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CHAPTER |

INTRODUCTION

It is well established that the Earth’s climate has changed in the past, both on short and
on long time scales. Reconstruction of past climates provides not only snap shots of
conditions that prevailed during that time but also a toolko test climate models.
Availability of instrumental records of climate are limited to the past several decades at
isolated sites. Hence for a better undermandiné of natural climate variability it is
necessary to extend the available limited instrumental climatic records both in space and
time, using different natural archives as proxy indicators of climate. Long lived hermatypic
corals preserve in them high quality, high resolution records of "ocean climate" for the
past few centuries. The study of isotopic and chemical tracers in the annual bands of
corals has been shown to provide accurate records of seasonal and interannual variability
of meteorological and oceanographic parameters such ‘as the sea surface temperature
(SST), salinity, upwelling, rainfall and air-sea gas exchange (Fairbanks & Dodge 1979;
Dunbar & Wellington 1981; Druffel & Suess 1983, Druffel 1985, 1987; Pitzold 1984,
Cember 1989; McConnaughey 1989; Shen et al. 1987, 1992; Cole & Fairbanks 1990).
Recognizing the importance of corals in providing high resolution proxy climate records
for the past several centuries, their study has been brought under the umbrella of the
International Geosphere Biosphere Programme (IGBP). One of IGBP’s core project is Past
Global Changes (PAGES) which aims to reconstruct high resolution (<lyr) palaeoclimatic
information for the last 2000 years from corals and a few other repositories, e.g. tree
rings, varved and coastal sediments.

The present work focuses on the study of corals from the northern Indian Ocean
region to explore their potential as a source of high resolution climatic and environmental

records.



1.1 CORALS : Av SOURCE OF PAST ENVIRONMENTAL RECORDS

Corals are marine organisms that grdw in shallow sea water in tropical regions. They
deposit aragonitic calcium carbonate, and are mainly classified as hermatypic and
ahermatypic corals. The hermatypic corals form reefs and host endosymbiotic algae
called zooxanthellae (e.g. Gymnodinium microadriaticum). These corals generally grow
at rates of a few mm to a few cm per year with alternate high and low density growth
bands. In many coral species, a high density and low density band together constitute a
year’s growth (Dodge & Thompson 1974). The mechanism of band formation is not fully
understood. Wellington and Glynn (1983) proposed that banding in corals is a
complex phenomenon governed by endogenous processes (e.g. reallocation of energy
from growth to reproduction) mediated by exogenous factors (e.g. light intensity and
productivity). Highsmith (19795 suggested that variable density banding is a result of
differential calcification rates mediated by the effect of light and temperature on
zooxanthellar activity and by the effect of temperature on extracellular CaCO, precipitation
rate. Despite the complexity in understanding the density band formation, they provide a
means of accurately determining the chronology of coral growth. These density bandings
can be revealed by X-radiography (Knutson et al. 1972; Buddemeier et al. 1974;
Macintyre & Smith 1974; Barnes & Lough 1989; Lough & Bames 1990) and their annual
nature ascertained through stable isotope systematics (Fairbanks & Dodge 1979). Many
corals, thus are easily datable and can provide high resolution (~months) records of climate

and environmental history of the region where they grow.

1.2 PROXY CLIMATIC RECORDS IN CORALS

During the past 1-2 decades, several studies have demonstrated that corals contain in them
several isotopic and chemical tracers which can serve as proxy climatic indicators. Table
1.1 lists some of these well established and promising tracers in corals for the retrieval of

past environmental parameters.



Table 1.1 Proxy environmental indicators in corals

Tracer : Index of Reierence

.Oxygen isotopes SST, salinity, rainfall Fairbanks & Dodge 1979; Dunbar &
- | Wellington 1981; Patzold 1984; Druffel
1985; McConnaughey 1989; Cole &
Fairbanks 1990

Carbon isotopes insolation, nutrient dynamics, Nozaki et al. 1978; Druffe! & Suess
CO, air-sea exchange 1983; Aharon 1985; Cember 1989
Sr/Ca SST Smith et al. 1979; Beck et al. 1992;

de Villiers et al. 1993
Ba/Ca nutrient dynamics, runoff Shen et al. 1992

Cd/Ca upwelling, nutrient dynamics  Shen et al. 1987; Lea e‘t al. 1989;
Shen & Sanford 1990; Cole et al.
1992; Shen et al. 1992

Of the tracers listed in Table 1.1, oxygen isotopes are the most well established and
commonly used tracers for climatic reconstruction.

Different environmental parameters influence the coral calcification, their isotopic
ratios and abundances of trace elements. Among them are temperature, light intensity,
nutrient supply, isotopic and chemical composition of sea water, turbidity, ocean mixing

and runoff. The calcification can be expressed by the reaction:
Ca™+2HCO;™ 2 CaCO,+H,0+CO, (1.1)

The symbiotic algae (zooxanthellae) which reside in hermatypic corals consume CO, for
photosynthesis thus favouring the forward reaction i.e. calcification (Swart 1983). During
the calcification process the corals incorporate in them different chemical and isotopic

tracers of climatic and environmental importance.



1.2.a Stable oxygen isotopes
The oxygen isotdpic ratio in the coral CaCO; is a function of two parameters, the SST and
the oxygen isotopic ratio of the ambient sea-water. During CaCO, precipitation there is an-

exchange reaction of oxygen isotopes between CaCO, and H,0:

1/3 CaCO,+H,"0 = 1/3 CaC"0, + H,'*O (1.2)
The equilibrium constant for this reaction is given by
K=[CaC"®0,]'*[H,'°0]/[CaCO,]""[H,"O] (1.3)

Since the equilibrium constant (K) depends on temperature (T), calcium carbonate
precipitated from water of a constant oxygen isotopic composition but at different
temperatures, will have different '*0/'°O ratios. This is the basis underlying the
quantitative determination of palaeotemperatures of ocean water from oxygen isotopes
studies of CaCO, (Urey 1947)

The isotopic fractlonatlon that occurs during various physico- chemlcal processes
is described in terms of fractionation factor a, which is defined as:

o, = RYR, | (1.4)
where R is the ratio of the abundance of the heavy to that of the light isotope. The
subscripts a and b refer to two phases, A and B. The ratio R, in the different phases is
reported in terms of the deviation of the isotopic ratio of the sample relative to that of a

standard. This deviation, , is expressed in parts per thousand (or permil) as given below:
8(%0) = [(R/R,) - 1] 10° (1.5)

where R, and RT are the *0/"0 (or PC/”C) in the sample and  the standard
respectively. The empirical relationship between 830 of the inorganically precipitated
CaCO, and temperature was initially established by Epstein er al. (1953), and was later

modified by Craig(1965). This has the following form:
T = a + b(8.-8,) + c(8.-8,) (1.6)

where T is the temp of the water in °C, in which the precipitation of CaCO, occurs. &, is



the 80 of CO, obtained from the carbonate by reacting it with 100% phosphoric acid
at 25°C. 8, is the 8'%0 of CO, equilibriated isotopically at 25°C with water from which
the carbonate was precipitated; both &’s. measured relative to the same laboratory standard
Cco, |

This equation was applied successfully for the determination of the
palaeotemperature of ocean water based on ‘oxygen isotopic studies in foraminiferal shells
in ocean = sediments. Though the equation was derived originally for calcite-water-
bicarbonate system, it was shown to be equally valid for aragonite-water-bicarbonate
system i.e. corals and bivalves (Grossman & Ku 1986).

The biologically precipitated CaCO, in equilibrium with sea water has a
temperature coefficient of -0.22%o per °C, ze 8'*0 of the CaCO, decreases by 0.22%o for
every degree rise in water temperature (Epstein ef al. 1953). In corals the biological
processes mediated by endosymbiotic activity also control the isotope fraCtionation. These
processes deplete the oxygen isotopic ratio in the coral skeleton with respect to that
expected from the isotopic equilibrium. This depletion or offset is shown to be generally
constant within a coral genus. The pioneering work of Weber & Woodhead (1972)
established the 8'®O-SST relationship for 44 genera of corals of Indo-Pacific origin.
Subsequently various investigators (Fairbanks & Dodge 1979; Dunbar & Wellington 1981;
Pitzold 1984; McConnaughey 1989) showed that the coral 80 can be used for the
accurate reconstruction of past SST variations. It was also used to investigate climatic
features like the E Nifio and the Southern Oscillation (Druffel 1985)

As mentionevg earlier, in addition to temperature, the _8180 of ambient sea water
also controls the coralline 8'®0. Therefore in principle it should be possible to determine
the sea water §'*O variations based on coral &0 if independent estimates of SST
variations are available. However in general this is not a major application of oxygen
isotope studies in corals as most of the tropical oceanic regions show minimal changes in
surface water 8'°0. Therefore, such stqdies are restricted to oceanic regions having
significant 8'*0 variability resulting from evaporation, precipitation and runoff. Recently,
Cole & Faifbanks (1990) showed that in the Tarawa Atoll coral 80 was controlled
mainly by the sea-water isotopic composition. Intense precipitation in this region changes

the sea water .isotopic composition which is recorded in the coral 0. There is a



significant negative correlation between 8'®0 and rainfall, making it a useful index of
rainfall variability in this region.

Summarizing, the coral 8'®0 is a powerful tool for QUantitatively assessing
historical variations in SST, salinity, rainfall and thus provides a measure of "ocean

climate” of the recent past.

1.2.b Stable carbon isotopes

The use of 8°C signal in coral skeletons as an environmental indicator often poses
difficulties due to the complicated interaction of physiological processes within the coral-
aigae system, which produces large and variable disequilibrium-isotopic-fractionation of
carbon isotopes. The parameters controlling carbon isotopic systematics in coral CaCO,
are: (i) the 1sotopxc composition of seawater ZCO (Nozaki er al. 1978; Aharon 1985) (ii)
the coral geometry and growth rate (Land et al. 1975; McConnaughey 1989) and (iii) the
endosymbiotic photosynthesxs (Weber & Woodhead 1972; Goreau 1977; Fairbanks &
Dodge 1979). The 8"C of sea water (from which corals prempxtate CaCQ,) is controlled
by photosynthesis and\~resbi§ra‘tien,‘ air—éea CO, exchange and varying contribution of
upwelled wafers. The endosymbiotic photosynthesis and respiration are critical factors in
controlling the §"°C of ceral CaCO,. Photosynthesis preferentially removes light isotopes
from sea water thereby enriching the residual inorganic carbon pool in “C causing an
increase in the skeletal 8 °C. On the other hand respired CO, which is depleted in 8"C
relative to dissolved inorganic carbonate (DIC) makes the carbon pool lighter and hence
also the coral skeleton lighter in “C. Summarizing, one can say that the isotopic
composition of coral skeleton results from the mixing of two carbon components. One of
these components consists of DIC, whereas the other is the metdbolic CO,. However the
extent of the contribution of the metabolic CO, is not known, but could be significant,
and probably varies with species.

