.

Sample 238U 232Th 230Th/232Th 230Th/238U measured initial uncorrected corrected

(ppb) (ppt) activity activity δ234U δ234U age age

ratio ratio (‰) (‰) Yr BP Yr BP

top2(13.5mm) 266.7±1.7 2442± 25 46.9± 1.1 0.1406± 0.0030 695± 11 713± 11 9398± 217 9107± 363

top2-2(13.5 mm) 266.4±1.3 2412± 80 49.1± 2.2 0.1454± 0.0042 700± 13 709± 13 9706± 305 9417± 420

top1-2(avg) weight average age = 9420± 270

stest (61.0 mm) 222.8±1.1 5040± 44 19.8± 0.6 0.1464± 0.0045 692± 11 711± 11 9825± 324 9371± 557

K (189 mm) 178.9±0.8 187± 18 437.1 ±
43.2

0.1492± 0.0030 683± 10 702± 10 10080± 221 9907± 280

K2 (189 mm) 179.3±0.8 203± 18 400.0± 39 0.1485± 0.0053 697± 9 717± 9 9983± 371 9762± 411

K(avg) weight average age = 9861± 230

B(319.5 mm) 322.9±1.7 1343± 18 114.7± 3.4 0.1560± 0.0041 693± 9 713± 10 10492± 296 10298±353

B2 (319.5 mm) 323.6±1.4 1386± 16 109.2± 2.0 0.1529± 0.002 695± 8 715± 8 10262± 163 10067±254

B(avg) weight average age = 10146±210

Corrected ages use an initial 230Th/232Th atomic ratio = 0.0012×232 Th−0.6386,
where 232Th is concentration in ppt, with the supposition that lower concentration
of 232Th equate to higher 230Th/232Th ratios. Years before present = yr BP, where
present is AD 2007. Subsample sizes range from 90 to 408 mg. Distances from
the tops of the stalagmites are incorporated into the subsample names.

between 0.6 - 0.7 ka BP.

4.1.4 Trace element analysis

The interpretation of trace element data of the Dan-I stalagmite were already

discussed in Yadava [2002]; Yadava and Ramesh [2001](Figure 4.5). The trace el-

ement values in this study are useful as a supporting evidence to the δ18O values,

in paleomonsoon reconstruction. The variations in the trace element concentra-

tions of Mg,Sr and Ba, were measured on ICP-AES (Inductively Coupled Plasma

Atomic Emission Spectroscopy). The concentrations of the elements are reported

in parts per million (ppm). Since the measurements of Ca ions were not carried

out, normalization of trace elements with respect to calcium was not possible.

Nevertheless, bare concentrations can be taken as indicators of PCP or high in-

flux of meteoric water. The age model for trace elements was generated using
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Table 4.3: Uranium and Thorium isotopic compositions and 230Th ages of the
subsamples of Kotumsar stalagmite. All errors are absolute 2σ values.

Sample 238U 232Th 230Th/232Th 230Th/238U measured initial uncorrected corrected

(ppb) (ppt) activity activity δ234U δ234U age age

ratio ratio (‰) (‰) Yr BP Yr BP

KOT-1
(1.5 mm)

244.34±
0.2

79.5± 4.5 0.08192
± 0.000067

4152± 237 622.8±1.4 632.8±1.4 5631± 48 5626± 48

KOT-2
(11.5 mm)

80.531±
0.064

1281.3± 5 0.1386
± 0.0012

143.6± 1.3 688.1±1.5 705.9±1.6 9287± 82 9040±148

KOT-3
(23 mm)

78.246±
0.062

282.1± 4.1 0.2034
± 0.0012

930± 15 693.1±1.7 720.6±1.7 13841± 90 13.785 ±
94

KOT-4
(38 mm)

73.557±
0.059

3142± 7.6 0.1362
± 0.0017

52.5± 0.067 684.9±1.8 701.5±1.9 9142± 120 8476±355

KOT-5
(46 mm)

84.213±
0.068

1402± 4.1 0.1325
± 0.0010

132.2± 1.1 686.2±1.7 703.3±1.7 8948± 72 8690±148

KOT-6
(62.5 mm)

74.826±
0.074

230.2± 4 0.1517
± 0.0011

813± 15 696.5±2.7 716.7±2.8 10153± 81 10105±84

KOT-7
(78.5 mm)

77.818±
0.070

315.1± 2.7 0.10064
± 0.00078

409.7± 4.7 696± 2.1 709.1±2.2 6644± 53 6581± 62

KOT-8
(103 mm)

95.443±
0.092

173.8± 1.7 0.10148
± 0.00057

919± 11 696.9±2.7 710.1±2.8 6697± 40 6669± 43

KOT-9
(124 mm)

86.547±
0.079

629.8± 2.1 0.09881
± 0.00065

223.9± 1.6 700.4±2.2 713.2±2.3 6503± 45 6391± 72

KOT-10
(168 mm)

101.609±
0.0.095

2063± 34 0.1012
± 0.0012

82.2± 1.6 715.7±2.3 728.6±2.3 6603± 78 6292±174

KOT-11
(181.5mm)

117.40±
0.13

2057.4 ±
4.3

0.1031
± 0.0010

97± 1 706.7±2.5 719.8±2.6 6767± 68 6497±151

KOT-12
(201 mm)

321.88±
0.064

4581± 73 0.648
± 0.0019

751± 25 409.3±3.7 491.2±5.7 64857 ±
2545

64604 ±
2542

KOT-13
(227 mm)

114.50±
0.12

16518± 70 0.3967
± 0.0064

45.3± 0.76 719.7±2.8 774.2± 4 28072 ±
510

25903 ±
1206

KOT-14
(274 mm)

120.68±
0.11

7561± 20 0.1298
± 0.0022

34.1± 0.59 674.6±2.1 689.6±2.3 8755± 156 7770±519

KOT-15
(276.5mm)

93.198±
0.084

763± 4 0.1195
± 0.0010

240.9± 2.5 684.8±2.0 700.1±2.0 7+87±72 7860± 96

The degree of detrital 230Th contamination is indicated by the 230Th/232Th atomic
ratio instead of the activity ratio. Age corrections for samples were calculated
using an estimated initial atomic 230Th/232Th ratio of 4 ± 4 ppm. Decay
constants are 9.1705 × 10−6yr−1 for 230Th, 2.8221 × 10−6yr−1 for 234U [Cheng
et al., 2013], and 1.55125× 10−10yr−1 for 238U [Mattinson, 2000].
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Figure 4.4: δ18O (Dark blue) and δ13C (Purple) profiles of the Dandak-I sta-
lagmite. The timeseries represents the profile based on ages derived from the
COPRA age model. The ages considered in the model are shown as orange filled
circles. The errors are reported as 2σ.

COPRA and the timeseries is shown in Figure 4.5. Since the trace element and

δ18O measurements were carried out on different stalagmite slices, there is a shift

in the time-series, owing to different sampling depths (indicated by the arrows).

From ∼ 2 ka to the present the trace element concentrations and δ18O values

covary. The concentrations drop abruptly between 3.5 - 2.8 ka BP, showing peak

to peak matching with δ18O values.
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Figure 4.5: Trace element variations in the Dan-I speleothem. Concentrations of
Magnesium (Mg, Red),Barium (Ba,Green) and Strontium (Sr,Pink) are reported
in ppm. The trace element profiles are compared with the δ18O values (blue). The
arrows point to the peak in trace element with the corresponding δ18O variability.
Shaded regions show the zones of similar variability observed in the trace element
and δ18O data.

4.2 The Dandak-II stalagmite

4.2.1 U-Th ages

The timeseries of the Dandak-II stalagmite is based on four U-Th ages for a length

of 41.3 cm of the sample (Table 4.2). The ages have overlapping errors, hence

no outliers were detected. The age model was reconstructed using COPRA with

3000 Monte Carlo simulations (Figure 4.6). The errors are reported as 2σ values

and the confidence interval of 95% is shown in red dashed lines. Corrected ages
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use an initial 230Th/232Th atomic ratio = 0.0012 ×232 Th−0.6386 where, 232Th is

concentration in parts per million (ppt), with the supposition that lower concen-

tration of 232Th equate to higher 230Th/232Th ratios. Years before present = yr

BP, where present is AD 2007. Subsamples weighing ∼ 90 − 408 mg were used.

The Dandak-II stalagmite spans from 10.4 - 9 ka and shows a steady growth rate

of ∼ 0.4 mm/yr.

Figure 4.6: Age model for Dan- II stalagmite reconstructed using COPRA-
interactive program on MATLAB [Breitenbach et al., 2012]. The filled blue circles
are 230Th ages taken for age model. The errors are reported in 2σ. The dashed
lines show 95% confidence interval and the blue lines are the median through
which the age model passes.

4.2.2 Stable isotopes of oxygen and carbon

A total of 2250 subsamples from the Dandak-II stalagmite were analyzed on

a Delta-V plus IRMS. The δ18O and δ13C timeseries are shown in Figure 4.7.

The sample shows a gradual -5‰ decrease in the δ18O from 10.4 to 9 ka. This

steady depletion is however punctuated by a cluster of sharp 18O enriched peaks

occurring at regular intervals.The δ13C values vary between -2 to -8‰, with the

values fluctuating around the mean of -3.5‰. The δ13C data do not necessarily

mimic the δ18O profile. However, the peaks in the δ18O values are also observed

in δ13C (Figure 4.7).
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Figure 4.7: δ18O (Purple) and δ13C(cyan) profiles of Dandak-II stalagmite. The
timeseries represents the profile based on ages derived from Copra age model.
The ages considered in the model are shown as gray filled circles. The errors are
reported in 2σ

4.2.3 Hendy’s test

As seen in Figure 4.8, there is no significant enrichment of 18O and 13C along the

layers. Also, there a poor correlation between δ18O and δ13C values. This implies

that there was minimal evaporation and slow degassing during the deposition of

calcite otherwise the precipitating calcite would undergo kinetic fractionation and

would show enrichment in 18O along the tapering ends of a layer. This ensures

that the sample was precipitated under isotopic equilibrium.
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Figure 4.8: Left:Sketch of the Dandak-II stalagmite, showing sampling the sam-
pling sites for Hendy’s test(dashed green) and U-Th ages(dark blue) Right: (A)
and (B) δ18O and δ13C variability along four layers. (C) The correlation between
δ18O and δ13C used to indicate isotope equilibrium between precipitating calcite.
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4.3 Kotumsar stalagmite

4.3.1 U-Th ages

The U-Th ages for the KOT-I stalagmite were obtained from the National Taiwan

Unviersity.Table 4.3 shows the 15 ages with associated errors. The sample has

many reversals and non-tractable outliers. The reversals with very old ages occur

when there is a post-depositional U loss from the sample giving artificially old

ages. Some reasons for the loss can be a sample that has been recrystallized from

aragonite to calcite or perhaps flooding immediately after deposition (which could

also cause recrystallization). These reversals were removed from the age models.

The sample as seen in Figure 3.5 has a band of high detrital content and high

232Th values. Thus, the ages in this band show reversals and are unreliable.The

age model was then constructed based on 6 ages, and is shown in Figure 4.9. The

growth of the sample is from ∼ 8.4− 5.6 ka BP. The rate of growth however, has

varied during its course of deposition, from 8.4 -6.5 ka BP, the deposition rate

was slow at ∼ 0.055 mm/yr. The stalagmite growth was rapid between 6.5-5.6

ka BP, with the rate of ∼ 0.23 mm/yr.