Endosymbiotic photosynthesis which depends largely on the light intensity provides
qualitative information on cloudiness and hence insolation. The §"C in coral CaCO; is in
someway controlled by endosymbiotic photosynthesis and hence may provide information

on cloudiness and insolation. Indeed in many places coralline 8"*C shows a covariation



w1th the seasonal insolation variation (Pitzold 1984; _McConnaughey 1989). Fairbanks &
:"bddge (1979) observe that the 8C of the Montastrea annularis of Bermuda covaries with
 {nsolation. »

- : Though the application of coralline 8"°C to retrieve climatic parameters is not

: ?‘stralghtforward it appears to be a useful tracer for obtaining qualitative information on

_insolation and surface ocean producmwty

,I.Z.C Radiocarbon in annual bands of coral

The radiocarbon content of surface ocean water at any location is a dynamic balance
between its supply and removal processes such as the air-sea exchange, lateral transport
and upwelling. Corals contain in them a chronological record of "*C variations of surface
sea water, analogous to 8"°C. These records provide details of air-sea c#chzmge of CO,.
Information on the rate of air-sea CO, exchange is critical to determine the fate of fossil
fuel CO,, and hence models related to the greenhouse waming. The air-sea CO, exchange
rate (ASCER) is influenced by physical, chemical and biological processes occurring in
the oceans.

The natural distribution of radiocarbon in the environment was perturbed
‘considerably by the injection of large quantities of "*C in the atmosphere through nuclear
-(bomb) tests conducted primarily during the late 50’s and early 60’s. The abundance of
bomb carbon in the atmosphere has been decreasing since ~1963, resulting from its
exchange with ocean. From a knowlcdge of the rate of change of bomb "*C activity in the
atmosphere and in surface sea water it is possible to determine ASCER (Stuiver 1980;
Druffel & Suess 1983; Cember 1989). The temporal evolution of surface water bomb-
radiocarbon activity can be obtained from dated coral bands and that of the atmospheric
bomb radiocarboﬁ variation can be retrieved from tree rings. Following this approach
Druffel & Suess (1983) made detailed studies of ASCER in the west Atlantic and the
equatorial Pacific region and Cember (1989) in the Red Sea. In addition to determining
the air-sea exchange of CO,, radiocarbon in corals can also provide information on water

mass renewal and’ventilation rates (Druffel 1989). All these studies have demonstrated that



the measurement of radiocarbon activity in coral bands is useful for monitoring surface
_ water radiocarbon activity, which helps in understanding the ocean mixing processes and

the'détermination of air-sea CO, exchange rate.

1.2.d Trace elements

Corals incorporate in their skeleton various minor and trace elements such as Mg, Sr, Ba
and Cd during calcification process. All these elements are cations with charge +2, and
can substitute for Ca in the CaCO,. The ratio of the (metal/Ca) incorporated in the CaCoO,
by and large depends on their abundance ratio in the ambient water and the SST. Elements
like Cd and Ba, have nutrient like distribution in sea water (i.e. concentration increases
from surface to deep waters mimicking nutrient (phosphates and nitrate) profiles (Bruland
1983)) and their concentrations in surface water is influenced by upwelling and biological
activities. Therefore, through a high resolution (~ 2-3 months) studies of Ba/Ca and Cd/Ca
in corals it is possible to obtain information on upwelling characteristics in the region of
coral growth (Cole er al. 1992). The Sr/Ca ratio, on the other hand, has been shown to be
a sensitive index of SST, analogous to oxygen isotopes (Smith er al. 1979; Beck er al.
1992; de-Villiers er al. 1993). The Sr/Ca in coral (P. clavus) has a temperature coefficient
of -6.245X10” °C"" (Beck et al. 1992). High precision measurement of Sr/Ca ratios is

required for its use as a monitor of SST.

1.2.d(Q) Cadmium

Chemical analysis of lattice bound cadmium in scleractinian corals has been shown to be
a sensitive tracer of oceanic upwelling. Cadmium is a nutrient-like element, depleted in
the surface ocean relative to deeper waters. ( Boyle er al. 1976, Shen er al. 1987).

The lattice bound Cd in corals from the eastern equatorial Pacific has been shown
to be correlated with sea surface temperature changes associated with interannual ENSO
variability (S.hen et &1. 1992). Similarly various investigators have reported the use of Cd
as an upwelling indicator and its usefulness in understanding nutrient dynamics (Shen et

al. 1987; Cole et al. 1992).
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1.3 SCOPE OF THE PRESENT WORK

As mentioned earlier, the aim of this thesis is to explore the potential of torals in the
northern Indian Ocean for extracting high resolution palaeoclimatic data.

Moore & Krishnaswami (1974 first reported isotopic studies on a coral from this
region. They used environmental radionuclides (**¥*Ra, *°Pb, *Sr, and C) to determine
coral growth rate (Moore ef al. 1973) and compared the results with the band thickness
measurements based on X-radiography. Taxonomic analysis of corals and their
demographic distributions in the seas around India are available (Wafar 1986; Pillai &
Patel 1988). There is, however no earlier work from this region on the use of corals as
a source of proxy climate indicators. It was, therefore thought worthwhile to make a
detailed study of corals from this region to assess their utility as a source of palaeoclimatic
and environmental records. This was prompted by the results from other oceanic regions
mentioned in the earlier sections. The following paragraphs summarize some of the
scientific problems in the Arabian Sea region which are amenable to examination using
coral isotopic data.

One of the characteristic climatic features over the Arabian Sea is the occurrence
of monsoon. The south west monsoon (SWM) occurs during summer, Jun-Sep and the
north east or winter monsoon prevails during Nov-Feb. The SWM is associated with
intense winds which results in large scale surface circulation in the Arabian Sea and the
monsoon rainfall in the Indian subcontinent. One of the consequences of the SWM is the
upwelling of cool, nutrient rich water in several areas of the Arabian Sea, notably in the
Somali basin, off the coast of Arabia and to some degree along the westcoast of India.
Thus the SWM causes high biological productivity in the Arabian Sea. The high
productivity and the strong winds also produce intense air-sea exchange of CO,.

This unique climatic characteristic of the Arabian Sea makes it an interesting
oceanic region for studying the behaviour of the monsoon over interannual to century
time scales. Compared to the mid-latitude weather systems, the prediction of the tropical
monsoon system is extremely difficult. This difficulty is accentuated by the absence of
adequate spatial and temporal coverage of climatological data set including SST.

Some of these problems can be addressed through detailed high resolution studies



of isotopic and chemical tracers in corals as they have been proven to be sources of
climatic indices in other oceanic regions. Corals, as discussed earlier, are known to
incorporate various physical and chemical Signatu.res of "ocean climate" (SST, salinity,
rainfall efc.j on different time scales. The corals having high growth rates (>10 mm/yr)
are ideally suited for monitoring seasonal features with a resolution as high as about a
month. The proxy records obtained from their growth bands can extend "ocean climate"
data to several centuries in the past, much longer than those available from the
instrumental records.

Corals occur in several regions in the northern Indian ocean (Wafar 1986; Pillai &
Patel 1988); two regions were selected for the present study, The Lakshadweep (LDP)
sea and the Gulf of Kutch (GKh). The climate of these two regions are influenced by
different processes. The SST variations in LDP are influenced by the monsoon induced
cooling in summer, whereas those in the GKh are mainly controlled by suinmer heating
and winter cooling. Different species of corals grow around these coastlines. In the
adjoining seas and lagoons of LDP they form huge reefs and colonies, in the GKh they
grow in isolated patches. We collected coral samples of different genera and species
from these two regions. In addition, we also analyzed one coral sample from the Stanley

Reef of the Great Barrier Reef of Australia. The main goals are:

1) to identify corals from LDP and GKh areas that can provide high resolution record
of climate and environmental parameters. Towards this, growth rates of corals were
determined by X-radiography and 6xygen isotope cyclicities. In addition to the growth rate
an important constraint in retrieving high resolution records is the sampling thickness and
the sampling interval (for mass spectrometric measurements). A model simulation studv
was made to determine the effects of sampling on the retrieval of climatic signal from the

coral 80 record.

2) to determine the extent of isotopic disequilibrium in 8'*0 in Porites, the most abundant
coral genus in the LDP region, to establish an empirical relation between SST and 60
of this coral species and assess the usefulness of this relation in the reconstruction of

SST (LDP sea) on seasonal time scales by comparing this with available instrumental

10



data.

3) to examine the influence of monsoon rainfall on coral §°O and its possible

implications.

4) to determine the air-sea CO, exchange and water mass mixing rates in the GKh region
from the radiocarbon time series data from coral bands and tree rings. Such data find

application in modelling the oceanic uptake of fossil fuel CO,, and

5) to determine Cd concentrations with sub-seasonal resolution in one of the LDP corals

and to explore its use as a tracer to investigate upwelling phenomena in this region.

In addition to the above studies of corals from the Indian coast, stable oxygen and
carbon isotope analyses of a coral from the Stanley Reef of the Great Barrier Reef was
carried out to assess the intraband-isotopic-variability, and the factors influencing the
density band formation.

During the course of this investigation the author participated in the setting up of
a new radiocarbon laboratory. He also established the capability for measuring nanogram
levels of Cd in corals. Such a comprehensive analysis of corals has been done for the first
time in the country. |

The following chapters describe the measurements made to address the above goals

and their interpretations.
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CHAPTER I

EXPERIMENTAL TECHNIQUES

The primary goal of this thesis, as outlined in the earlier chapter, is to analyze recent
corals from the Indian coast for their proxy climatic records. Such a study involves the
collection of corals, determination of their chronology and their analysis. The proxies
chosen for measurements in this work are: stable oxygen and carbon isotopes, radiocarbon
and cadmium. This chapter bnefly outlines the procedures used in this work for sample
collection and their analyses. Wherever possible the procedures avallable in literature

were used, in some cases they were modified to suit our requirements.

[1.1 SAMPLING AND CHRONOLOGY

Live coral heads were collected from two locations in the Indian coast viz., Covered and
Amini islands belonging to Lakshadweep archipelago (10°N,73°E) and from the Pirotan
island (22.6°N,70°E) in the Gulf of Kutch (Fig 2.1a). These corals were collected from
depths of ~1 m during low tide. In addition to samples from these two sites, another coral
from the Stanley Reef (19°15” S, 148°07°E ) was also analyzed, the location of which is
shown in Fig 2.1b. This coral was provided to us by Dr J M Lough for stable isotopic
analyses. The corals (from the Indian coast) were dislodged from their site of growth
with a hammer and chisel and brought ashore. The polyps were removed by washing with
tap water. The coral head was air dried and cut into two halves (Fig 2.2).

To obtain time series records of proxy climate parameters preserved in the coral
it is essential to determine its chronology precisely. We have done this through X-
radiography and oxygen isotope systematics.

X-radiography of coral skeleton, originally developed by Knutson etal. (1972)
is widely used to determine their growth rates and pattern. For X-radiography, a section

of about 1 cm thick (Fig 2.2) was sliced along the principal growth axis from the cut
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for proxy climate records. The tree stem slice was provided by Dr G
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,-’chc of one of the halves. The slice was washed thoroughly with tap water and then in
/ dlStllICd water, followed by ultrasonic agitation to remove adhering particles. The cleaned

slice is drled at 90°C for ~12 hours: This slice is X- -rayed on Kodak medical film at a
source to film distance of one metre and an applied voltage of about 46-48 KVp with an

exposure time of 0.08 sec. The X-ray positive is then used to identify the band structure.

[1.2 STABLE ISOTOPE MEASUREMENTS

II.2.a Sampling and pretreatment

For stable isotope measurements, a thin strip (~lem x lcm) was sliced from the coral
section used for X-radiography. This strip was taken along the central growth axis (Fig
2.2). Sampling for mass spectrometric measurements of oxygen and carbon isotopes using
dental drill is a popular technique since the pioneering work of Emiliani (1956).
However there is some concern about possible isotopic exchange between the metastable
aragonite and atmospheric gases and moisture, by the heat produced at the point of
drilling (Aharon 1991). Leder et al. (1991) claim that such isotopic fractionation is
produced only at high pressure and/or if dull drill bits are used. In this work, initially we
used slow speed drilling and in the later phases the subsampling wus done using u
needle file. The use of a needle file enables high resolution sampling and may minimize
problems of fractionation as the heat generation is less compared to that in drilling. The
sampling resolution varies from 0.5 to 1.5 mm depending on the nature and texture of the
sample. About 1 mg CaCO, powder was filed out for mass spectrometric measurements.
The CaCO, samples were stored in labelled glass thimbles and covered with parafilm till
they were subjected to mass spectrometric analysis.

The sample pretreatment is an important prerequisite for the mass spectrometric
measurements of carbon and oxygen isotopes. This is because coral powder may contain .
a small amount of organic matter, which needs to be removed to avoid possible exchange
of carbon and oxygen isotopes with the CO, evolved from the carbonate during acid
treatment. Towards this, prior to acidification, the samples were roasted under vacuum

at 350 °C for one hour to remove any volatile material that might be present.
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Fig 2.2 Coral sectioning and sampling for X-radiography and tracer measurements
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11.2.b Mass spectrometric measurements:

Stable isotopic measurements were performed on two corals from the Cévered island (KV-
1, KV-2), one coral (Am) and one giant clam (GC) from the Amini island, one coral each
from the Gulf of Kutch (GK) and the Stanley Reef (SR).

Measurements of stable isotopicratios of oxygen and carbon were carried out
using a VG Micromass 602D mass spectrometer. The measurements were made
relative to an internal standard, the foram standard CO, (FS). This standard was prepared
by reacting a large quantity of foraminifera separated from the Arabian sea sediments with
H,PO,(100%) at room temperature (Sarkar, 1989). The FS was stored in a large volume
(5.1) flask connected to the reference side of the mass spectrometer. To check the
constancy of the isotopic compbsition of FS with time and the reproducibility of the
isotopic measurements, two other standards, Makrana Marble (MMB) and Z-Carrara (ZC)
whose 6 values are well established wrt PDB (op cit.), were also run routinely. Z-Carrara
standard was provided by Prof N J Shackleton and was run only during the early phase
of this work as its availability was limited. However measurements on MMB were made
throughout this work and its long term average 8 values showed very good agreement
with those measured at the Godwin Laboratory, Cambridge, UK. Table (II.1) lists the &
values of MMB and Z-Carrara (wrt PDB) run during this thesis work. The * marked
numbers are the delta values of MMB and ZC analyzed in Godwin Laboraiory, Cambridge
UK (quoted by Sarkar, 1989) and n stands for number of measurements.

Fig 2.3 shows the delta values of ZC and MMB measured during the course of this
work. For all standards and samples isobaric interferences were .corrected using the
equation of Craig (1957) and the & values are reported relative to PDB.

During Aug '91 the mass spectrometer was updated to triple collector system
(903). The same reference gas (FS) was continued for oxygen and carbon isotopic

measurements and found to give consistent and reproducible results.
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Table 1.1 Isotopic analysis of Z-Carrara and Makrana Marble standards

n §"*Oppg (%) §"Chpog (%o)
Z-Carrara 37 -1.7810.04 2.09+0.06

- -1.79* 2.18*
MMB 80 -10.61+0.13 3.88+0.07

18 -10.540.2* 3.9+0.1"

* Analyses done in Cambridge, U.K.

For the triple collector system,.a different set of Craig equations was used (G.at &
Gonfiantini 1981). Internal laboratory standard (MMB) and several sample replicates
were run routinely. For each sample the purity of CO, in the mass spectrometer was also
ascertained from the peaks at various masses. If there was any spurious peak, such as in
mass 43 due to water contamination during the extraction of CO, (Sdrkar 1989) in the
sample, the run was rejected. Such occurrences, however, were very rare. All 8 values are

reported with respect to PDB. Errors (0.1%0) given are one standard deviation

obtained for the working standard.

I1.3 RADIOCARBON MEASUREMENTS
I1.3.a Sample preparation

(i) Corals
Annual bands from the Gulf of Kutch coral sample (GK) and tree ring samples from a
teak tree (ThTR) were analyzed for radiocarbon.

For radiocarbon analysis a ~1lcm thick section along the growth axis of the coral
was cut (Fig 2.2). From this slice depending on the growth rate, single or multiple
annual bands were cut using a small diamond Wwheel (~1" diameter and < lmm

thickness) operated by an electric hand drill under a distilled water jet. The cut bands
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were dried by heating overnight at 80-90°C, and powdered using a Tima mill. About 15g

of this coral powder was used for radiocarbon measurements.

(i1) Tree Rings

Radiocarbon measurements in tree rings wer?made to defermine the time variation in
atmospheric "“C activity near the coral site. The tree ring samples were taken from a teak
tree (Tectona grandis) which grew at Thane (19°14°N, 73°24’E), near Bombay (Fig 2.1a).
The chronology of the tree was established by Pant & Borgaonkar(1983). Hydrogen
isotopic studies of this species of tree from this region were earlier made by Ramesh er-
al. (1989) to determine the relation between the isotope ratios and meteorological
parameters. Annual rings were separated by chiseling from a ~2cm thick cross section of
the tree stem. The individual rihgs were powdered using a Wiley mill. This powder was
then treated by soaking in acetone for ~3 hrs with intermittent ultrasonic agitation. This was
followed by 6-8 hrs soaking in 5% NaOH and finally in 1% HCI for ~ 6 hrs to remove the
resinous and oily substances (Cain & Suess 1976). The sample was thoroughly washed
with distilled water, dried and used for radiocarbon measurements. Following this

pretreatment about 6g of the cleaned wood powder was used for benzene synthesis.

I1.3.b Benzene synthesis
Benzene was prepared from the coral and tree ring samples using a TASK Benzene
Synthesizer following the methodology available in literature (Noakes er al. 1965, Gupta

& Polach 1985). A brief description follows:

First, carbon dioxide is produced from the samples either by acid hydrolysis (in case of
coral) or by dry combustion in an oxygen environment (tree ring samples). From
some of the coral CO, samples, an aliquot was taken for 8'°C measurements. The results
showed that the §"°C in this CO, was same within the experimental uncertainty to that of
the 8"°C averaged over the portion of the band used for radiocarbon measurement. The
remaining CO, is then converted to Li,C, which is hydrolyzed to form GCH, (1o

minimize tritium contamination, the water used for the hydrolysis was obtained by double
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distilling ground water collected from a 200 m deep well. This ground water is reported
to have a "*C age of ~8200 years, Bhushan e al. 1993). The acetylehe is polymerized using
alumina coated vanadium catalyst to produce benzene. The benzene is then transferred
to a 7ml glass scintillation vial and weighed. Typically, ~1.5g (for coral) and ~2g (for wood
samples) of benzene were obtained. Overall yield of benzene was typically 70%. To the
sample benzene, scintillator grade non radioactive benzene was added by weight to make
‘thé volume to 3ml (2.637g) which is the standard volume used for counting. To this 0.5
ml of scintillator cocktail [42g/l PPO(diphenyloxazole) + 0.7 g/l POPOP (2, 2’-p-phe-
nylene-bis-5 phenyl oxazole) in benzene] was added. The sample cocktail was mixed
well and counted for “C activity.

NBS oxalic acid was run 3 to 4 times a year to check the reproducibility and for
AMC calculations. CO, was liberated from the oxalic acid by KMnOj, oxidation as well as
by dry combustion. The CO, was converted to benzene as described above. We have run
both NBS oxalic acid-I and II standards during the course of this work. The details of

procedure and assay are given in Bhushan er al. (1993).

I1.3.c Radiocarbon counting

The benzene samples were counted in a Packard Tri-Carb Liquid Scintillator Analyzer,
model 2250CA. This spectrometer operates in two modes, normal mode and low levcl
count mode (LLCM). In LLCM, the background is reduced internally by electronic
background discriminator using Three-Dimensional Spectrum Analysis (Kessler 1989).

More recently, in addition to electronic background reduction, Packard Instruments
have introduced a scintillator sleeving (a low level PICO-XL vial holder) for the counting
vial which further reduces the background drastically (~ 40%) with a marginal reduction
in "C counting efficiency (~5%). We operated the counter in LLCM mode with the
sleeving,

The P particle of "*C atom has a maximum energy of 156 keV. If there is tritium
(0 - 18.6 keV) contamination in the benzene sample, it would affect the ™C count rate.

The tritium interference can be minimized by selecting an energy window for *C counting
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where contribution from trititum would be minimal and at the same time have high
efficiency and low background for "™C. The Packard counter  provides a built-in
mechanism to select and optimize an energy region for “C counting. Using the LLCM,
the optimized region selected for **C in our counter was 11 to 98 keV. In addition, the
instrument has a three channel provision to measure the count rates. We had chosen the

following energy intervals for the three channels.

Channel A 0.0 - 18.6 keV
Channel B 11 - 98 keV
Channel C 0.0 - 156 keV

Channel A is the energy window which would predominantly record tritium counts if
any, from the sample. The higher energy betas (with energy 11-18.6 keV) from tritium
fall in the "*C window, Channel B. Comparison of count-rates in Channel A of scintillation
grade benzene and the marble blanks shows that they are same within experimental

uncertainties. This suggests that there is no discernable tritium contamination during

benzene synthesis.

I1.3.d *C blanks and standards

To ascertain the background count-rates for *C, several blanks were run using marble
from quarries of Rajasthan belonging to Raialo formation of the Precambrian Period. Fig
2.4 shows the variations in the count-rates of the “*C blanks over a period of ~2 years.