4.3.2 Hendy test

The results of Hendy test performed on four layers of KOT-I sample are shown

in Figure 4.10. The δ18O values along a layer do not show major fluctuations and

also there is a poor correlation between δ18O and δ13C values. This ensures that

the sample was precipitated under an isotopic equilibrium and can be used for

paleomonsoon reconstructions.
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Figure 4.9: Age model for the Kotumsar stalagmite using the COPRA- interac-
tive program on MATLAB [Breitenbach et al., 2012]. The filled blue circles are
230Th ages assumed for the age model. The errors are reported in 2σ. The dashed
lines show 95% confidence intervals and the blue line is the median through which
the age model passes.

Figure 4.10: Left: Top δ18O and Bottom δ13C variability along four layers
is plotted. Right: The correlation between δ18O and δ13C is used to indicate
deposition of calcite under isotopic equilibrium.
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4.3.3 Stable isotopes of oxygen and carbon

The stable isotope ratios of oxygen and carbon are shown in Figure 4.11. The

δ18O values vary between -6 to -3‰, with fluctuations around a mean of -4.5‰.

The oxygen and carbon data show dense points between 7.5 - 5.6 ka BP. This

is owing to the age model, where the regularly spaced proxy record has been

squeezed intoa precise time frame.The values show a decreasing trend from 6.5 -

5.6 ka BP. This could be attributed to an increase in rainfall, which was also seen

as increased growth rates for this section of the sample. The oxygen data also

shows episodes of periodic 18O enrichment. The δ13C profile covaries with the

δ18O values. The remarkable decreasing trend from 6.5 - 5.6 ka ia also observed in

δ13C record. The episodes of 13C enrichment replicate the corresponding dips in

δ18O values. Hence, we can assume that, δ13C values of this stalagmite, respond

to climate changes, and hold a potential for paleomonsoon reconstruction.

Figure 4.11: δ18O (dark blue) and δ13C(purple) timeseries of KOT-I stalagmite.
The stalagmite was deposited between 8.4-5.6 ka BP. The ages considered in the
model are shown as pink filled circles. The errors are reported as 2σ.
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4.4 Tree Rings

In tropical regions of south and southwest Asia, good tree-ring data networks have

been established to document monsoon variability. In this context, teak (Tectona

grandis) from Indonesia, Thailand, Java and India have been demonstrated as a

potential source for high resolution reconstruction of ISM [Bhattacharyya et al.,

1992; Borgaonkar et al., 2010; Buckley et al., 2007; D’Arrigo et al., 1994; Jacoby Jr

et al., 1990; Murphy et al., 1989; Pant and Borgaonkar , 1983; Pumijumnong et al.,

1995; Shah et al., 2007].

Figure 4.12: Monsoon rainfall reconstructed from Ulvi speleothem (top, Yadava
et al. [2004]) and Parambikulam teak cellulose (bottom, Managave et al. [2011a]).
Solid curves show the reconstructed values.
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Managave et al. [2010, 2011b] showed that high resolution intra-ring analysis

of δ18O of cellulose from several annual growth rings of teak trees was very much

useful in achieving a ∼ 20 day resolution in the monsoon reconstruction. Ramesh

et al. [1989] reported the correlation of stable isotopic ratio of hydrogen (δD) in

teak with the amount of rainfall and mean maximum temperature to demonstrate

its applicability for reconstruction of past climate. The lower panel of 4.12 shows

the monsoon reconstruction for Parambikulam, Kerala for more than 2 centuries

in the past (Managave et al., 2011). This can be compared with the three century

long monsoon reconstruction for northern Karnataka (top panel of the same 4.12,

locations shown in Figure 4.13) based on δ18O variations in a stalagmite that had

annual resolution.

4.5 Oceanic records

Contrary to terrestrial deposits, marine deposits preserve a more complete and

continuous monsoon record. Extensive studies has been carried out on the evo-

lution of the monsoon through the Holocene [Sirocko et al., 1993; Tiwari et al.,

2011] using marine sediments. δ18O variations recorded by foraminifera in marine

sediment cores from the eastern Arabian Sea have shown a consistent increasing

trend in the monsoon rainfall [Sarkar et al., 2000] during the Holocene. Figures

4.13 and 4.14 shows locations and monsoon reconstruction from six sediment

cores of Arabian sea.

All the oceanic records show consensus that there is a prominent reduction in

the δ18O values between ∼ 11− 10 ka BP. Core SK148/4 [Rao et al., 2010] shows

an abrupt enrichment between ∼ 8 − 4 ka BP, while similar abrupt changes are

observed in Core 3268G5 at 6 ka BP. The shaded gray regions in Figure 4.14 are

Bond events in the Holocene numbered from 0 to 8. The event 3 by far is one

of the most important and large event and is witnessed as a sharp enrichment in

18O in 3268G5 and SK148/4 cores. In the rest of the cores, some discrepancy in
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the trend exists, while event 1 famously known as the Little Ice Age is recorded

in almost all the cores.

Although continuous, marine sediment cores lack the resolution to be able to

distinguish small climate changes. And hence in this study the results from such

sediment cores are to check for high amplitude variations in climate and study

the evolution of monsoon on a millennial timescale.

Figure 4.13: Locations of marine and terrestrial proxies. Stars are sediment
cores.Core SK-17 [Singh et al., 2006], Core AAS9/21 [Govil and Naidu, 2010],
Core 3268G5 [Sarkar et al., 2000], Core AAS62/1 [Kessarkar et al., 2013], Core
SK237-GC4 [Saraswat et al., 2013], and Core SK148/4 [Rao et al., 2010]. Terres-
trial proxies are (1) Akalagavi cave stalagmite [Yadava et al., 2004], (2) Param-
bikulam tree cellulose [Managave et al., 2011b], (3) and(4) are speleothems from
the Dandak and Kotumsar caves [Yadava and Ramesh, 2005].
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Figure 4.14: δ18O variations of planktic foraminifera from six different
cores from the eastern Arabian Sea (See Figure 4.13 for locations) during the
Holocene, plotted with error bars (gray shaded regions). Inverted triangles repre-
sent 14C ages of planktonic foraminifera from the respective cores. The sediment
core records are compared with reconstructed monsoon variability from the Dan-
dak(Pink) and the Kotumsar cave (light pink) stalagmites. Sources: (Rao et al.
[2010], Cyan),(Saraswat et al. [2013], Green), (Govil and Naidu [2010], Dark
blue),(Kessarkar et al. [2013], Orange),(Singh et al. [2006], Maroon),(Sarkar
et al. [2000], light blue) Shaded gray regions are Bond events during the Holocene,
numbered from 0 to 8 [Bond et al., 2001].
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4.6 Discussion

A few speleothem studies around India vis-a-vis Qunf cave, and caves in China

were used to explain the variability in ISM during the Holocene. So far, terrestrial

records from the core monsoon region of India were fragmented and hence ad-

dressing the monsoon variability from the Indian region proved to be a challenge.

On the other hand Chinese speleothems were used to reconstruct east Asian mon-

soon variability and establish a link between the climate changes at the high and

low latitudes. However, more recently Pausata et al. [2011] based on the gen-

eral circulation model postulated that chinese speleothem δ18O excursions reflect

changes in Indian Summer Monsoon than Heinrich events [Johnson, 2011]. The

sensitivity test carried by Pausata et al. [2011] showed that Heinrich events led

to cooling in northern Indian ocean and reduced the convective precipitation. As

a result isotopically enriched moisture was carried across India and moisture rich

in δ18O were also carried over China. Accordingly, the positive excursion in the

Chinese speleothems reflect variations in δ18O value of moisture exported from

India. Pausata et al. [2011],also suggests that speleothems from India are ideal

for paleomonsoon reconstructions whereas, Chinese speleothems seem to record

changes in the isotopic composition of the incoming water vapor. Considering

that the Indian ocean plays a key role in precipitation over India and East Asia

during June-August, the above postulation may hold true.

Hence it is extremely important to study Indian speleothems to reconstruct

Indian monsoon and to understand the role of North-Atlantic circulation changes

as one of the governing factors. With this as an objective, we have attempted

to reconstruct high resolution ISM variability from CMZ of India. Our high

resolution record from the Kotumsar and Dandak cave together, have provided

monsoon record from ∼ 10.5 ka - to the present with a brief hiatuses between

∼ 9 − 8.5 ka BP and ∼ 2.2 − 2 ka BP. The δ18O profile is constructed using

∼ 5040 subsamples and 15 U/Th ages.
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The record extends from ∼ 10.4 ka BP to the present. An overlap of the

Kotumsar and Dandak- I profile between 7-6 ka BP. The region of overlap shows

similar trend in monsoon. Our speleothem record, when compared with available

monsoon records reconstructed from speleothems from Oman and China indicate,

changes in Asian monsoon system comprising of ISM and EASM have similar

variability. The caves which are in two seperate domains of Asian monsoon, show

similar trend in monsoon variability, proving it to be a robust climate signal.

Figure 4.15: Compiled Holocene monsoon record based on δ18O variability in
KOT-I, Dandak-I and II stalagmites. Blue and green triangles are the radiocarbon
dates of charcoal derived from the Kotumsar and the Dandak caves, respectively.
The green shaded regions are North Atlantic cooling events, known as ’Bond Cy-
cles’. The event numbered 3, marks the culmination of the Harappan Civilization
(HC)[Giosan et al., 2012].

4.6.1 Early Holocene climate (∼ 10.4 - 8 ka BP)

The inception of the Holocene marks the rapid intensification of monsoon be-

tween 10.4 - 9 ka BP. Stronger monsoon is observed as a rapid decrease in δ18O

(around 5‰ depletion) values, and the record has a brief hiatus between ∼ 9−8.5
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ka BP (Figure 4.15). The strength of monsoon is also seen as a faster growth

rate of the Dandak-II stalagmite. The increased monsoonal conditions were re-

lated to the Northward shift of ITCZ between ∼ 10.5− 5.4 ka BP, owing to the

seasonality in the 21 ka precession cycle [Haug et al., 2001]. By 11-10 ka BP,

the insolation over the Northern Hemisphere rose 8% greater than today due to

orbital precession that gradually aligned the boreal summer solstice with the per-

ihelion [Ortiz et al., 2000]. This early increase in the boreal summer radiation

enhanced monsoonal circulation, which is also witnessed in the present study, and

other available paleoclimate records (eg. [Foley et al., 1994; Haug et al., 2001])

also deduced from climate models [Prell and Kutzbach, 1987]. This record is in

agreement with other speleothem records [Burns et al., 2001; Neff et al., 2001],

Arabian Sea upwelling records [Overpeck et al., 1996; Sirocko et al., 1993] ice core

data [Thompson et al., 1989], and lake levels from India [Enzel et al., 1999]. Com-

parison between the Qunf cave, Dandak-II and the GRIP ice core record (Figure

4.16) shows an increase in monsoon is in phase with the increase in the North

Atlantic atmospheric temperature. Considering the error limits on the ages of the

Dandak-II stalagmite, the cold events recorded in the GRIP core are witnessed

as reduced monsoon precipitation at ∼ 10.3 and 9.4 ka. This establishes a strong

teleconnection between low and high latitude temperature changes. Contempo-

raneous changes in climate were observed in Africa, where the strength of eolian

deposition reduced significantly [Ortiz et al., 2000]. This time period is known as

African Humid Period.

An abrupt increase in the monsoon was observed between ∼ 10 − 9.5 ka BP

in several other marine sediment cores (Figure 4.14) from the eastern Arabian

Sea [Govil and Naidu, 2010; Kessarkar et al., 2013; Overpeck et al., 1996; Rao

et al., 2010; Saraswat et al., 2013; Sarkar et al., 2000; Singh et al., 2006]. The

increasing trend of monsoon rainfall during the Holocene is also confirmed by

δ18O variations in speleothems from Central India [Yadava and Ramesh, 2005].

Our record is correlatable with the Sanai lake record from Ganga plains. Both
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these records agree with climatic optimum at ∼ 10.4 − 6 ka witnessed by lake

expansion and high prevelance of aquatic plants [Sharma et al., 2004].

Figure 4.16: Comparison between Dandak- II stalagmite(Purple), GRIP ice
core record(cyan, Dansgaard et al. [1993]) and Qunf cave(blue, Fleitmann et al.
[2003].)

4.6.2 Mid- Holocene climate (∼ 8 - 4 ka BP)

Climate during the mid-Holocene was observed to change significantly. During

this time air temperatures on land declined globally, the evidence of which is

recorded clearly in ice cores (Greenland, Antarctica and eastern Canadian arctic)

[Steig et al., 1998]. In low latitudes the temperatures were lower or they experi-

enced aridity. At many places, abrupt change in climate during the mid-Holocene

is documented. In addition to temperature and precipitation changes, the mid-

Holocene also experienced change in atmospheric and ocean circulation. To-
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gether with these changes, the climate during this period was very different from

the present conditions. Steig [1999] stated that Mid-Holocene climate changes

are more complex and require high-resolution, high-quality studies from different

localities. These changes are attributed to a steep decline in the Northern Hemi-

sphere insolation at ∼ 6 ka BP [Charles et al., 1996; Wright , 1993]. Climatic

events between 6000-5000, 4200–3800, 3500–2500 and 1200–1000 cal years BP

were classified under ”cool poles, dry tropics”pattern by Mayewski et al. [2004].

The monsoon intensity gradually decreased between 8 to 6 ka, the owing

to southward shift of ITCZ and decreasing [Fleitmann et al., 2003; Haug et al.,

2001; Paillard et al., 1996] June-August insolation at 30°N. When the ITCZ shifts

southwards, the land-sea temperature contrast deceases, leading to weakening of

the monsoon. Weaker monsoon is also recorded in the Arabian Sea sediment core

δ18O values of G.ruber [Singh et al., 2006] and abundances of G.bulloides [Gupta

et al., 2003] and in the lake records of Garhwal [Srivastava et al., 2013]. The

migration of ITCZ is also observed to affect the East Asian Summer Monsoon

(EASM), the second domain of Asian monsoon, as recorded in the Dongge cave

speleothem. The mid-Holocene witnessed widespread aridity in all the Asian mon-

soon domains [Dykoski et al., 2005; Fleitmann et al., 2003; Sharma et al., 2004;

Wang et al., 2005]. A few studies report the onset of aridity as a gradual mech-

anism [Fleitmann et al., 2003, 2007; Gupta et al., 2003; Ivanochko et al., 2005;

Overpeck et al., 1996; Wang et al., 2005], while others infer it to be an abrupt

event [Anderson et al., 1988; Gasse and Van Campo, 1994; McClure, 1976; Mor-

rill et al., 2003; Sarkar et al., 2015]. Our record shows, an abrupt decrease in the

monsoon between ∼ 6− 3.5 ka BP, with the driest period between ∼ 4.7− 4 ka

BP (Figure 4.15). Fleitmann et al. [2003], who are in favor of a gradual decline,

have argued that the abrupt signal recorded in the African and Indian monsoon

proxies is on account of nonlinear response of ISM. High-amplitude fluctuations

in the monsoon precipitation may induce sudden negative precipitation minus

evaporation(P-E) balance, leading to the drying of a lake. This argument may
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hold true, for the lake records, however, speleothems from core ISM regions are

less susceptible to such changes and are likely to preserve a better climate signal.

Morrill et al. [2003], on the other hand believe that such abrupt changes in the

monsoon are due to abrupt events in the external forcings or in natural or inter-

nal fluctuations of the monsoon system. External forcings including insolation

and volcanic eruptions, whereas internal fluctuations include the North-Atlantic

thermohaline circulation and El-Nino. During the Holocene, a gradual decrease

in insolation is observed and hence can not be the sole factor in controlling the

monsoon. Turney et al. [2005], concluded that centennial to millenial changes in

the North Atlantic Climate are not solely driven by insolation. Hence the abrupt

decrease in monsoon may have two possible influences. The first being the abrupt

change in the North-Atlantic thermohaline circulation. The sensitivity of mon-

soon system to the North Atlantic changes is evidenced as effect of the short term

Bond events on the weakening of the ISM. And the second plausible explanation

could be sudden failure of internal feedback mechanisms governing monsoon lead-

ing to a sudden decline in the monsoon intensity. The factors governing abrupt

changes in ISM in the core monsoon region of India, requires further investiga-

tion. Ortiz et al. [2000] and Claussen et al. [1999], explained such abrupt changes

observed in the African monsoon as occurring due to vegetation-albedo positive

feedback amplifying the insolation-driven changes in the monsoonal climate.

Our record shows a close resemblance to the High resolution Holocene precip-

itation from the stalagmites from the Qunf cave, Oman [Fleitmann et al., 2003],

the Dongge cave, China [Dykoski et al., 2005; Wang et al., 2005], titanium con-

centration record from the Carioaco basin [Haug et al., 2001], suggesting role of

shift of ITCZ in controlling the low-latitude climate variability (Figure 4.17). The

intensity of monsoon over India increased post 3.5 ka.

When sampling, evidences of controlled fire preserved as burnt earth and

patches of charcoal mixed with soil and grasses in the form of three distinct

layers in the Kotumsar and one layer in the Dandak cave were found [Yadava and
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Ramesh, 2007]. Such deposits indicate sporadic human inhabitance. Radiocarbon

dating of these layers narrow down such possible human activity to be between

∼ 6.9−4 ka BP in the Kotumsar cave and ∼ 4.6 ka BP in the Dandak cave(Figure

4.18). The samples were studied under a stereo binocular microscope and three

grasses and two millet species were identified by previous workers [Yadava et al.,

2007]. The grasses were Cenchrus L, Celosia argentea L. and Panicum L and

the millets were identified as foxtail. By the mode of preservation, it can be

inferred that millets were important for the sustenance of the Kotumsar cave-

dwellers. Millets are drought tolerant crops, and suitably grow in low rainfall

regions. Archaeo-biological researches carried out at 45 archaeological sites in

India have revealed that millet cultivation began as early as 5.3 ka BP [Pokharia

et al., 2014]. The radiocarbon ages of the charcoal deposits fall in the same range

as that of the formation of KOT-I and Dandak-I stalagmites, suggesting that the

caves were used as shelters during severe droughts. During one of the visits made

to the Kotumsar cave in CE 2000 (wet season), it was observed that the cave

entrance was inaccessible as the rain water was gushing out through the cave

mouth. However, the entrance was dry and accessible during the pre-monsoon

and winter. As seen in Figure 4.18, the strength of the monsoon declined between

∼ 6 − 3.5 ka. The drought like conditions would have made caves accessible

during these periods. Based on this, it can be postulated that the caves were

used as a temporary dwelling and food storage site, during the weaker/drier

phases of monsoon. Widespread aridity is also considered as a reason for the

collapse of contemporaneous major civilizations like the Harappan, Chinese and

Mesopotamian. Evidence of Indus valley suggests that, as the intensity of ISM

decreased significantly, from ∼ 5 to 4 ka (∼ 6 to 3.5 ka, in the present study), the

type of agriculture shifted towards Kharif (summer) crops, and drought tolerant

crops such as millets [Clift et al., 2012; Giosan et al., 2012; Weber and Belcher ,

2003].
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Figure 4.17: δ18O records of the Mawmulah cave(Green,Berkelhammer
et al. [2012]), the Dongge cave (red,Dykoski et al. [2005]), the Qunf cave
(blue,Fleitmann et al. [2003]),the present study(Dark blue), and hematite-stained
grains(pink, Bond et al. [2001]).
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Figure 4.18: Charcoal layers preserved in sediments of Kotumsar cave (A) and
Dandak cave (B) Photo taken from Yadava and Ramesh [2007].

4.6.3 Late Holocene climate (∼ 4 - to the Present day)

According to the observations made by Ponton [2012]; Ponton et al. [2012] and

Sarkar et al. [2015] the monsoon intensity decreased from 4.8 ka - to the present.

Their interpretation is based on δ13C of leaf wax and interpreted in terms of

C3/C4 type of vegetation, whereas, all other records [Breitenbach, 2010; Chauhan

et al., 2010; Fleitmann et al., 2003; Govil and Naidu, 2011; Staubwasser and

Weiss , 2006], including the present study, are based on interpreting δ18O values

of proxies which are direct recorders of monsoon. These records show consensus

that monsoon increased post 2 ka BP. Speleothem studies from Socotra island,

show a depletion of 2‰ from ∼ 4 ka to the present,implying that the monsoon

increased during late Holocene [Fleitmann et al., 2007]. As seen in Figure 4.15,

δ18O record between 3.8 - 2.8 ka BP is anomalously depleted, a feature not seen

in other records. The effect of moisture source change from Arabian Sea to the

Bay of Bengal, causes a depletion of ∼ 1‰ and therefore is insufficient to explain
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the ∼ 2.5‰ decrease in δ18O values. Hence, this can either be explained as a

local intensification of monsoon or an effect of both these parameters. Figure 4.19

shows reconstructed ISM for the last 2000 years. These records are compared with

annually deposited Jhumar [Sinha et al., 2011] and Dandak [Sinha et al., 2007]

speleothem records. The sharp troughs recorded in our study correspond to the

troughs in Jhumar speleothem at a different time interval. This shift is mainly

due to the different age models used to reconstruct the data. The age model for

Jhumar cave is reconstructed based on counting of annual layers, whereas our age

model was reconstructed based on U-Th ages with associated errors. However,

barring this small shift, the monsoonal trends in both the records covary and

record major climate events.

Two most important climate events of the early Holocene were the Medieval

Warm Period and the Little Ice Age, affecting most of Europe. These high lat-

itude climate changes also affected tropical ocean surface temperature and the

monsoon rainfall [Newton et al., 2006]. Based on historical records,the most re-

cent cooling period in the Holocene known as the ’Little Ice Age’ occurred as two

discrete events [Jones , 1995]. High resolution Greenland ice core δ18O records re-

constructing surface temperatures, suggest the occurrence of these discrete events

centered at ∼1500 and 1850 A.D [Dahl-Jensen et al., 1998]. Our record shows

evidence of these events as abrupt decline in monsoon between 1550-1450 AD

and 1350-1250 AD(as shown in Figure 4.19 with arrows). Corresponding 18O de-

pletion is also observed in the Jhumar cave δ18O record. Sinha et al. [2007] have

inferred a 30% reduction in rainfall in 14th century. Historical records during

this period report several famines and droughts. The major documented drought

events coincide (within the dating uncertainty) with a period of reduced rainfall

reconstructed from the Dandak stalagmite [Maharatna, 1996; Pant et al., 1993].