From this figure it is seen that the background (or blank) count-rates are quite
consistent (except in four cases which had count-rates ~25% excess over the long term
trend) and center around a value ~1.15 cpm. The reason for the high count-rate in these four
blank runs is not clear. The average of all numbers gives a background 1.193+0.115
cpm. Rejecting the counts beyond  #20 of the mean and recalculation yields an average
background count-rate of 1.154 + 0.008 cpm.  This  value has been taken as
background activity and was used for all calculations. The background count-rate is

typically 10% of coral and tree ring sample count-rate. In this context it must be
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mentioned here that in the early phase of this work, “scintillator grade commercially
available benzene was also counted after mixing with scintillator cocktail. The count-rate
of this commercial benzene was nearly identical tb that of the marble blank. Analysis of
TAEA carbbnate sample (JAEA Qﬁality Assurance Materials, sample C1, 1991), whose
| reported percent modern activity is ~ 0 also yielded a count-rate of 1.121+0.018, nearly
identical to the mean background count-rate. Benzene synthesized from anthracite coal
also gave similar count-rates (Fig 2.4)

NBS-Oxalic acid standard (SRM 4990C) was run 3-4 times per year. Table 11.2
gives the net count-rates of the NBS Oxalic acid standard (cpm/3 ml benzene) during
1991 and 1992 when most of the measurements for this thesis work were made. (One of
the oxalic acid runs (marked * in the table below) had a count-rate of 28.816i().103
which was significantly higher (>20 ) than the mean of the all other measurements. For

calculation of mean oxalic acid count-rate this run was excluded).

Table 1.2 Net count-rates of NBS oxalic acid standard 11-4990C

Date Count-rate(cpm)
16.02.91 28.052+0.127
10.04.91 28.816+0.103*
07.06.91 27.762+0.102
16.10.91 28.077+0.078
07.04.92 28.064+0.087
05.05.92 27.748+0.091
08.12.92 | 27.760+0.115

Mean 27.911+0.069

Fig 2.5 shows the pictorial representation of the data in Table IL2. The mean net oxalic

acid count-rate calculated for the period (1991-1992) is 27.911+0.069 cpm (excluding
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the high count-rate sample; error is on the mean). This value was used for A“C

calculations for all coral and tree fing samples.

I1.3.e Reporting of radiocarbon activity

For reporting of "“C activity we follow the notations described by Stuiver and Polach

(1977).
SHC(%o)=[(A*M/A,,) -1] 1000 2.1)

and AMCo)=[(Age ™ /A,,) -1] 1000 (2.2)

where 8'C is defined as the relative difference between the absolute international standard
(A, and the sample activity (AS) corrected for age, and A™C is the ratio of sample and
standard activity normalized to §"?C=-25%0. (A= normalized sample activity, y=the year

of measurement and x is the year of growth).

IL3.f Intercalibration and repeat measurements

To check the reproducibility, four repeat measurements of a coral powder (Am, from
Amini island, Lakshadweep) was run over a period of about two years. The replicate
measurements (n=4) gave a mean value of A™C=50+11. The large error is because one of
the samples deviated considerably from the other three. This sample was also analyzed at
Birbal Sahni Institute of Palaeobotany, Lucknow using a gas proportional counter which
yielded a value of A“C=6916. Further checks on our measurements were made by
analyzing IAEA Quality Assurance Materials (carbonates and cellulose) for their "“C
activities. The results (Bhushan et al. 1993) are in good agreement with the values

published by IAEA.
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1L.4 CADMIUM MEASUREMENTS

Cadmium measurements were made in a coral (KV-1, P. compressa) from the Kavaratti
island. This coral had a life span of ~5 years, with an average band width of ~23 mm as
determined by X-radiography. This coral was chosen for Cd measurements as it had a high
growth raté, which allows subsampling over time intervals of a few months whereby it is

possible to look for signatures of seasonal upwelling.

IL.4.a Sample cleaning

For Cd measurement ~0.5g of coral sample of 2-3 mm thick was chipped. These chips were
thoroughly cleaned through a series of oxidative and reductive reaction s.equences as
suggested by Shen and Boyle(1988). First the coral chips were placed in distilled water
in 20 ml glass vials and were subjected to ultrasonic agitation for 10 min. This was
followed by treatment in 0.16N HNO, in ultrasonic bath.for 3 min and then H,O rinse.
Next the samples were cleaned in a mixture containing equal parts of 30% H,0, and 0.2
N NaOH to hydrolyze and oxidize organic coatings. After this the samples were kept in
a boiling water bath for 20 min with repeated ultrasonic agitation. During this treatment,
they were rinsed twice with distilled water. The next step was to remove oxide boatings
with reducing agents (a mixture of 1 part hydrazine, 6 part conc. NH,OH, and 3 parts
0.3M solution of citric acid in 7N NH,OH) on a hot water bath with intermittent
ultrasonic agitation. The cleaned samples were rinsed thoroughly with distilled water. In
the final step, samples were again treated twice with'0.16N HNO; in ultrasonic bath
followed by distilled water rinse each time. The samples were then dried under a laminar

flow bench at temperature ~80°C.

IL.4.b Coprecipitation of Cd with APDC and atomic absorption analysis

The concentration of Cd in corals are t0o low (~5 nmol Cd/mol Ca) to be measured directly
in a coral solution. Thus it needs to be pre-concentrated, which was done as follows. An

accurately known amount (typically 0.25 g) of cleaned coral sample was dissolved with
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4N HNO; and miude to 10 ml. 1 ml aliquots of this solution were then transferred to
four precleaned 15 ml polypropylene tubes and volume made to ~ 6ml. In three of these
four aliquots a known amount of Cd (0.5, 1, 1.5 ng respectively) was added. CoCl,
solution (containing ~ 0.1 mg Co) was added to each tube and pH of solution was adjusted
to 4.5+0.5 with ammonium acetate buffer. Cobalt was precipitated as dithiocarbamate by
adding a known amount of 1% solution of APDC. The polypropylene tubes containing
precipitates were allowed to stand for 3-4 hours, at the end of which the precipitqtes were
centrifuged (at 11,500 rpm) for 5 min. The Co-APDC precipitate was washed tWice with
distilled water and centrifuged each time to remove the Ca occluded in the precipitate. The
precipitate was then transferred to a 5ml conical teflon cup using ~3ml of 8N HNO, and
warmed at ~70 °C (under a laminar flow bench) to oxidize the organic matter. The

residue was dissolved in 20pl of 4N HNO, and diluted with distilled water to a final
volume 1020 pl.

Table 1.3 Reproducibility of blank and Cd standard absorbance

Date Blank (Abs) Stand. (Abs)
12.01.93 0.003 0.012
21.01.93 0.004 0.013
24.01.93 0.003 0.012
25.01.93 0.007 0.011
28.01.93 0.002 0.014
30.01.93 0.002 0.011
01.02.93 0.002 0.012
09.02.93 0.01* 0.012
11.02.93 0.006 . 0.015
13.02.93 0.003 0.012
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16.02.93 0.005 0.015

mean 0.0037+0.0017  0.013+0.0014

(* this number was excluded for calculating the mean)

The reagents used throughout the coprecipitation were precleaned as suggested ( op cit.).v
Along with each batch of samples reagent blanks and standards were also run.

The Cd measurement in the samples were made using an atomic absorption
spectrophotometer (Perkin Elmer model 4000) attached to an HGA 500 graphite furnace.
Al analyses were performed employing the continuum background correction. Each
sample and standard was measured 2-3 times with 20 pl injection. Table (IL.3) gives the
results ofv the replicate measurements of blank and a laboratory standard run during the
sample measurements. This standard was a CaCO; solution made by dissolving 10g of
coral sample in dilute nitric acid.

Inspite of the variability in the blank absorbance we see that the standard’s
absorbance is consistent (11% variability) which indicates that the occasional high blanks
are due to some contamination. Rejecting the high blank (abs 0.01) we get the mean blank

absorbance as ~ 0.004 (typical smﬁple absorbance without Cd spiking is 0.018).

11.4.c Measurement of Cd concentration

The Cd concentration in the coral sample was determined by standard addition method
(Beaty 1978). Blank was also ascertained in a similar way. Since the samples and blanks
were made to identical volumes, the blank absorbance (0.0037) was subtracted from that
of the sample. The Fig 2.6 shows a typical plot between the conc. of Cd added and the
net sample absorbance. The regression line gives an intercept (x,,) corresponding to the
sample concentration in ng. This is then normalized to the known weight of CaCO,

initially taken to express sample concentration in units of nmol Cd/mol Ca.
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Fig 2.6 Determination of cadmium concentration by the standard addition method

In order to check the reproducibility on Cd concentration a coral sample was run three

times. Following table (Table I1.4) shows the results of these runs.

Table 1.4 Reproducibility of Cd measurements in “spiked” coral solution

Date conc.(nmol Cd/mol Ca)
20.01.93 10.7+£1.65
23.01.93 11.1£1.34

25.01.93 12.3+0.82
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L5 SUMMARY

As discussed above, time series measurements of stable isotopes of oxygen, carbon and

radiocarbon, were made in corals and tree rings. Table IL5 summarizes the various

measurements made on different samples in this work.

Table 1.5 Summary of measurements made in corals and tree rings in this work

Sample Code Genus/species Lifespan  Tracers
(year) measured

Lakshadweep 8'%0,8"°C,

KV-1 Porites compressa 5 Cd

KV-2 Porites compressa 25 §'%0, §'°C

Am Porites compressa 4 e

GC Tridacna maximus 4 )

Gulf of Kutch

GK Favia speciosa 40 §'%0, §'°C
AYC

Stanley Reef

SR Porites lutea 18 8'%0, §'°C
Density*

Thane (tree)

ThTR Tectona grandis 20 AC

*Density measurements were made by DrJ M Lough of the Australian Institute of Marine

Science, Tawnsville, Australia
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CHAPTER 1l

RESULTS AND DISCUSSION

In this chapter, the results of X-radiography and time series measurements of stable
isotopes, radiocirbon and Cd made in various corals are presented and discussed. For
clarity the chapter is divided into five sections.

The first section is on X-radiography and growth rates of corals. The second
section deals with the results of stable isotope (O and C) data and their interpretation.
Section three focuses on the determination of the air-sea carbon-dioxide exchange rate
in the Gulf of Kutch based on radiocarbon analyses of coral bands and tree rings.
Cadmium measurements are presented in the fourth section. The last section deals with the

intercomparison and synthesis of the results of different corals analyzed.