The Durga Devi famine (1396 A.D. to 1409 A.D.) [Maharashtra-Government ,

1973] coincides with the first positive excursion of LIA. Multiproxy records from

the Arabian Sea sediment cores [Agnihotri et al., 2002; Gupta et al., 2003; von
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Rad et al., 1999], Stalagmite δ18O [Burns et al., 2002; Fleitmann et al., 2007]

records of Oman and Yemen also indicate a weaker monsoon during LIA and a

stronger monsoon during MWP.

Figure 4.19: The δ18O time series of Jhumar speleothem (purple, Sinha et al.
[2011]), Dandak speleothem (Orange, Sinha et al. [2007]), and the present study
(Blue). The shaded light blue and red blocks bracket periods of Little Ice Age
and Medieval Warm Period respectively. The arrows point to the corresponding
events in the Jhumar cave reconstructions. The shift in the timeseries is due to
two different methods adopted to reconstruct age models.

Modern observations link weaker monsoon on land to enhanced convection in

the eastern equatorial Indian Ocean(EEIO) [Krishnan et al., 2006]. Sinha et al.

[2011] proposed the controlling factors of such Mega-drought events to be sea-

sonal dynamics of the ITCZ in the EEIO. The southward migration of ITCZ in

the Indian ocean prompts enhanced convection over the EEIO, which suppresses

the convection and rainfall over India. Since the end of LIA, monsoon intensity

has increased in 19th and 20th century, and entered an ”active” phase of mon-
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soon as described by Sinha et al. [2011]. The monsoon reconstruction based on

Dandak-I stalagmite sample for 19th and 20th century is obscure and has low res-

olution owing to the errors in the age model. Recourse is taken to comprehensive

tree ring studies to understand the climate change during this time period. Shah

et al. [2007], based on tree ring width index of Hoshangabad observed several

low rainfall years: AD 1835–1849, 1872–1896, 1908–1929, and 1952–1971. Com-

parison between δ18O of annually resolved speleothem from Akalagavi cave and

the Hoshangabad tree ring data shows that the monsoon rainfall increased from

AD 1860 to 1940 reconstruction [Shah et al., 2007]. Whereas tree ring studies

from Parambikulam, Kerala [Bhattacharyya et al., 2007] reveal there were several

multi-decadal events of low and high precipitation in the last 1000 years. AD

1743–62, 1794–1806, 1815–26, 1831–51, 1856–76, 1937–56 were observed to be

low rainfall events alternating with high rainfall events at AD 1763–93, 1807–14,

1827–30, 1852–55, 1877–1936, 1957–77 and 1995–98. However, most of these fluc-

tuations were observed till the end of 19th century and the 20th century is inferred

to be remarkably warm with higher rainfall [Bhattacharyya et al., 2007].

4.6.4 Global teleconnections

Understanding the Holocene climate variability is of prime importance, and the

teleconnection between high-latitude and low-latitude climate changes. If so-

lar forcing is the main cause of climate change, then the tropics receiving large

amount of radiation, are the hotspots for capturing the signal and communicat-

ing the amplified signal to higher latitudes through different mechanisms of heat

transports [Yin and Battisti , 2001]. Superimposed on these long-term variations,

are the millennial scale changes that can not be explained using only orbital pa-

rameters (e.g., Gupta et al. [2003]). Such millennial scale variations are partly

attributed to abrupt changes in the North Atlantic, European and Eurasian cli-

mate, on the basis that increase in winter snowfall over Eurasia leads to a weaker

monsoon over Asia the following summer [Barnett et al., 1989; Gupta et al., 2003;
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Meehl , 1994].

The North Atlantic changes are mainly witnessed as large scale climatic events

know as ’Daansgard-Oeschager’ cycles during the last glacial period and ’Bond

events’ during the present interglacial period. The Bond events were reported

in the cores raised from the North Atlantic Ocean and were observed to recur

at an intervals of 1470 ± 500 years. These episodes, preserved as ice rafted

debris are linked to sudden cooling of ocean surface water, brought about by

changes in the North Atlantic surface circulation [Bond et al., 1997]. These ice

rafting deposits are related to change in the thermohaline circulation due to a

southward shift of cooler ice-bearing surface water into the North Atlantic and

its coupling with the Greenland atmospheric circulation changes [Bond et al.,

1997]. However, the constant pacing of these events is not controlled by ice

sheet oscillation directly and the forcings governing the millennial scale changes

are still to be identified. The coeval increase of the North Atlantic temperature

with increase in monsoon precipitation between 10.4 -9 ka (Figure 4.16), along

with the evidence of Bond events (10.3 and 9.4 ka) in the core monsoon region

of India, confirms the strong link between the two. The evidence of such a

relation is also reported in a speleothem from the Qunf cave [Fleitmann et al.,

2003] and Arabian Sea sediment cores [Overpeck et al., 1996; Schulz et al., 1998;

Sirocko et al., 1993]. Fleitmann et al. [2007], relate the 9.4 ka event to the

outburst of melt water, resulting in the weakening of thermohaline circulation and

the subsequent cooler North Atlantic temperatures. Such temperature changes

are also observed in Greenland ice core records NGRIP, GRIP [Johnsen et al.,

2001]. The Greenland temperature oscillations reconstructed from ice cores, have

a direct impact on the climate variability in Northern and Central Europe, with

concomitant changes in ISM. The important feature of GISP-2 and GRIP δ18O

records is relatively smaller fluctuations during Holocene, implying no significant

changes in temperaure during the past 10 ka BP. However, a 300 yr running mean

of bidecadal δ18O values show low frequency climate changes [Schulz and Paul ,
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2002],

The winter cooling and concomitant increase in the Eurasian snow cover led

to weakened monsoon circulation through the well-known snow cover- monsoon

linkage (e.g., [Barnett et al., 1988; Ye and Bao, 2001]). Due to the extensive snow

cover over western Eurasia, spring heating of the landmass is reduced on account

of high albedo and high energy consumed in exhumation of excess snow. The

reduction in land - sea pressure gradient due to the cooling of the Tibetan plateau

in summer leads to weaker summer monsoon. The reduced pressure gradient also

affects the strength of cross-equatorial current, which is the predominant source

of moisture and heat.

ISM not only responds to the North Atlantic changes during the glacial period,

but also has a huge impact on centennial and millennial timescales. Abrupt

Holocene cold spells of North Atlantic correspond to a weaker monsoon over India

(Figure 4.18 [Bond et al., 1997]). Bond events, in mid- and late Holocene (0 to

4) are more prominent than the events 5 - 7 (Figure 4.15). Widespread aridity

is observed between 6 - 5.2 and 5 - 3.9 ka BP. The major event 3, which marked

the decline of major civilizations such as the Harappan, the Neolithic culture of

central China and the Akkadian empire in Mesopotamia ∼ 5−3.5 ka BP is related

to strong aridity over India [Giosan et al., 2012; Kenoyer , 1998; Possehl , 2002],

western china [Wenxiang and Tungsheng , 2004] and western Asia, respectively

[DeMenocal , 2001]. This implies that subtle changes in North Atlantic Climate

may have significant impact on ISM.

To sum up, some hypotheses proposed by previous workers about continuous

increase or decrease of monsoon throughout the Holocene have failed to explain

the observed variability in the present study. According to our observations, the

monsoon over India increased rapidly with rising insolation followed by a gradual

decrease in monsoon between 8-6 ka BP. However, post 6 ka BP, an abrupt

decline in monsoon is observed possibly as the feedback mechanisms accentuated

the forcing factors leading to the failure of response of the monsoon system.
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Between 3.5 - 2.5 ka BP prominent increase in monsoon, comparable to present,

is observed. In spite of insolation being minimum at present, strengthening of

monsoon is seen from 2 ka to the present, suggesting, on a millennial timescale,

the ISM intensity is controlled by other factors, along with insolation.
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Late Pleistocene monsoon

varibility

Th Pleistocene epoch is known for several glacial-interglacial events and contem-

poraneous marine, fluvial, lacustrine deposits [Kay , 1931]. The Pleistocene ended

with last glacial event at 11.7 ka. It is convenient to describe Pleistocene climate

variability in terms of Marine Isotopic Stages (MIS) or Glacial-interglacial events.

In the present study an attempt has been made to explain ISM variability during

different MIS and glacial-interglacial events.

Marine isotope stages (MISs) or Oxygen isotope stages (OISs) are the alter-

nate glacial-interglacial events marked on δ18O variations observed in sediment

cores from the ocean. They form the standard stratigraphic scale and are used

extensively to correlate Quaternary (i.e. the last ∼ 2 million years) climatic

events.Seven Marine Isotopic Stages comprising of two complete glacial cycles

(190-80 ka and 80 ka to present) span the past 200 ka. The Indian monsoon gen-

erally responds to interglacial/glacial events either by intensification/weakening

of its strength. A majority of reconstructed monsoon records for the past 200

ka derive from marine sediment cores. They preserve the complete and contin-

uous Quaternary monsoon records. Terrestrial records on the other hand are

discontinuous, as preceding glacial evidences could be wiped out by the follow-
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ing interglacial event. Although oceanic record is complete, continuous and well

dated, it records the strength of the monsoon winds or ice volume rather than

a direct measure of past precipitation except in the coastal regimes. Terrestrial

proxies, on the other hand, record changes in monsoon precipitation. A signifi-

cant amount of work has been done to reconstruct monsoon rain using aeolian,

fluvial, lacustrine and peat deposits. The present study focuses on reconstructing

late Pleistocene ISM variability based on a speleothem records from the Kailash

and the Belum caves and a sediment core from the Andaman Sea, a literature

data.

5.1 Terrestrial records

Although the oceanic record is complete, continuous and well dated, some of the

proxies used record the strength of the monsoon winds rather than a direct mea-

sure of past precipitation. ISM strength is not linearly correlated with strength

of wind, instead it depends upon the moisture carried by the winds depending

on the SST in the southern hemisphere and rate of ascent of the parcels after

they cross Indian coasts [Rashid et al., 2007]. Terrestrial proxies, on the other

hand, record changes in monsoon precipitation. A significant amount of work

has been done to reconstruct monsoon rain using aeolian, fluvial, lacustrine and

peat deposits. Figure 5.1 shows such locations where extensive work has been

done to reconstruct past climate. Fluvial sediments of the Sabarmati and Mahi

Rivers on the southern margin of the Thar Desert are repositories of monsoon

records for past 130 ka. Enhanced monsoon conditions during the MIS 5 (sub-

stages e, c and a) interglacial period are seen as fine flood plain deposits on river

banks. The cooler phases of MIS5-d(120-100ka) and MIS4 (74-60ka), when mon-

soon weakened, this signal is well represented by braided river facies [Juyal et al.,

2006]. During Last Glacial Maximum (comprising MIS-2), extreme weakening of

the monsoon is seen, where the fluvial sedimentation is replaced by aeolian (i.e.
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wind-blown) deposition. The complete sequence was incised in the beginning of

the Holocene, when monsoon regained its strength.

Figure 5.1: Locations of different terrestrial records from the core monsoon
region of India. Image source: Ocean data viewer

Another core raised from the Luni River flowing through the Thar Desert

shows that below the present aeolian sand sequence lies fluvio-aeolian deposits of

the Quaternary. Sedimentary succession has recorded sequences covering dura-

tion of MIS-5 to MIS-1 and suggests a strong climatic control on the depositional

environment. The glacial-interglacial cycles are in phase with the arid-humid cy-

cles [Jain et al., 2005; Kar et al., 2001]. Humid phases are represented by gravel

bed deposits (MIS-5 and 1) and reddening event (MIS-3). On the other hand,

arid phases are represented by ephemeral sand-bed streams and aeolian deposits

(MIS-2 and late MIS-3). Records from the Thar Desert and marginal areas ex-

posed sequence of aeolian deposits covering past 200 ka. Wetter spell is recorded

in the beginning of 200 ka followed by arid phase which shows extensive calcretes,

sand dunes accumulation and playa formation [Dhir et al., 1999, 2004]. Intense

drying episodes are seen around 115 and 100 ka (colder sub-stages of MIS-5),

75 ka (MIS-4), and between 30-25 ka suggesting increase in aridity [Singhvi and
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Kar , 2004]. Interesting finding by these authors is that during the LGM strong

aridity was found in the Thar Desert, however aeolian activity was less. This

is because even though the climate was arid, the of the strength summer mon-

soon wind responsible for dune building was weak and hence aeolian aggradation

could not take place. This observation is also supported by studies carried out

on marine sediment cores [Sirocko et al., 1993]. Intensification of monsoon is

seen post LGM as stabilization of dunes and formation of paleosol layers during

‘climatic optimum’ (7-6 ka). Carbon isotopes in calcretes, soil and groundwater

carbonates, derived from the Thar Desert sediments, have shown similar climatic

fluctuations. C4 plants (grasses) were dominant during 70-60ka and 25ka (MIS-

4 and 2) indicating weakened phase of monsoon, and their abundance reduced

during enhanced phase of monsoon at around 60-25 ka, a time covering MIS-3

[Andrews et al., 1998]. Flood plain aggradation in Himalayan deposits at around

96-84 ka years (MIS-5) is an indicator of enhanced monsoon precipitation [Sanyal

and Sinha, 2010; Suresh et al., 2007]. Sediment core (Kalpi) along the Yamuna

river channel and the Belan section, shows major floodplain aggradations in the

Ganga plains during MIS 5 and 3. Relative dry phase of MIS-2 is seen as accu-

mulation of aeolian and lacustrine deposits and by events of pedogenesis [Gibling

et al., 2005, 2008]

5.1.1 The Kailash cave stalagmite

U-Th ages

δ18O timeseries of Kailash cave samples is based on two U-Th ages shown in

Table 5.1. Preliminary age model is constructed using ages of the top and bottom

layers of the stalagmite. The sample was sent to the University of Taiwan for

determining 230Th ages for intermediate sampling intervals. Final age model will

be constructed on procuring all the ages. However, timeseries based on a youngest

and oldest ages, the sample growth is constrained between 13900 - 13400 yr BP
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(Figure 5.2). The Kailash stalagmite grew at the rapid rate of ∼ 1 mm/yr for

∼ 500 years. The sample has several distinct growth bands, presumably annual

in nature. The annual nature of the bands can be proved only after establishing

the final chronology.

Stable isotopes of oxygen and carbon

The δ18O values of the Kailash cave timeseries fluctuates between -3‰ to -0.5‰

from 13900 - 13450 years BP (Figure 5.3). A prominent 18O depletion is observed

post 13427 yr BP for only four years (13427 - 13423 yr BP) after which the sample

growth had stopped. Repeat measurements were carried out for the same section

twice and the analysis reproduced the same trend, hence the sudden 18O depletion

can not be treated as an artifact and indeed indicates a climate signal. A similar

13C depletion is also observed in δ13C record of the stalagmite, hinting at sudden

change of climatic conditions. The record also shows periodic peaks of enriched

18O values with corresponding enrichment in 13C.

Table 5.1: Uranium and Thorium isotopic compositions and 230Th ages of the
subsamples of Kailash cave stalagmite. All errors are absolute 2σ values.

Sample 238U 232Th 230Th/232Th 230Th/238U measured initial uncorrected corrected

(ppb) (ppt) activity activity δ234U δ234U age age

ratio ratio (‰) (‰) Yr BP Yr BP

KLSH-1
(8.8mm)

151.82 ±
0.16

515.3 ±
3.8

0.16985
± 0.00090

825± 7.5 451.0 ±
2.3

468.4 ±
2.4

13492±79 13430 ±
85

KLSH-2
(530mm)

899.25 ±
0.99

2205.3±
8.8

0.17647
± 0.00093

1186.5 ±
7.7

459.6 ±
2.4

478.0 ±
2.5

13960±82 13916 ±
84

The degree of detrital 230Th contamination is indicated by the 230Th/232Th atomic
ratio instead of the activity ratio. Age corrections for samples were calculated
using an estimated initial atomic 230Th/232Th ratio of 4±4 ppm.Decay constants
are 9.1705×10−6yr−1 for 230Th, 2.8221×10−6yr−1 for 234U [Cheng et al., 2013],
and 1.55125× 10−10yr−1 for 234U [Mattinson, 2000].
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Discussion

Although several studies focus on variability of ISM since the last deglaciation,

the information is poorly resolved to address centennial climate variability of a

particular event. The present study is intended to focus on decadal and centennial

scale variability during ’Bolling-Allerod’ event. Role of the North-Atlantic climate

fluctuations effecting Indian ocean circulation and thereby influencing ISM was

explained in the previous chapter.

Figure 5.2: Age model of the Kailash stalagmite reconstructed using COPRA-
interactive program on MATLAB [Breitenbach et al., 2012]. The filled black cir-
cles are 230Th ages of topmost and bottom layers of the sample. The errors are
reported in 2σ. The dashed lines show 95% confidence intervals and the blue line
is the median through which the age model passes.

The sample growth is coincident with the warm and moist interstadial, known

as ’Bolling-Allerod warming’ in the last glacial period. Two stage oscillations

are observed in this period. Bolling oscillation (peaked at 14.5 ka) and Allerod

oscillation (peaked at 13 ka) were separated by older dryas. The δ18O timeseries

shows several fluctuations with prominent isotopic enrichment between 13.7 -

13.5 ka, indicating lower rainfall during older dryas. As in the Dandak and

the Kotumsar caves, the δ13C profile shows coeval changes with the δ18O values

implying that in extreme low precipitation conditions, even δ13C values could
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preserve a possible climate signal.

Figure 5.3: δ18O and δ13C timeseries of the Kailash cave stalagmite.

The abrupt depletion of δ18O values at 13.3 ka followed by cessation of sample

growth indicates higher precipitation coinciding with the peak of the Allerod

oscillation. The sample deposition post this increase in rainfall stopped either

due to the localized flooding at the sampling site or a high rate of drip water

flow impeding calcite precipitation. A core raised from Bay of Bengal shows an

increase in rainfall from 15.8 to 12.8 ka with concomitant increase in SST by

1.4℃ [Govil and Naidu, 2011]. Kudrass et al. [2001]; Rashid et al. [2007] also

observed that the Andaman Sea received more outflow from Irrawaddy river at

13.8 ka than at present. The increase in monsoon is also reported in Sanai Tal

lake records from Ganga plains. The increase in monsoon around ∼ 13 ka led to

the expansion of lake and submergence of existing marshy lands [Sharma et al.,

2004].

Sinha et al. [2005] observed that δ18O values of modern speleothem precipi-

tate overlap with that of the deposits during the Bolling-Allerod event, implying

that similar monsoon conditions prevailed during both the periods. The increase

in rainfall during Bolling-Allerod is coincident with the increase in insolation

after the last deglaciation. A speleothem record from the Timta cave [Sinha
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et al., 2005], suggested a 60 years periodicity in ISM precipitation, during the

late Bolling-early Allerod. Addressing such decadal variability in monsoon is

possible only after a better chronological control is established for the sample.

5.1.2 The Belum cave stalagmite

The Belum cave receives an annual rainfall of 500 mm (Figure 5.4) of which 66%

occurs during ISM (June to September) and 16% occurs during the withdrawing

phase of the ISM (October). To understand the moisture sources contributing to

the rainfall during the wet season (June to October), we carried out a Lagrangian

back trajectory analysis using the HYSPLIT model [Stein et al., 2015] with NCEP

Reanalysis-1 [Kalnay et al., 1996] as input to the model. We chose all the days

with daily rain above 2 mm during 10 years (1998 to 2007 CE) for analysis. During

ISM, trajectories suggest that the Arabian Sea is the major source of moisture,

while during October, it is the mixture of the Arabian Sea and the Bay of Bengal

(Figure 5.5). However, the major portion of annual rainfall is obtained from the

Arabian Sea moisture, and the vapor reaching the cave is the remnant of the

rainfall that occurred in the north-south oriented rainfall belt across the Western

Ghats. Hence, the rainfall isotopic composition over the Belum cave is likely to

reflect the rain out over the Western Ghat region. Since the actual measurement

of rainfall isotopic composition from the cave is not available, we used the data

from an isotope-enabled general circulation model, IsoGSM [Yoshimura et al.,

2008], in which the wind fields are constrained to observation (NCEP Reanalysis-

2, Kanamitsu et al. [2002]) using the nudging technique. IsoGSM shows very good

skill in predicting the spatio-temporal pattern of rainfall isotopic composition over

ISM region on intra seasonal to inter-annual time scale [Midhun and Ramesh,

2015; Midhun et al., 2016]. The inter-annual variation of the ISM rainfall δ18O

values at the Belum cave is well correlated with ISM rainfall over the Arabian

Sea and Western Ghat region (Figure 5.6). This strengthens our hypothesis that

the Belum rainfall isotopic composition is mainly controlled by the rainfall over
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the Western Ghats and the Arabian Sea.

Figure 5.4: Climatological monthly rainfall at the 0.5 × 0.5 grid over the
Belum cave. Climatology is calculated using Asian Precipitation - Highly-Resolved
Observational Data Integration Towards Evaluation (APHRODITE) data from
CE1951-2007 [Yatagai et al., 2012].

Figure 5.5: Three day back trajectory at 1500 m above ground level at the Belum
cave calculated by the Hysplit [Stein et al., 2015] model using National Centre for
Environmental Prediction (NCEP) reanalysis 1 dataset [Kalnay et al., 1996]. All
days with rain above 2 mm during JJAS (left) and October (right) for ten years
(1998-2007 CE) are used for analysis. Number of trajectories are 384 (JJAS)
and 100 (October).
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Figure 5.6: Correlation coefficient between model simulated JJAS average rain-
fall δ18O at the Belum cave (Model resolution is ∼ 200 × 200 km) and model
simulated JJAS average rainfall over surrounding grids, simulated by IsoGSM
[Yoshimura et al., 2008]. Correlation with significance level p = 0.05 is marked
by black dashed contour.

Minerology

The sample has three distinct growth zones representing the control of different

climatic regimes. The lowermost section has white calcitic layers. The middle

section has high detritus with porous radial crystals and the uppermost section

has prominent growth layers. These three sections are separated by two hiatuses,

one between the lower and the middle and the other between the middle and

the uppermost sections (Figure 5.7), respectively. The hiatus is demarcated by

a boundary of altered micro crystalline calcite with scattered inclusions of clay

and Fe, evident in Figure 5.7.
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Figure 5.7: Photo taken under plane-polarized light (A) and cross-polarized
light (B) shows a micro crystalline calcite layer (red arrow) below the hiatus
boundary( green arrow). Calcite crystals along boundary show multiple growth
zones (blue arrow) suggesting late stage precipitation. In the upper section of the
photo euhedral crystals of calcite are seen post-hiatus. Micro photographs were
taken using Leica DM EP microscope with attached Leica MC 120 HD camera at
the M.S.University of Baroda,India.