I1.1 X-RADIOGRAPHIC ANALYSIS

X-radiography is a useful tool to obtain information on banding in corals and their
growth rates. In the previous chapter we had mentioned in some detail the methodology
used by us for mapping coral banding using X-ray photography. Here we present the
results,

The first coral we analyzed was a Porites compressa (KV-1) from Lakshadweep
region (LDP). It showed 5 bands with alternate high and low density growth rings,
corresponding to dark and light colour respectively in the X-ray positive. From this X-ray
picture we determined the average band width (made of one dark and the adjoining light
band) as 23.3£1.9 mm. Oxygen isotope studies of this coral (discussed in the next
section) showed that the bands are annual in nature. Such a high growth rate enabled us
to subsample the bands with a resolution better than a fortnight for stable isotopic studies
(average of 28 samples per band). Another P. compressa (Am) from the Amini island also

showed 4 bands with an average thickness of 22.5+3.7 mm. In this coral, for stable
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1510
isotopic measurements 9 samples per band were taken. The coral KV-2, also a Porites
compressa. from Kavaratti atoll on which extensive oxygen and carbon isotope
measurements were made, showed 25 growth bands corresponding to 25 years of age. Its
avérage growth rite was 1513.4 mm/yrﬂ, Fig 3.1 shows a portion of the X-ray positive of
this coral. This coral was sampled for stable isotopic studies with a resolution of 8 to 16
samples per band. The sample (GK) from the Gulf of Kutch, a Favia speciosa, had 40
growth bands. The mean band thickness of this coral was only 4.3£1.3 mm. Because of
the smaller band width, the time resolution for isotopic studies in this coral was poorer
compared to that of Lakshadweep corals. About 2 to 5 samples per band were analyzed.
The sample (SR), a Porites lutea collected from the Stanley Reef of Great Barrier Reef,
Australia (by Dr J M Lough) had 20 bands, with an average band width of 11.743 mm.
Two tracks were chosen for isotopic and densitometric analyses. One close to growth axis A
(10° off), other ~20° off the growth axis. Fig 3.2 shows the variations of bandwidth in
KV-2, GK and SR corals respectively. Also shown in this figure (inset) are the bandwidth
| variations of KV-1 and Am corals. Table 3.1 gives a summary of the bandwidth
measurements. All the samples mentioned above formed a single band in a year. This was
revealed by oxygen isotopic analysis presented in the following section; hence the bands
represent annual skeletal extensions.

The species identification of Lakshadweep corals was done by Dr M V M Wafar
of National Institute of Oceanography, Goa and Mr M I Patel of Gujarat State Fisheries
Aquatic Sciences Research Station, Sikka, Gujarat and that of the Gulf of Kutch and
Stanley Reef corals by Dr J Veron of Australian Institute of Marine Science, Townsville,

Australia.
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Fig 3.2 Variations in bandwidth with time in corals from (a) Kavaratti (Lakshadweep):
(KV-2), (b) Gulf of Kutch, (GK) and (c) Stanley Reef, (SR) region. The insets in box a
are for two younger corals from Kavaratti (KV-1) and Amini (Am) from the Lakshadweep.
X-axis is not a calender year but the year corresponding to one high + one low density
band.
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Table lll.1  Range and mean bandwidths of various coral samples used in this work

Coral No. of bands Bandwidth(mm)

code ' | Range Meantic
KV;1 ' 5 20.5—24.5 23.3+1.9
Am 4 19.2-26.5 22.5£3.7
KV-2 25 10-23 - 154£3.4
GK 41 2.5-7.5 4.3+1.3
SR 19 6-16.5 11.7£3

The variations in bandwidth or rates of coral growth which vary among the coral genera
are controlled by various environmental parameters. The corals from Lakshadweep have
higher growth rates compared to the Gulf of Kutch coral, possibly because Lakshadweep

region has light and temperature conditions more suited for coral growth.

II1.2 STABLE ISOTOPIC STUDIES

As mentioned in the last chapter stable oxygen and carbon isotope measurements were

made on corals from the Lakshadweep, the Gulf of Kutch and the Stanley Reef., The

results are presented regionwise below.

II1.2.a Lakshadweep corals
Stable isotopic measurements were made on three corals from the Lakshadweep islands;
KV-1 & KV-2 from the Kavaratti island, Am and a giant clam (GC) from the Amini

island.
The first sample analyzed was KV-1, a five year old Porites. This coral had an

average bandwidth of 2.3 cm based on X-radiography (Table I11.1). Oxygen and carbon

isotope measurements were made on an average of about 28 samples per band. This
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providéd a time resolution of better than a fortnight per sample. The seasonal chronology
was assigned to the 8'°O profile of this coral using SST and 8'80O of water. This was
subsequently followed for all other P. .compi'essa corals from this region. The results of
Am and GC were used to quantify the disequilibrium offset (in 8'*0) and to standardize
coral thermometry for retrieving SST of this rcgion. The resulting equation was then
applied to the 80 signatures on the longer lived coral KV-2 to derive SST for the last
seventeen years and compare the results with the instrumental records.

Time variations in 8C and 8"0O of the coral KV-1 are shown in Fig 3.3. Table-

I11.2 and II1.3 in the Appendix-A list these data.

(i) Oxygen isotopes

The &'®0 of this coral ranges from -5.6 to -4.8%o (Fig 3.3). The seasonal changes in 8'*0
in coral CaCQ, are influenced both by SST and 60O of water. To evaluate how in this
region SST and 80 of water control the 80 of the coral CaCO, we approach as
follows. The monthly average values of SST are shown in Fig 3.4a. These afe based on
the COADS (Comprehensive Ocean Atmosphere Data Sét) SST data for a location near
to Kavaratti (10°N, 74°E, 2°x2° grid) for the period of 1974 to 1980 A.D. Data on the §'°0
of water are not available for this region. Therefore we have derived the 8O of water
based on salinity. The available results (Duplessey et al. 1981) along the west coast of
India, show that for every 1%o increase in salinity, the 880 of sea water increases by
about 0.3%o0 (used by Sarkar er al. 1990). Assuming that this relationship also holds for
the Lakshadweep region, we have derived the 8'®0 of the water, using the salinity data
from the bixﬁonthly averages given in the Oceanographic Atlas (Wyrtkl 1971), the values
for the sample location were obtained by reading between contours (0.5%o). The calculated
3"%0 values for the waters are given in Fig 3.4b (In order to check the assumption on
the salinity-8'°0O relation mentioned above, we analyzed water samples collected from the
Kavaratti lagoon during Apr 1988 and Dec 1988. The salinity difference between these
two periods is 1%o. The observed 8O difference is 0.3+0.3%0). The quoted error is not
experimental uncertainties but sample to sample variability. We have analyzed a total of

7 samples for April and 12 samples for December.
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Fig 3.3 8"°C (a) and §'°0 (b) variations in the Porites compressa

(KV-1) from the Kavaratti lagoon, Lakshadweep Is. Distance is

measured inward, from the coral surface (live when collected) to its
" base. August of each year is marked by an arrow.
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Based on the SST and 8'0 of sea water (relative to PDB) during the course of the
year, we can derive the 8"*0 in coralline CaCO, (for calculation a terhperature coefficient:
of -0.2%o0 'pér °C is used). From Oct to Feb, the temperature is more or less constant at
about 28°C (within one standard deviation, which represents the interannual SST
variability). During this period the ’5180 of seawater decreases by about 0.3%o, causing a
decrease of 0.3%o in the 8'®0 of coral. From Feb to Apr, there is a steady increase in the
SST by about 2°C, whereas the "0 of water remains constant at around 0.15%e. For this
period we would expect the 8'*O of coral CaCO, to decrease by 0.4%o. From May to Aug,
due to monsoon induced upwelling, there is a reduction in SST by about 3°C, and an
increase in 8'*O of water by about 0.3%o. The reduction in SST and increase in salinity
both favour increase in 8O of coral CaCO,. Therefore during this period, the coral 8'*0
increases by 0.9%o. From Aug to Oct the SST increases by 1°C and the 80 of water
decreases by 0.15%o. Both these changes together cause a reduction in coral §*O by about
0.35%eo.

Summing up, the pattern of variations of SST and 8'*O of water should be reflected
in the 'O of coral CaCO, by a minimum around Apr-May and maximum during Aug.
The expected coral 8®0 (seasonal) variation is (~ 0.9%o) as shown in Fig 3.4c. With this
information it is possible to assign specific time slots (in terms of months) to the 3'*0 data
shown in Fig 3.3b. The minimum value (-5.6%0) in 8'°0 corresponds to Apr-May while
the maximum value (~ -4.8%o0) corresponds to Aug. The monsoon induced cooling is
manifested as an increase in the 8'*0 value from about -5.6%o to -4.8%o, the range being
0.8%o similar to the expected value of 0.9%o. |
| To translate the 8'®O time series in the coral CaCO, to SST it is necessary to
quantitatively assess the isotopic disequilibrium offset since corals do not precipitate
CaCO;, in isotopic equilibrium (Weber 1974, Weber & Woodhead 1972, Swart 1983). The
complex biological processes, such as metabolism and endosymbiotic photosynthesis, result
in metabolic and/or kinetic fractionation. These processes deplete the isotopic composition
(i.e. ratio of heavy to light isotopes) of coral CaCO, relative to that expected for
equilibrium precipitation. The deviation from the equilibrium precipita‘tion can be

represented by the following equation (Aharon 1991).
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Fig 3.4(a) Mean monthly SST (solid line) and bimonthly
averages of salinity (dotted line) for the region 10°N, 74°E.
The error bars for SST show 1o variations around the
mean of 7 years. (b) §'°O of water (relative to PDB)
calculated from salinity data and 8'®O-salinity relation for
this region (Duplessey et al. 1981). (c) estimated §'°0
variations of coral based on SST and §'°0 of water. Y-axis
represents a relative scale.
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30, = Slgocq + 8"0,, (3.1)
where 8'®0, is the "offset" term. This offset has so far been assumed to be constant with
| time, within the limits of experimental uncertainties for a given coral species. The offset
from equilibrium value in symbiont bearing corals of Indo-Pacific origin ranges from
-3.12 to -1.93%0 at 25°C among 44 covraJ genera analyzed by Weber & Woodhead (1972).
Aharon (1991) obtained a value of -5.1%0 for Porites from the Palm Isles.

We determined the 8'°0, for Porites of Lakshadweep by comparing §'*0 profiles
in a coral (Am) from the Amini island with that in a giant clam (GC) that grew near the
coral. It is known that the giant clam (Tridacna) precipitates its CaCO, in isotopic
equilibrium (Aharon & Chappel 1986; Romanek & Grossman 1989), hence it is possible
to correct for the coral §"°0 disequilibrium offset by comparing 80 values in time
contemporaneous samples of coral and a bivalve. |

We collected a live coral head (Porites) and a giant clam (Tridacna maximus) from
the Amini island (11°7°N,72°44°E) in December 1988. Band assignment in the Amini coral
was made following the procedure discussed earlier for the Kavaratti coral, This coral had
a life span of about 5 years. In the case of Tridacna, year assignment was possible by
identifying the annual zonation in the exoskeleton (Aharon & Chappel, 1986). 80 data
for the clam and the Amini coral are given in Table III.2 (Appendix A). We have
estimated the disequilibrium offset in the P. compressa coral by comparing the §'*0
values of the two during the life span of the coral, 1983-1988. Again, because of the
difference in the growth rates, only the maxima, minima values of the two are C.ompared.
This yields a mean value of —4.47+0.23% for the disequilibrium offset and ranges
between -4.22 to -5.00%0. Note that all these disequilibrium factors are relative to
aragonite equilibrium values. We consider our estimate of disequilibrium offset to be
better than that available in literature (Aharon 1991) because the coral and the clam were
growing very close to each other ~1m, compared to ~ 3km separation in earlier work. Our
estimate of disequilibrium offset appears to be constant (within £0.2%o) with time.