U-Th ages

Sixteen 230Th ages were obtained for the 31.4 cm long sample based on Th/U

measurements (Table 5.2). The samples were analyzed by a Nu Instruments

Multi-Collector Inductively Coupled Mass Spectrometer (MC-ICPMS) at the Ox-

ford University, UK. Details of the instrument have been discussed in by Belshaw

et al. [1998]. U concentrations were measured using a bracketing standard ap-

proach. Th was measured against in-house Th standards [Mason and Henderson,

2010]. Half-lives as calculated by Cheng et al. [2013] were used for calculations.

The age data was further corrected for the presence of detrital Th using bulk

detrital values of (5.38E-06, +5.38E-06, -4.84E-06) [Hellstrom, 2006]. From these

ages, 10 subsamples have high U concentrations, for which the errors associated

are less(Table-1 age). However, in the uppermost section of the sample, four

ages show reversals due to low U content and relatively high 232Th levels. As a

result these ages are discarded. Since the Section 2 of the BLM-1 shows a high

detrital content, only one age could be derived. Further dating of this section is

difficult due to high 232Th levels. The age model for the sample was constructed
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using COPRA, an interactive age model [Breitenbach et al., 2012]. A median

age model with 2000 Monte-Carlo simulations and 95% confidence interval was

derived. Since the section 2 is separated by two hiatuses at the top and bottom

and has only one age, it was excluded from the age model. Sections 1 and 3 were

modeled independently and merged together to establish a composite time series

(Figure 5.8). Based on the age model, variable growth rates are observed in two

sections. In section 1 growth rate increases from 1µm/yr to 5µm/yr, whereas in

section 3 the growth rate decreases steadily from 1µm/yr to 0.2 µm/yr.

Stable isotopes of oxygen and carbon

Temporal variations of δ18O values are shown in Figure 5.9. The profile covers

section 1 and 3 with an interval of, 183 to 173 ka and 104 to 81 ka, respectively.

In section 1, the δ18O values vary between -7.78 ‰ to -3.13 ‰ with an average

of -4.74 ‰(VPDB). In section 3, enrichment of 5 ‰ in ranging between -8.2 ‰

to -3.2 ‰ (VPDB) with abrupt changes was observed.

Trace element analysis

Trace element profiles of Mg/Ca, Sr/Ca, Ba/Ca and Mn/Ca are shown in Figure

5.10. Mg/Ca and Sr/Ca ratios have a good correlation (n=101, r = 0.77, signifi-

cant at p = 0.05). All the three profiles follow the variations of the δ18O trend.

The major and trace element ratios increase abruptly between 85-90 ka.

Discussion

Both the sections of the sample preserve ISM variations during glacial periods, at

80-106 ka and 173-181 ka respectively. In the shorter timespan of section 1 (∼ 8

ka) record, 2 ‰ enrichment was observed (Figure 5.9. The δ18O values lie in

the same range as that of the Section 3, implying both the glacial periods experi-

enced weakening in monsoon intensity of a similar magnitude. The 5 ‰ stepwise

enrichment in 18O in section 3 during the last glacial inception can be attributed
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to the declining intensity of monsoon. This, in addition with positive feedback

factors such as increased evaporation from the overlying soil, could be responsible

for the steep increase in δ18O. As a result, the infiltrating water is enriched in

18O prior to precipitating in caves, and thus enhances the effect of less precipi-

tation. The first step of 2‰ enrichment from -8‰ to -6‰ was observed from

106 – 98 ka, with a sharp increase in values at ∼ 97 ka, subsequently followed by

second step of 3‰ enrichment from -7 ‰ to -4‰. Interestingly, the second step

is captured in the trace element record (Figure 5.10) as well. The concentrations

of trace elements in speleothems depends upon various factors such as residence

time in vadose zone, atmospheric dust input, temperature,and the amount of

rainfall [Gascoyne, 1983; Verheyden, 2004; Verheyden et al., 2000]. However,

the major climatic control of trace element concentrations in speleothems is the

amount of rainfall [Verheyden, 2004]. Fairchild et al. [2000] suggested that Mg

in speleothems can be used to reconstruct hydrological changes. Mg/Ca ratios

are found to be sensitive to amount of rainfall and can be used in conjunction

with stable isotope values to assess monsoon variability. Mg/Ca ratio in drip

water is influenced by PCP and is higher during low-flow conditions. With the

δ18O values, the Mg/Ca and Sr/Ca ratios show negative correlations, implying

higher ratios during drier conditions, favoring PCP [Cross et al., 2015]. Drier

conditions prevailed during 90-85 ka, of MIS 5c seen as a sharp increase in the

ratios. Mn is transported either as a organic complex, colloidal complex or as a

particle in groundwater [Richter et al., 2004]. In the Belum cave stalagmite Mn

could be associated with entrainment of colloidal particles adsorbed on mineral

surfaces. Supporting evidence for this is seen as increased concentration of Mn

where porous, impurity rich detrital layers are encountered and are significantly

lower in the clear layers. Unlike what was observed by previous workers [Zhou

et al., 2008], high Mn here content is not observed to be associated with an

enhanced monsoon. On the contrary, it is seen when the precipitation was lower.
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Table 5.2: Uranium and Thorium isotopic compositions and 230Th ages of the
subsamples of the Belum cave stalagmite. All errors are absolute 2σ values.

Sample 238U 232Th 230Th/232Th 230Th/238U measured initial uncorrected + - corrected + -

(ppb) (ppt) activity activity δ234U δ234U age age

ratio ratio (‰) (‰) Yr BP Yr BP

BLM-1
(2 mm)

271.51 8.85 5.19E-04 1.03 198.24 335.81 191359 1669 1668 190420 1776 1685

BLM-1R
(2 mm)

306.99 9.75 5.27E-04 1.01 203.46 337.66 183613 2627 2460 182745 2587 2560

B1SN2
(2 mm)

271.8 9.47 - 1.01 198 331 183081 1998 1998 179557 † 2615 2615

BLM-3
(56 mm)

427.38 10.15 6.66E-04 0.97 172.04 281.60 178930 2087 1982 178222 2277 2076

BLM-4
(95 mm)

424.79 10.61 6.49E-04 0.98 184.30 301.11 178150 2070 2134 177420 2124 2129

BLM-5
(127 mm)

163.62 8.34 3.36E-04 1.04 231.64 383.05 182662 1336 1186 181294 1645 1780

BLM-6
(145 mm)

500.02 166.68 4.68E-05 0.95 203.26 305.16 157084 1044 1058 147201 8559 9734

BLM-7
(170 mm)

396.17 90.37 5.62E-05 0.78 197.50 261.67 109933 622 558 103250 5821 6390

BLM-8
(183 mm)

82.76 59.15 1.77E-05 0.77 220.96 276.02 104313 2765 2726 81441 § 20375 24614

BLM-9
(191 mm)

63.60 22.54 3.48E-05 0.75 230.73 293.36 98439 3013 2969 87304 § 10446 10660

BLM-10
(200 mm)

97.39 25.68 4.79E-05 0.77 235.99 326.06 99099 893 1030 91289 § 6795 7138

BLM-11
(214 mm)

63.91 12.21 6.34E-05 0.73 243.33 310.31 93879 3206 3127 882384 § 6057 5790

BLM-12
(228 mm)

174.28 6.76 3.35E-04 0.79 286.53 374.84 99028 521 591 98007 1112 1185

BLM-13
(250 mm)

278.18 5.53 6.00E-04 0.72 269.09 342.61 88665 442 562 88089 683 767

BLM-14
(280 mm)

464.44 16.634 3.25E-04 0704 274.284 344.97 84991 671 653 84023 1216 1241

BLM-15
(305 mm)

272.01 13.62 2.29E-04 0.69 270.23 338.11 83534 820 769 821184 1563 1478

B1SN1
(305 mm)

256.80 7.14 - 0.68 270.0 340.00 82615 676 676 82009 † 737 737

BLM-16
(3125
mm)

478.55 383.38 1.45E-05 0.70 232.76 275.03 89634 640 570 61634 24809 286938

† 230Th ages are discarded due to large errors. § 230Th ages obtained from the
University of New Mexico, New Mexico and verified by the ages obtained at the
same sampling site. On comparison between ages of N2BLMS1 and N2BLMS10
with B1SN2 sampled at the same depth, N2BLMS10 was used in age model as
it falls in the error limits of B1SN2. Half-lives as calculated by Cheng et al.
[2013] were used for calculations. The age data was further corrected for the
presence of detrital Th using bulk detrital value of (5.38E-06, +5.38E-06, -4.84E-
06) [Hellstrom, 2006].
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Figure 5.8: Left: Age model reconstructed using COPRA- interactive program on
MATLAB [Breitenbach et al., 2012]. The filled blue circles are 230Th ages taken
for age model. Two separate age models were constructed for sections younger
and older than the hiatuses and then merged. The errors are reported as 2σ.
The dashed lines show 95% confidence interval and the blue lines are the median
through which the age model passes. Right: The Belum stalagmite is displayed
against the age model. Sampling intervals for 230Th ages are shown. Section 1
consists of white calcitic layers, towards the end of it the boundary is marked by a
prolonged hiatus 1(green arrow). Section 2 is composed of layers rich in detrital
particles.And hence only one 230Th age could be derived. Section 3, succeeds
the former section by a brief hiatus 2 (green arrow), that covers last interglacial
period.

A possible explanation could be during enhanced monsoon, the drip rate is

higher and the detrital particles accumulating at the tip of stalagmite are washed

off.As a result, the calcium carbonate precipitating under high drip rate condi-

tions has clear undisturbed growth layers. Study of seven stalagmites from the

caves in Germany, show higher Mn concentrations in the autumn/winter sub an-

nual layers. This enrichment is associated with enhanced weathering of soil cover

during summer [Richter et al., 2004]. Section 3 covers the Marine isotope stages

5c to 5a. Surprisingly, there was no record of the interstadial 5e, the last inter-
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glacial, during which the monsoon was stronger than the present [Burns et al.,

2001; Juyal et al., 2006]. The lack of deposition during the last interglacial can

be attributed to an enhanced monsoon which could have led to local flooding at

the sampling site. The evidence of the erosional boundary are shown in the Fig-

ure 5.7. As described previously, the deeper chambers of the cave are at a lower

elevation than the cave entrance, hence chances of flooding of these chambers are

very high.

Figure 5.9: δ18O profile of the Belum cave stalagmite. The blue curve represents
the profile based on Copra age model. The red curve is a floating chronology based
on a single U-Th date and is drawn to show the weaker monsoon phase prior to
last interglacial, represented by hiatus (shaded region)

ISM has two sources for precipitation. The Arabian Sea component, ISMA

mainly controls the rainfall over the Western Ghats and the region further east.

And the Bay of Bengal component, ISMB, controls the rainfall over Northeastern

India.Cai et al. [2015] presented a record from the Xiaobailong cave (XBL) located

in southwestern china, representative of ISMB. Our record reflects on the ISMA

branch more due to its major contribution to the sampling site (Figure 5.11).

The δ18O profiles of these two stalagmites from the the Belum and Xiaobailong

cave representing two different sources, are comparable in the 104-80 ka timespan.

Whatever could be the reason of variability during 173-180 ka, the climatic control
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during last glaciation was same over both the regions.

Figure 5.10: Comparison between the δ18O profile of the Belum cave sta-
lagmite(purple) and trace element ratios of Mg/Ca( light blue), Sr/Ca(green),
Mn/Ca(dark blue) and Ba/Ca (red). Steep increase in ratios is seen between 90
to 85 ka, in the trace element ratios implying the role of PCP. 230Th dates are
shown as the blue filled circles with 2σ error bars.

Role of insolation gradient across the hemispheres in controlling mon-

soon

Intense heating of Indian subcontinent during the boreal summer leads to the

formation of low pressure zone in north-northwestern India. As a result, there is a

northward migration of the ITCZ, promoting southwesterly winds [Gadgil , 2003;

Sikka and Gadgil , 1980]. The Indian monsoon system is unique in the sense that

it occurs as a result of bi-hemispheric circulation. The pressure gradient between

the Indian low over Central India and Mascerene high over southern Indian ocean

is what drives the cross-equatorial transfer of heat [Webster et al., 1977; Zhisheng
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et al., 2011]. The magnitude of this gradient determines the strength of the winds

over India ocean [Annamalai and Sperber , 2016]. Earlier studies have shown that

insolation has a direct impact on the intensity of monsoon (e.g., Gupta et al.

[2005]). The δ18O record of BLM-1 stalagmite was compared with the Northern

Hemisphere insolation at 30°N. Our observation shows that there is an offset

between the insolation and reconstructed monsoon profile. On the contrary the

variability of the monsoon matches closely with the insolation gradient between

the two hemispheres. A similar correlation was also seen in the Xiaobailong cave

and the insolation gradient across the hemispheres (Figure 5.11 and 5.12). A

likely explanation could be, that although insolation playsa key role in anchoring

the low pressure zone over northwestern and central India, the circulation is

controlled by the insolation gradient between the two hemispheres. Whenever

this difference reduces the intensity of circulation reduces leading to a weaker

monsoon.
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Figure 5.11: Comparison between (a) The LR04 benthic δ18O stack (purple)
constructed by graphic correlation of 57 globally distributed benthic δ18O records
[Lisiecki and Raymo, 2005] (b) fluctuations in δ18O record of GRIP-2 (Greenland
Ice Core Project, cyan) ice core from Greenland [Dansgaard et al., 1993; Grootes
et al., 1993]. (c) The δ18O values of stalagmite from the Belum cave(present
study), India : BLM (orange). 25 year running average of the δ18O records
(pink). (d) The ISM record of a stalagmite from Xiaobailong cave: XBL (red)
Cai et al. [2015] (e) meridional insolation gradient(light blue) between Northern
and Southern latitudes at 300 N and 300 S [Berger, 1978; Berger A. and Loutre
M.F., 1991] (f) δ18O profile of a stalagmite from Sanbao cave(Blue, Wang et al.
[2008].(g) Northern Hemisphere 300 N solar insolation during JJAS.
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Figure 5.12: Comparison between long term composite records from the Xi-
aobialong cave stalagmites(red)[Cai et al., 2015], with insolation at 300N (blue)
and inter-hemispheric insolation gradient (green) between Mascerene high over
Indian ocean and tropical low over India [Berger, 1978; Berger A. and Loutre
M.F., 1991].

5.2 Ocean monsoon record

Extensive work has been done on the Arabian Sea sediment cores recording mon-

soon variations of the past few thousand years. A complete monsoon record for

the past 500 ka [Emeis et al., 1995] from a core (ODP site 723) raised near the

Oman coast is in phase with major climatic boundaries. During colder phases

of MIS 6, 4 and 2, abundance of G. bulloides was less, which in turn means a

weaker upwelling and monsoonal winds in contrast to strong monsoonal winds,

during MIS-5, 3 and 1. Figure 5.13 shows the locations of sediment cores from

Arabian Sea and Bay of Bengal that have been investigated earlier. A detailed
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study was carried out on core SO90-93KL from the Murray ridge, Arabian Sea.

Schulz et al. [2002] studied the MIS-5/4 transition in detail. It was suggested

that the well-known Toba volcanism in Indonesia that took place around 73

ka had not triggered the cooling during MIS-4, instead the climate had already

begun cool prior to 73 ka. The δ18O values of G.ruber fluctuated in accordance

with Marine Isotopic Stages, with lower values during the interglacial and higher

values during the glacial periods: during glacial periods much moisture from the

ocean is locked into high latitudes in the form of ice which has lighter oxygen

isotopic composition (i.e. more of H16
2 O than H18

2 O relative to ocean water),

leading to less positive δ18O values in ice sheets and hence more positive δ18O

values in the oceans, which is recorded by marine fauna. During interglacial pe-

riods, as glaciers start melting, the ocean becomes depleted in H18
2 O and thus

more negative δ18O values are recorded by marine microfossils during interglacial

periods. In response to such changes, lower values are observed during MIS 5,

3 and the lowest at MIS-1 (Last Glacial Maximum LGM, 21 ka). Another core

from the Murray ridge ( Site - NIOP4, Reichart et al. [1997]) covers a time span

of ∼225 ka, where δ18O of Neogloboquadrina dutertrei was used to reconstruct

climate. It is seen that during the warmer periods MIS-5, 3 and 1, primary

productivity and the abundance of G.bulloides were in phase with strong mon-

soonal conditions. Sediments deposited in the Bay of Bengal by major rivers,

e.g. the Ganga-Brahmaputra, adn their amount varies in response to monsoon

performance. Kudrass et al. [2001], using a core raised (SO93-126KL) from the

northern Bay of Bengal, have addressed monsoon variability during past 80 ka.

Here the monsoon signal is recorded as more negative δ18O values corresponding

to higher monsoon run-off from the Indian rivers. In this record, LGM is char-

acterized by the highest values of δ18O, indicating that the freshwater flow was

significantly reduced during this period. This is followed by rapid decrease in the

δ18O values associated with global melt water infusion and increase in sea level.

Our record focuses on ISM variability from MIS-3 to 1 and is discussed below.
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5.2.1 The Andaman Sea sediment core

Schulz et al. [1998] observed a correlation between the Indian Monsoon and Green-

land climate oscillations on glacial-interglacial timescales. The last Glacial pe-

riod (110 - 10 ka) witnessed millennial scale climate variability in terms of abrupt

transitions between several cold stadials and warm interstadials. Many of these

stadials were interrupted by ice-rafting events known as ’Heinrich Events’. Seven

such events have been reported in the last glacial period. Climate variability as-

sociated with these cold events is not restricted to North-Atlantic basin, instead

it is observed in low latitudes as well, due to rapid changes in atmospheric and

ocean circulations [Pausata et al., 2011].

The present study is focused on the understanding the response of the North-

ern Indian Ocean to such climate events and reconstruct the ISM during the last

200 ka. The objective was achieved using a core SK-234-60 raised from Andaman

Sea and the Belum stalagmite (discussed in section 5.1.2) and a review of the

available literature. Awasthi et al. [2014], identified three sources of sedimenta-

tion to the Andaman Sea: (1) the Irrawaddy catchment, (2)the western slopes

of the Indo-Burman-Arakan (IBA) mountain ranges and the Andaman Islands,

and (3) the catchments of Salween and Sittang and the Bay of Bengal shelf.

Around 30-60% of the sediments are derived from the first two sources. The sedi-

ment flux associated with these sources depends upon the intensity of rainfall and

reach their peak during the monsoon season around July-August [Rashid et al.,

2007].

Awasthi et al. [2014], reported the highest rate of sedimentation of 8.4 cm/ka

during 52.0 – 57.5 ka and the lowest of ∼ 2.4 cm/ka during the LGM, i.e., at 17.3

– 23.5 ka. The average sedimentation rate in the core was estimated to be 5.6

cm/ka. Sedimentation rate during MIS-3 was 5.5 cm/ka, followed by decreased

rate of 3.0 cm/ka during the MIS-2 and rapid increase in rate of 7.7 cm/ka during

the MIS-1 (Holocene).
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Figure 5.13: Locations of different cores raised from the Arabian Sea and the
Bay of Bengal.(Site 723, Emeis et al. [1995]), (Site: SO90-93KL, Schulz et al.
[2002]), (Site: NIOP464, Reichart et al. [1997]), (Site:SO93-126KL, Kudrass
et al. [2001]), (Site:70KL, Leuschner and Sirocko [2000]), (Site: SK-128A-30
and SK-128A-31, Prabhu et al. [2004], Site: SK-234-60, present study(red).

Based on the geochemical properties and hence the provenance of the sedi-

ments, Awasthi et al. [2014] concluded that the strength ISM over western Myan-

mar and Andamans during LGM was similar to the present. However, prove-

nance of the sedimentation can give little information about the strength of the

monsoon. After reanalysis of the δ18O values of G.ruber of the present core

and comparing the record with pteropod abundances from core SK 168/GC1, a

weaker ISM during the LGM is inferred. Sijinkumar et al. [2010] interpreted the

late Quaternary climate using the abundance of pteropods in the Andaman sed-

iment core SK 168/GC1. They observed high abundances on account of better

preservation during the LGM, while lower abundance of pteropods throughout

the Holocene.

Most importantly they reported high abundance of mesopelagic pteropods as
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compared to epipelagic species, explaining deep water mixing, weaker Oxygen

Minium zone (OMZ) and lower Aragonite Compensation Depth (ACD). Dur-

ing LGM, weakening of summer monsoon reduced the ocean stratification by low

influx of fresh water and strengthening of winter monsoon resulted in vertical mix-

ing, increasing ACD favoring the pteropod preservation[Sijinkumar et al., 2010].

Sarkar et al. [1990]; Sijinkumar et al. [2011] and Duplessy [1982] also pointed out

that during LGM summer monsoon was weaker and there was strengthening in

winter monsoon. Another study from the Andaman Sea [Rashid et al., 2007] also

reported a weaker summer monsoon during the LGM. Based on these evidences,

we infer that the geochemical signatures of IBA as provenance during LGM to

Andaman Sea reported by Awasthi et al. [2014] are not due to the strengthening

of the summer monsoon over western Myanmar. Instead, the bulk load of sedi-

ments were transported and deposited at the core site owing to a stronger winter

monsoon.

Based on Mg/Ca, Rashid et al. [2007], postulated that the Andaman Sea was

cooler at LGM in comparison to late Holocene by 3℃. Similar cooling is also

observed in the tropical Indian ocean by Bard et al. [1997]; Naidu and Malmgren

[2005] and in the Bay of Bengal by Kudrass et al. [2001]. Further, Rashid et al.

[2007] argues that late-glacial period (19-14.8 ka) was the phase of the weakest

monsoon in the past 25 ka. Our records shows that LGM (25-19 ka) was the

weakest monsoon period in the last 70 ka.