From the available data on SST, §"*0 of clam, and 8"0 of sea water for April and
~ August we derive a regression line of the form:

TCC)=A+B (5, - §,) (3.2)

where &, and 8, are the 80 of the clam and sea water wrt PDB respectively. For this,
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we have taken the 8, values to be 0.28 and 0.415 for May and August respectively (see
Fig 3.4). This assumes that there is no year to year change in seasonal d,,.. This can cause
some uncertainty in the accurate e.valvuation' of SST from the coral 8'0. This is discussed
tater.

Fitting of our measured yeariy maximum and minimum oxygen isotope data of the
clam with corresponding SST (for 1‘983-1988) yields: A=23.9240.35 and B=-4.68+0.33,

with a correlation coefficient r=-0.92 significant at 0.01 level. Substituting these values in

Eqgn (3.2) we get,

TCC) = 23.92 - 4.68 (5, - 8,) (3.3)
This is similar to the equation [T = 20.95 - 4.35(5.-3,,)] obtained by Aharon & Chappel
(1986) for tridacnid clams between temperatures of 23 to 28°C. The slopes of. these two
equations agree within analytical uncertainties, but the intercepts differ by 3°C. One
possible explanation for this may be the difference in temperature ranges in the two
localities. In Lakshadweep the maximum temperature exceeds 30°C in sumimer,
occasionally it reaches even 35°C for a few days.

Substituting for 8, in Eqn (3.3) in terms of 8o and the disequilibrium offset, we
obtain the temperature equation for SST based on the coral §'°0.

TCC) = 3.0 - 4.68(5,,.,, - 8,) (3.4)
where 8, is the 80 value of the Porites coral. This equation is quite similar to that
reported for Porites from the Pacific (Aharon, 1991):

T =2381-476(,, -3, (3.5)

The slope is also in agreement with that for Porites from the Atlantic (Druffel 1985). The
uncertainties in estimating temperature using Eqn (3.5) are: (i) there may be small changes
from equilibrium values even for the tridacnid clams ranging from 0.1 to 0.3% (Aharon
1991); this would correspond to 0.5 to 1.5 °C difference in the estimated SSTs, (ii) the
SST values used By us for deriving the temp-§*0 equation (Eqn 3.4) are not from the
. exact location of the clam. This may cause an additional uncertainty.

The estimated uncertainty in SST based on Eqn 3.4 is calculated to be 1.4°C
considering the errors in 0, (0.2%0) and that in the disequilibrium offset (0.23%0). If the

errors on the coefficients A, B are also taken into account the uncertainty in the SST
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we have taken the 8, values to be 0.28 and 0.415 for May and August respeétively (see
~ Fig 3.4). This assumes that there is no‘year to year change in seasonal Sw. This can cause
some uncerta‘in.ty in the accurate evaluation of SST from the coral 8'%0. This is discussed
later. '

Fitting of our measured yearly maximum and minimum oxygen isotope data of the
clam with corresponding SST (for 1‘983-1988) yields: A=23.9240.35 and B=-4.6810.33,

with a correlation coefficient r=-0.92 significant at 0.01 level. Substituting these values in

Eqn (3.2) we get,

T(CC) = 23.92 - 4.68 (5, - d,) (3.3)
This is similar to the equation [T = 20.95 - 4.35(3.-6,,)] obtained by Aharon & Chappel
(1986) for tridacnid clams between temperatures of 23 to 28°C. The slopes of these two
equations agree within analytical uncertainties, but the intercepts differ by 3°C. One
possible explanation for this may be the difference in temperature ranges in the two
localities. In Lakshadweep the maximum temperature exceeds 30°C in summer,
occasionally it reaches even 35°C for a few days.

Substituting for 8, in Eqn (3.3) in terms of 8., and the disequilibrium offset, we
obtain the temperature equation for SST based on the coral 3'°0.

T(CC) = 3.0 - 4.68(8.o - O4) (3.4)
where 8, ‘is the 80 value of the Porites coral. This equation is quite similar to that
reported for Porites from the Pacific (Aharon, 1991):

T =2.81-4.76(0.p - Ou) (3.5)

The slope is also in agreement with that for Porites from the Atlantic (Druffel 1985). The
uncertainties in estimating temperature using Eqn (3.5) are: (i) there may be small changes
from equilibrium values even for the tridacnid clams ranging from 0.1 to 0.3%¢ (Aharon
1991); this would correspond to 0.5 to 1.5 °C difference in the estimated SSTs, (ii) the
SST values used by us for deriving the temp-8'*0 equation (Eqn 3.4) are not from the
~ exact location of the clam. This may cause an additional uncertainty.

The estimated uncertainty in SST based on Eqn 3.4 is calculated to be 1.4°C
considering the errors in 9, (0.2%0) and that in the disequilibrium offset (0.23%&). If the

errors on the coefficients A, B are also taken into account the uncertainty in the SST
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Fig 3.5 Plot of observed vs. calculated SST using coral
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44



estimate becomes 1.9°C. This is the maximum uncertainty in the estimation of SST taking
into consideration the errors in §,, dlsequhbnum offset and in A and B.

Fig 3. 5 shows the relationship between observed temperature and the calculated
temperature using KV-1 and Am respectively. Please note that even though we have used
the Amini coral §"0 data for calculating the dxsethbrlum offset, we include these data
for comparison because the seasonal variations of the Amini coral 8'*0 data have not been |
used to find the temperature Eqn (3.3). The points scatter closely around the 45° line
where the observed temperatures equal calculated temperatures. The mean error in the
estimated temperatures is 1.2°C. This estimate is better than that anticipated based on the
propagation of errors discussed above.,

Now we test this temperature equation by applying it to another P. compressa KV-
2 from Kavaratti, which had a 25 year long 80 record. Its average growth rate based
on X-radiography is 15+3.4 mm/yr. We have sampled the bands for 1sotopic studies to get
a resolution of 3 to 6 weeks. (but each sample was ~Imm thick and corresponds to ~1
month growth). Its oxygen isotopic time series is shown in Fig 3.6a and listed in Table
1.5 (Appendix-A). Most of the 80 values lie between —5.5 to —4.8%o, similar to that
observed in KV-1 and Am coral. We use the Eqn (3.4) derived earlier in this section
based on the coral data for estimating the yearly maxima and minima in SST. For the 80
of water (wrt PDB) for May and Aug we have used values of 0.28 and 0.415 respectively
(Fig 3.4b).

Also shown in Table I11.4 and Fig 3.7 are observed SST data based on ship record
(COADS). Some of the data (during the period 1979-1990) are from Paul er al. (1992).
As each sample used for §'%0 analysis grew for period of 1 month, the monthly mean
values of SST for May (80 minima) and August (§'*0 maxima) are shown in Table
II1.4, for the sake of comparison. The observed and estimated SST values (from coral
3'%0, using Eqn 3.4) are in good agreement within the quoted uncertainty. The difference
between the observed and the calculated temperatures has mean values of 0.0+0.9 °C for
May and 0.240.5 °C for August. The ranges are from —1.7 to 1.7 °C for May and -0.4 to
1.7 °C for August. These are less than the maximum estimated uncertainties of 1.9 °C.
Therefore we conclude that our palacotemperature Eqn 3.4 is quite valid for P. compressa

in this region. The discrepancy between the observed and calculated temperatures arises
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because we have not considered the year to year variations in the 30 of water (8,). The

range of —1.7 to +1.7 °C in the discrepancy, can be caused by interannual variation in J,,.

Table Ill.4 Comparison between observed and derived SST

Month & 5'%0 Derived Obs. T, T,
Year (%o) Temp.T, Temp.T,

(°C) (°C) (°C)
May ‘74 -5.76 31.3 29.8 1.5
Aug '74 -4.84 27.6 27.0 0.6
May '75 -5.41 29.6 29.0 0.6
Aug '75 -4.86- 27.7 26.5 1.2
May '76 -5.43 29.7 29.2 0.5
Aug '76 -5.04 28.5 26.8 1.7
May '77 -5.59 30.5 30.1 0.4
Aug '77 -4.78 27.3 27.0 0.0
May '78 -5.46 29.9 30.0 -0.1
Aug '78 -4.86 27.7 27.6 0.1
May '79 -5.30 29.1 29.4 -0.3
Aug '79 -4.88 27.8 27.3 0.5
May 80 -5.39 29.5 30.7 -1.2
Aug '80 - -4.91 27.9 28.3 -0.4
May '81 -5.30 29.1 29.9 -0.8
Aug '81 -4.89 27.8 27.5 0.3
May '82 -5.40 29.5 30.2 -0.7
Aug '82 -4.99 28.3 28.3 0.0
May '83 -5.18 28.6 30.1 -0.5
Aug '83 -4.95 28.1 28.5 -0.4
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May '84 -5.79 31.4 $29.7 1.7

Aug '84 -483 275 275 0.0
May '85 -5.52 30.1 30.0 0.1
Aug '85 -493 - 280 . 280 0.0
May '86 -5.58 30.4 29.8 0.6
Aug '86 -4.96 28.2 28.2 0.0
May '87 -5.27 29.0 30.7 -1.7
Aug '87 -4.95 28.1 28.3 0.2
May '88 -5.37 29.4 30.5 -0.9
Aug '88 -4.96 28.2 28.3 -0.1
May '89 -5.40. 29.6 29.5 0.1
Aug '89 -4.91 27.9 28.0 -0.1
May '90 -5.42 29.7 29.5 0.2
Aug '90 -4.88 27.8 27.8 0.0

Summing up, it can be said that the coral §"*0 thermometry provides a fairly reliable
estimation of SST in the LDP region. The uncertainty in the SST estimation is slightly
better than the reported uncertainty (+2.8°C) for coral 8'30 as palaeothermometer. (Aharon
1991). The present uncertainty of +1.9°C can be reduced further if we have monthly 8'0
measurements of sea water.