Existing records from the Bay of Bengal and the Andaman Sea show a strong

relation between the Greenland climate oscillations and ISM variability. Most of

these studies focus on migration of Ganga-Brahmaputra delta at water depths

which are closer to sea level to a few tens of meters [Goodbred , 2003; Goodbred

and Kuehl , 2000; Rashid et al., 2007].
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Figure 5.14: Comparison of δ18O values of GRIP ice core (Green, Grootes
and Stuiver [1997]), δ18O timeseries of Andaman Sea sediment core SK (present
study), the dashed gray line shows insolation at 30°N, the δ18O record of the
planktic foraminifera N. dutertrei from the Arabian Sea sediment core NIOP-905
(Yellow, Jung et al. [2009]), δ18O values of a core from the Bay of Bengal (Red,
Kudrass et al. [2001]) and the reflectance data from the Arabian Sea sediment core
SO130-289KL, (Cyan, Deplazes et al. [2013]) The gray vertical bands represent
ice calving events in the North-Atlantic known as Heinrich events and are shown
from H-1 to H-6,the colder stadial Younger Dryas is shown as YD. The recorded
Daansgard-Oeschger events are numbered from 1 to 19.

Colin et al. [1998, 1999], based on high magnetic susceptibility and increase

in smectite/(illite+chorite) ratio and 87Sr/86Sr in sediment cores raised from

the Andaman Sea and Bay of Bengal showed increase in ISM during the Bolling

-Allerod and the Daansgard-Oeschger events. Our record, within the age un-
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certainity responds to Heinrich events by showing prominent enrichment in 18O

values, as shown in figure 5.14. Ice calving episodes recorded in the North-

Atlantic,disrupt the ocean circulation; as a result, the Indian Ocean became

more enriched during these events. The δ18O profile of the present study shows

coeval changes with δ18O values of the sediment cores raised from the Bay of Ben-

gal(NIOP 905) and the Arabian Sea (KL-126) implying that the records preserves

changes in the Indian Ocean circulation. Moreover, the δ18O timeseries is based

on Daansgard-Oescheger events (beyond the limit of radiocarbon dating) signi-

fying the role of North-Atlantic climate changes in controlling the Indian ocean

circulation, including the water currents passing through the Preparis channel.

During the LGM the south Preparis current was active in spite of lowering of

mean sea level by 120 m, bringing the waters enriched in 18O from the Bay of

Bengal. The troughs in our data correspond to the cooling events in Greenland

ice core records as seen in figure 5.14.

.
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Summary and scope for future

work

This thesis deals with reconstructing the variability of Indian Summer Monsoon

(ISM) during the Holocene and the late Pleistocene from speleothems of Indian

peninsula and Sediment core from the Andaman Sea. Such studies are important

to understand the role of insolation and North-Atlantic oscillation on ISM and

as yet such studies are limited over the Core Monsoon Zone (CMZ) of India.

The present work has improved our understanding regarding the evolution of the

monsoon during the late Pleistocene and the Holocene. The major findings of

this study are summarized below :-

6.1 Reconstruction of ISM variability from sta-

lagmites of the Kanger Valley cave complex,

Chattisgarh

1. The Variability of ISM during the Holocene has been studied using three

stalagmites from the Dandak (DAN-I and DAN-II) and the Kotumsar caves,

central India. High resolution ISM reconstruction based on δ18O (n = 5040)
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measurements covers most of the Holocene. The record extends from 10.4

ka to the present, with brief hiatuses from 9 to 8.5 and 2.4 to 2.2 ka.BP.

2. The beginning of the Holocene between 10.4 - 9 ka is marked by ameliora-

tion of ISM . Increased monsoon was related to the Northward shift of the

Intertropical Convergence Zone (ITCZ) in response to increased insolation.

3. Holocene North Atlantic oscillations known as Bond events are evident

as abrupt decline in monsoon between 10.4 -9 ka, establishing a strong

teleconnection between low and high latitudes.

4. In the past, the variability and trends in the ISM during the mid-Holocene

has remained a debatable issue. While some proxy records showed changes

to be gradual in response to decreasing insolation, there are observations

of abrupt decline at 6 ka as well.Contrary to the consensus of gradual de-

crease in monsoon during the mid-Holocene, an abruptly declining monsoon

between 6 and 5 ka was observed.

5. This abrupt decline in monsoon can be attributed to the external forcings

or natural or internal fluctuations of the monsoon system. The external

forcings include insolation and volcanic eruptions, whereas the internal fluc-

tuations include North-Atlantic thermohaline circulation and El-Nino. The

gradual decline in insolation is not sufficient to explain such a abrupt de-

crease. However, when superimposed with North-Atlantic climate changes,

the millennial scale monsoon variability can be explained. The sensitivity

of the monsoon to North Atlantic climate is also observed as Bond events

leading to the weakening of monsoon in the mid-Holocene.

6. The second plausible cause behind the abrupt decrease of ISM at ∼ 6

ka could be sudden failure of internal feedback mechanisms governing the

monsoon, leading to a sudden decline in the monsoon intensity.

6.1. Reconstruction of ISM variability from stalagmites of the Kanger Valley
cave complex, Chattisgarh
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7. The Dandak -I δ18O timeseries shows a decrease in the monsoon from 4.8

- 3.8 ka. Anomalously depleted δ18O values are present between 3.8 - 2.8

ka, implying amelioration of monsoon during this period. Such an increase

was not reported so far from any other proxy and could be related to the

local intensification of the monsoon or change in the moisture source(from

the Arabian sea to the Bay of Bengal).

8. Post ∼ 2 ka BP, ISM strengthening is observed, consistent with previous

observations. The ISM reconstruction shows abrupt decline in monsoon

between 1550-1450 AD and 1350-1250 AD. Since the end of LIA, monsoon

intensity has increased in 19th and 20th century, and entered an ”active”

phase.

9. A phase of prolonged weak monsoon, between 600 and 150 yr BP, with

severe drought-like conditions at 300 yr BP (1700 AD) is seen in the re-

construction during the Little Ice Age.

6.2 Impact of ISM variability on human civiliza-

tion

1. When sampling, evidences of controlled fire preserved as burnt earth and

patches of charcoal mixed with soil and grasses in the form of three distinct

layers in Kotumsar and one layer in Dandak cave were found, indicating

sporadic human inhabitance. Based on radiocarbon dating of the charcoal

deposits, human activity was observed during 6.9 - 4 ka.

2. ISM reconstruction during this time shows a decrease in monsoon from 6.5

- 4 ka. Use of caves during poorer monsoon episodes suggests that they

were used as shelters during severe droughts. Also, decrease in monsoon

intensity for prolonged periods must have led to stressed conditions for
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agriculture. This could have forced people to store food grains for drought-

like conditions.

6.3 ISM variability during late Pleistocene based

on Speleothem studies

1. High resolution sampling of the Kailash cave stalagmite holds potential

to address decadal and centennial monsoon variability during the Bolling-

Allerod event from 13.9 - 13.4 ka.

2. Most of the sample deposited during the Older Dryas event separated by

Bolling (peak at 14.5 ka) and Allerod oscillations (peak at 13 ka). The δ18O

timeseries shows multi-decadal low rainfall events throughout this period.

The frequency of occurrence of these mega-droughts can be determined after

establishing stronger chronological control over the sample.

3. The strength of ISM increased with the start of Allerod oscillation, resulting

in plausible flooding at the sampling site and the cessation of the sample

growth there after.

4. ISM variability during the inception of the Last Glacial Period is re-

constructed using a stalagmite sample from the Belum cave, India. The

stalagmite is used to reconstruct ISM from 181 ka to 173 ka and 104 ka to

81ka. Both the periods have δ18O values in the same range, implying the

factors controlling ISM during glaciations were likely the same.

5. With the onset of glaciation, stepwise decrease in monsoon was observed

from 106 – 98 ka, with sharp increase in δ18O values at ∼ 97 ka. This was

followed by second step of 3‰ enrichment.

6. Analysis of Mg/Ca, and Sr/Ca indicate the role of prior calcite precipi-

tation during the drier glacial period and point to extended drier period
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between 90-85 ka. Interestingly, this time period is recorded as layers with

high detrital content, and hence high Mn/Ca ratios. Unlike the previous

hypotheses of Mn precipitation associated with high rainfall episodes, we

observed that, enrichment of Mn is related to decreased ISM. Thereby we

postulate that higher rainfall events accelerate the drip rate, washing off

accumulating detrital particles from precipitating stalagmite.

7. The sample with two distinct hiatuses has a missing monsoon record during

the last interglacial at ∼ 125 to 110 ka. This gap in deposition is explained

as flooding of sampling site during the last interglacial period or shifting of

feeding channel temporarily which resumed back in 104 ka.

8. The declining phase of monsoon during last glacial inception can not be

solely attributed to changes in insolation. On comparing δ18O profile with

300N insolation and the insolation gradient between Mascerene high and

Tropical low over India, ISM seems closely related to the insolation gradient

than insolation itself. Similar results were also reported from Xiaobialong

cave,China, where the δ18O profile follows the variability in the insolation

gradient.

6.4 ISM variability during late Pleistocene based

on the Andaman Sea sediment Core

1. The present work has correctly interpreted the Andaman Sea sediment core

δ18O data of Awasthi et al. [2014]. Evaluating the δ18O values of G.ruber,

we question the inference of the strengthening of ISM during the last Glacial

Maximum based on geochemical evidences alone.The geochemical proxies

are useful to determine the provenance of the sediments but can not be used

to address the ISM variability.

6.4. ISM variability during late Pleistocene based on the Andaman Sea
sediment Core
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2. Monsoon was weaker during the LGM between 20-18 ka, a finding which is

supported by numerous studies carried out by several workers on different

sediment cores from the Indian Ocean. Also based on the δ18O record it

can be inferred that strength of ISM was weakest during LGM in the past

70 ka. High influx of sediments from western Myanmar during LGM could

be due to strengthening of winter monsoon.

3. The ISM variability reconstructed from the core SK-234-60 shows significant

correlation with change in insolation during the past 70 ka.It can hence be

said that the ISM is modulated by change in insolation to some extent.

6.5 Scope for future work

1. Although we have attempted to reconstruct ISM covering entire the Holocene,

one such data set representing ISM is only indicative not complete in itself.

2. Contrary to the previous beliefs, we have shown that strength of the mon-

soon decreased abruptly at 6 ka. To strengthen this hypotheses, analyses

of more samples from CMZ covering the Holocene need to be attempted.

3. Spectral analysis of the compiled Dandak and Kotumsar δ18O timeseries is

essential to address decadal and centennial variability in the monsoon.

4. Kanger valley cave complex, hosts many caves which still require detailed

explorations. More speleothem studies from different caves in the same

complex, will help for cross-correlation of the reconstructions.

5. There is a urgent need to set up a U-Th mass spectrometric dating facility

in India so that speleothem science can be accelerated and more samples

with better age models be analyzed.

6. Previous workers postulated the enrichment of trace elements in stalag-

mite during high rainfall events. These studies were not carried in an ISM
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regime, which is in seasonal nature. Drip rates are higher during the mon-

soon season. We found that enrichment of trace elements in stalagmites is

possible only when the rainfall is low, as high rainfall accelerates drip rate

washing off the colloidal particles. However, trace element accumulation in

Indian speleothems where ISM plays a key role is poorly understood and

requires future investigation.

7. As previously stated, insolation is not the only governing factor for monsoon

variability. Comparisons with El-Nino events, and different forcings factors

are required to understand the millennial and centennial scale variability in

monsoon.
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