Fig 3.8 shows 8™0 time series of the two corals, KV-1 and KV-2 which grew in
nearby regions and which are also of the same species. The data clearly show that there
is a close resemblance in their oxygen isotope time series, with almost equal amplitudes
for the seasonal variations, ~ 0.8%o. As discussed earlier this seasonal amplitude by and
large results from SST changes caused by upwelling during SW ménsodn. The magnitude -
of the 6"°0 amplitude for a drought year 1987, was found to be much less, about ~ 0.3%s
- in both KV-1 and KV-2. This observation prompted us to look for possible correlation
between upwelling and rainfall, both of which are driven by the south-west monsoon. If

such a correlation exists then one would expect reduced seasonal amplitude in coral §0
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in drought years (as seen in 1987) and enhanced amplitude during flood years. To check
on this we carefully analyzed the 830 amplitude-rairifallrtrcnds in KV-2. The results are
not conclusive as a consistent trend wals not observed. For example the amplitude in the
§'%0 for another drought year 1972, did not show a reduction. Sfmilarly the 80 -
amplitudes for flood years also exhibit mixed trends. The years 1971 and 1975 show
comparatively enhanced amplitude, but 1983, a heavy rainfall year shows a reduced
amplitude. Also, a normal rainfall year, 1984 shows a large amplitude. While the
reduction in SST in the LDP region during May-Aug is definitely due to upwelling
induced by monsoon winds, the monsoon rainfall on the land is a function of several
parameters like moisture content of the air masses entering the land, the distribution of
rain over land and sea, orographic features, air temperatures etc. Therefore the upwelling
induced SST reduction in the LDP does not appear to be correlated directly with the
monsoon rainfall. |

In summary, the oxygen isotopic records in Porites corals of Lakshadweep region

provide a useful tool for monitoring the sea surface temperatures in the past with a

reasonable accuracy.

(i1) Carbon isotopes

As mentioned earlier the 6"C of corals is influenced by the isotopic composition of sea-
water 2CO,, coral growth rate and geometry and biological activities like metabolism and
endosymbiotic photosynthesis (Nozaki et al. 1978, Fairbanks & Dodge 1979, Aharon 1985,
McConnaughey 1989)

The 3"C time series of corals KV-1 and KV-2 are given in Figs 3.3a and 3.6b
respectively and presented in Tables 1I1.3 and IILS of Appendix A. They show annual
periodicities with a seasonal amplitude of ~1%o. We first discuss the seasonal §PC
variations and the timing of density band formation. This is followed by a discussion on
the long term trend in 8"C in KV-2.

Coral growth is controlled by various parameters. The favourable factors are higher
light intensity resulting in enhancement of photosynthesis; corals are carnivores and live

on zooplankton, so availability of zooplankton is another favourable factor for coral
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growth. On the other hand the parameters inhibiting the growth include water current,
turbidity, sedimentation, rainfall and ‘predators. Surésh & Mathew (1993) made in-situ
measurements on skeletal extension of a reef building coral Acropora formosa which grew
in the Kavaratti atoll. Théy measured variations in temperature, pH, salinity, phosphate,
nitrate, nitrite, calcium, water current, suspended métter, rate of sedimentation, rainfall and
zooplankton activity for the period of 1988-1989 and correlated the coral extension rate
with these environmental parameters. They observed that the extension rate of A. Jformosa
is directly related to zooplankton and nitrite availability, though the correlation between
the growth rate and nitrite is not clear. In the Lakshadweep region zooplankton are more
abundant during Dec-Jan and are least abundant during Aug-Oct (op cit'.). During the
monsoon (JJAS) due to stronger water current and enhanced sediment suspehsion, the
growth rate is adversely affected. Also due to the increased amount of cloud cover
photosynthesis decreases causing a decrease in photoinduced calcification and hence coral
growth. They give supportive evidence to show that the variation in temperature, pH,
salinity, phosphate, nitrate and calcium have relatively minor control on the coral growth,
Summarizing, the growth rate is slower during the summer monsoon (JJASO) and higher

during the rest of the year.
Figs 3.3a and 3.6b show the §3C variations of KV-1 and KV-2 respectively. The

8"C in KV-1 starts decreasing from the beginning of summer i.e. in Apr, from -0.07%o
it reduces to -1.25%o. The trend reverses in the month of Dec when its starts rising and
reaches a maximum during Jan-Feb. This pattern is also seen in case of the KV-2 coral
also, though the absolute §C values of the two corals are different. The ~1%o dip in the
8"C in the summer monsoon period can be explained as follows:

The 8"C of the coral is determined by the 8"C of the ZCO, of sea-water in the
vicinity of coral. This in turn is controlled by (a) zooxanthallar photosynthesis which uses
more “’C than C and hence enriches the ZCO, of sea-water in 1°C; (b) respiration of both
the coral and the zooxanthellae, which reduces the §C of 2CO, of sea-water, (c)
upwelling of deeper waters due to monsoon, which deplete the XCO, in ®C by mixing
deeper waters depleted in C, and (d) oceanic uptake of fossil fuel CO, which also
depletes the surface water in §'°C., During SW monsoon the cloudiness increases from 60%

during May to more than 80% during Jun-Jul (Hastenrath & Lamb 1979). Due to
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monsoon activity currents become stronger causing more sediment suspension. In Jul-Aug
suspended matter and sedimentation rate in the Kavaratti atoll are increascd by about a
factor of 3 to 5 (Suresh & Mathew Vl993).‘ These effects cause a substantial reduction in
the light intensity and therefore the photosynthesis activity of the zooxanthellae decreases
to a great extent. As the photosynthesis slows down, photoinduced calcification is also
retarded resulting in the formation of the high density band. Probably during this period
the respiration dominates over the photosynthesis fixation of carbon. While photosynthesis
is carried out only by the zooxanthellae, the respiration is from both the coral polyp and
the zooxanthellae. Under these conditions, the 8" °C of coralline CaCOQ, is expected to
decrease.

By the end of May the monsoon induced upwelling increases and a deeper water
component depleted in °C, is brought along with nutrients like phosphates and nitrates
resulting in higher biological productivity in several regions. of .th-e Afab‘ian Sea
(Sathyendranath et al. 1991; Brock & McClain 1992). This causes further reduction in
3"C. Consequently the 8°C reaches a minimum during Oct or early Nov. This is the time
when high density bands cease to form. Again after the monsoon season the light level
increases. Turbidity, currents and suspended matter are also reduced causing enhancement
in the photosynthetic activity which enriches the coral CaCO, in C. During Dec-Jan
zooplankton activity reaches its maximum (Suresh & Mathew 1993). These favourable
parameters like increased rate of photosynthesis and higher abundance of zooplankton
favour the coral growth which result in low density band formation. During rest of the
year the mean cloud content is about 30% and hence the §"°C values increase by 0.4%s,
due to increased zooxanthallar activity.

Therefore the high (HD) density part of the band formed during the monsoon
period shows a depletion in 8"'C compared to that of the low density (LD) part. The
average 6"°C values for the HD and LD bands are shown in Table IL6. The pigh density
bands, in general show systematic depletion in §“C '(except in three cases). While
comparing these values we use uncertainties corresponding to the standard deviation of the

mean, which is 0.02 to 0.07%o depending on the number of sample per band.
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Table 1.6 The average carbon isotopic composition of high and low density bands in coral

KV-2
Year Band Average Year Band Average
type 8"°C (%) type 8'°C(%.)
1971 HD -1.11 1980 HD -1.79
LD -1.10 LD -1.67
1972 HD -2.42 1981 HD -1.86
LD -1.01 LD -0.99
1973 HD -1.14 1982 HD -1.92
LD -0.88 LD -1.00
1974 HD -1.19 1983 HD -2.14
LD -0.78 LD -2.04
1975 HD -1.27 1984 HD -2.21
LD -1.11 LD -1.66
1976 HD -1.10 1985 HD -2.06
LD -0.76 LD -1.63
1977 HD -1.45 1986 HD -1.98
LD -1.26 LD -1.56
1978 HD -1.88 1987 HD -1.39
LD -1.63 LD -1.79
1979 HD -1.90 1988  HD 2.37
LD -1.49 LD -2.40

Summarizing, the high density band formation takes place during the summer monsoon
period viz, Jun-Oct. Due to monsoon activities the growth rate is retarded and the carbon
isotopic composition is also depleted. On the other hand the low density bands formed

during Nov to May shows a higher growth rate and are enriched in C relative to high
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density band. The seasonél variation in 8"°C is caused by the variation in photosynthetic- '
activity of the zooxanthellae, while the variation in growth rate is controlled by
environmental parameters as well as zooxanthallar photosynthesis.

On a longer time scale, the §°C in KV-2 shows a decreasing trend with time. (KV-
1 is only 5 years old and does not si]ow any distinct trend). During the initial stage of its
growth KV-2 has a mean 8"C value of 0.5%, which decreases to a present day value of
~-2.5%o (Fig 3.6). It is interesting to note that while §'*0 does not show any trend, §°°C
shows a mean trend of -0.12%o per year. This is similar to the observations of Aharon
(1991) who did not find any trend in 80 but a trend of -0.1%o per year in 8"C for the
Palm Island Porites. This large negative shift in §'°C appears to be affected by the growth
rate related fractionation. 6"°C in general shows a negative correlation with the extension
rate (Fig 3.9) which conforms to this hypbthesis. This growth rate related fractionation is
dominant only in interannual time scale; in seasonal time scale the fractionation (of BC)
due to changes in photosynthetic activities dominates over the growth rate dependent
fractionation. For this reason despite lower growth rate during monsoon time §*C shows
a decrement. Growth rate related fractionation was also proposed by McConnaughey
(1989) who observed that the faster growing portions of the skeleton suffered more
fractionation. However the exact mechanism of this growth rate related fractionation is
yet to be fully understood.

Comparison of the mean §"C values of KV-1 and KV-2 (both from the Kavaratti
lagoon) during 1983-1988, shows distinct differences. The mean §°C of KV-1 is -0.75%o
whereas that of KV-2 is -1.8%o. Thus KV-2 is depleted by ~1%o compared to KV-1. This
could be a depth dependent fractionation. KV-1 grew at a depth of ~1m, whereas KV-2 was
from a depth of 7 to 10m. According to Fairbanks and Dodge (1979) corals growing at
greater depths get less sunlight and hence their photosynthesis rate is also reduced;
consequently they are depleted in 8§C relative to corals growing near the surface.
However, this hypothesis is not consistent with our earlier discussion, where hlgher growth
rate is associated with more depleted §"°C. KV-1 has an average growth rate 23.3mm/yr
compared to KV-2 which grew slightly slower, 15 mm/yr. This makes it difficult to draw
any definitive conclusion about the cause of the difference in the 8"°C values of KV-1 and

KV-2 and also about the long term trend (in case of KV-2) resulting from growth rate
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dependent fractionation discussed earlier.

Inspite of these difficulties in explaining the carbon isotopic variations we see that
thé 5’3C7 of the Porites compressa from Lakshadweep region shows a general behaviour,
the seasonal cyclicity due to variations in the photosynthesis modulated by monsoonal
activities. This seasonal dip in the 8"°C during monsoon and the enhancement of &'*0
during the same season due to cooling, induced by upwelling may provide clues to the

past upwelling changes, once quantified.

111.2.b Gulf of Kutch coral

The Gulf of Kutch coral (GK) belongs to the genus Favia. Its life span based on X-
radiography was 41 years with an average growth rate 4.3+1.3 mm/yr.

The carbon and oxygen isotopic data of samples from annual bands of the Gulf of
Kutch coral is presented in Fig 3.10 [data in Appendix-A, Table-II1.7]. It is known that
the 8'"®0 of coral carbonate is determined by (a) SST and (b) 80 of the water in which
it grows (often when 8'®0 data for sea water is not available, salinity is used as an index
of 8'®0 as these two in general, are correlated (Craig & Gordon 1965); however this
relationship differs from region to region and has to be established for each specific
area). To determine the utility of the coral "0 data for retrieving climatic parameters we
need to know how the 8'°0O of coral responds to the local sea surface temperature and 830
variations. To quantify these effects for the GK coral we use COADS SST data (Sadler
et al. 1987) af 22.6°N, 69.5°E, closest available to the Gulf of Kutch. The curve (Fig 3.11)
shows maximum SST (29°C) around June and minimum (23°C) around Jan-Feb. During
Aug-Sep there is a small trough, (~2°C) which could be due to reduction in air
temperature resulting from monsoon activity and the lateral transport of upwelled cooler
waters from the open ocean into the Gulf. The 8'°0 of sea water (relative to PDB) from
the coral location was measured periodically (Nov, Dec 1992, Jan, Feb, May & Jun
1993). The values range from 0.39%o0 (December) to 0.71%0 (May). Based on these SST
~and 3"0 of water (8,) data we calculate the seasonal amplitude in the coral 80 to be

1.140.2%0, with a maximum in January and a minimum in June, For making this
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calculation we have used the relation between SST and 8'%0 for this coral Species (Weber
& Woodhead 1972 temperature coefficient ~0.239%o °C') and adjusting for the sea water
§'%0 variation: 6°C change in SST would correspond to 1.43% change in the coral §"0.
The change in 8'°0,, of 0.32%0 would act in the opposite direction and reduces the coral
8'*0 amplitude to 1.1%o. The observed mean seasonal 80 amplitude is only 0.3+0.2%o
much less than the calculated value. The apparent discrepancy between the observed and
calculated $'*0 amplitude could be due to the low resolution sampling resulting from thc |
slow growth rate. This is discussed later based on a model simulation study. The seasonal
amplitude is superimposed on an apparent higher order cyclicity of 7-8 years.

It is well established that the coralline §'%0 is cohtrol]ed to a large degree by SST.
If there is any relation between SST and rainfall it is likely that the coralline 8'®0 would
also mimic such a relation. To asses this we have compared the §"*0 and §"C of the Gulf
of Kutch éoral with the rainfall data.

Fig 3.12 shows the minima (corresponding to June) in §'%0, 3"C and the total
monsoon rainfall (approximately same as the annual rainfall) in Kutch for the period
1949-89 A.D. (India Meteorological Division’s Records).” Kutch and Saurashtra receive
almost the entire amount of annual rainfall during the monsoon period (June to
September). It can be seen from Fig 3.12 that there is in general negative correlation
between the §'®0 minima and rainfall. The relationship between the coral §'*0 (minima)
and rainfall is given by:

80 =-3.9-6.5x10% R 3.6)
where R represents rainfall in mm. The correlation coefficient (r) is -0.56 (n=41)
significant at 0.01 level (P). As the numerical ranges of variation.in 80 (0.3%0) and
rainfall (1170 mm) are widely different, we can normalize each of these time senes by
subtracting the respective means and dividing by the respective standard deviations; this
makes both the time series to have identical numerical ranges in variation. (This transform,
known as Z transform in statistical literature, makes the mean and standard deviation of
the time series to be zero and unity, respectively). Denoting the time series now by 8'*0’
and R’, we get a relationship (with the same correlation coefficient as earlier):

80" =-0.51 R’ (3.7)

In order to produce a change of 0.1%o (detection limit) in the coral 8'®0 rainfall has to
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Fig 3.11 Monthly SST variations in the Gulf of
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Data from Sadler et al. (1987).
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change by ~150 mm. The magnitude of year to year variation in fainfaH is ~340 mm (one
standard deviation, which represents the interannual variability). This will cause a mean
| intcrannuél chahge in the coral 80 of a magnitude 0.22%o. Moreover, the difference in
rainfall between two consecutive years can be as large as -700 to +950 mm, as seen
from the rainfall record for the period 1949-89 A.D.; therefore the corresponding changes
in the coral 8'"O can be as large as +0.46 to —0.63%o. We have not been able to observe
such large changes in the 8'*O record. One possible explanation for this may be coarse
resolution of sampling which averages out large changes. This coral has an average
growth rate of ~4 mm/yr and a sample of ~1mm thickness corresponds to about 3 month’s
growth.

The long term changes (e.g. 7 to 8 year cyclicity) in the coral 8'*0, (Fig 3.10a)
may be caused by the long term changes in rainfall. For example the consistently higher
than normal rainfall during the late 70’s is reflected as a dip in the coral 80 (Fig 3.12).
In order to have a definitive explanation of the periodicity of 7 to 8 years, we need a time
series measurement of the 80 of sea water before and after the monsoon, which is
lacking for this region.

The dotted lines in Fig 3.12 a,b and ¢ are fourth order regression lines through the
data representing the trends. We used the trend lines to generate points of 80 and
rainfall and found them to be correlated better: r = -0.8 (n=41). This shows that while the
long term changes in the coral 8'®O are related to rainfall, seasonal variations tend to
introduce noise in the signal. In addition, the mean annual 80 of the coral is also
significantly correlated with monsoon rainfall over Kutch and Saurashtra (r =-0.48, P
< 0.01) as well as the all India mean monsoon rainfall (r = -0.23, P < 0.1). This
observation is consistent with the theory of Shukla (1975) and observations of Shukla
& Mishra (1977) that the increase in SST (reduced coral §'®0) in the Arabian Sea
enhances the evaporation rate and hence the precipitation over India, especially in
Gujarat. From the 8"0 record we see that the mvc‘an difference in the 8'®0 in decadal time
scale (~0.48%o) would correspond to a change of 2.4°C in SST. From this it appears that
- the GKh responds to long term changes in SST probably because of its shallow shelf
characteristics. On the other hand the LDP region which is exchanging water with the

open Arabian Sea freely, does not show such Jarge long term trends in SST and therefore
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in 8'°0. Hence in the case of LDP coral the §'®0 is not correlated with monsoon rainfall.

The mean &"C of the GK coral is ~ —0.1%o. Both KV-1 and KV-2 are depleted
b_;r about 0.6 and 1.7%o respectively compared to GK coral. Comparison of the KV-2 data
with GK coral is more meaningful as the GK and KV-2 corals had approximately similar
life span. The causes for the difference in the 6"'C between these two corals are (i) the
species dependent fractionation, (ii) the northern Arabian sea, especially the coastal regions
are biologically more productive compared to the central and south-eastern Arabian Sea
(Qasim 1982) and the 8"°C of £CO, here are expected to be higher than that of the LDP
region, and (iii) growth dependent fractionation. The mean growth rate of the GK coral
is 4.3 mm/yr whereas that of the KV-2 is 15mm/yr. Since slower growth rate leads to
isotopic values which are closer to equilibrium precipitation, the GK coral shows a higher
8"°C compared to the KV-2 coral. '

The 8"C values of the GK coral show a long term increase of about 2% during
the 40 years of its growth, from ~ -1%e0 during its early stage of growth to the present day
value of ~1%o. The mechanisms contributing to this long term trends is not well
understood, growth-rate related "°C fractionation may be one of the contributors to this
trend. In the earlier stage of growth the mean growth rate was higher (~ 6 mm/yr) whereas
in the later stages the mean growth rate is between 3-4 mm/yr (Fig 3.2). This would
contribute to enrichment of 8"*C during the later stages.

The 8"C of GK coral shows a seasonal cycle, with a range of ~1%o. The minimum
in 8"°C occurs during Jun-Jul, approximately at the same time when the minimurm in 30
occurs. In fact 8 °C and 6O are significantly positively correlated (r=0.56). The reason
for minimum in 8"°C during Jun-Jul is probably due to the reduced rate of photosynthesis
during this time of the year compared to the pre SW monsoon (Feb-May) and post SW
monsoon (Oct-Jan) seasons.

Qasim (1982) has observed that in general the phytoplankton productivity is high
in the coastal regions of the northern Arabian Sea. The average surface productivity for
this region is 18.86, 7, and 25.12 gC m> day™ for the premonsoon, monsoon and NE
monsoon period respectively (Table 8 of Qasim 1982). The lowest biological productivity
during SW monsoon period, probably leads to a depletion in the coral §'3C dunng this

period. Thus the seasonal changes in §°C in GK coral hold potential to reconstruct past
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~changes in surface productivity in this region. Towards this, it is necessary to establish

quantitative relation between 8"C and biological productivity of this region.

II1.2.c Effect of sampling on the retrieva! of climatic signal

The retrieval o‘f climatic information from the isotopic profiles of coral depends largely
on the sampling resolution. Early studies of §'®0 records as an SST index were not much
successful as observed by Goreau (1977) and Emiliani et al. '(197'8). This ‘apparent
drawback of isotopic study was attributed to the (sampling) resolution problem by
Fairbanks & Dodge (1979). They showed that with the analyses of as much as 12 samples
per annual band they were able to recover the full seasonal amplitude of SST from the
80 measurements. Lesser the ﬁumber of samples, more are the chances of missing the
maxima and minima in the §'%0. Moreover, in the case of very narrow annual bands, it
is difficult to get more than a few samples per band for isotopic analyses. Further, a
sample taken by filing or drilling has a finite width (say, 1 mm), which, in the case of a
narrow annual band can average the SST signal for a period of as much as 6 months.
Thus depending on tﬁe sample growth rate (i.e. the skeletal extension rate) and the
sampling interval, the measured seasonal §'0 amplitude can be greatly reduced compared
to its actual value. In order to assess the magnitude of this reduction, we performed a
simple computer simulation. |

Since the seasonal 8"*0 profile very closely resembles sinusoidal variations, we
generated 20 cycles of a sine wave of unit amplitude and a (spatial) period of 10 mm. This
would correspond to a §'30 time series of a coral having a 20 year grthh with an annual
growth increment (g) of 10mm. Implicit in our use of unit amplitude throughout the 20
cycles is that the seasonality in climate forcing did not change during this period (i.e.
interannual variability is zero).  Also, the constant period represents a constant annual
growth increment throughout the 20 years of the coral’s life span. In the model we
sample this time series for different constant sampling intervals Ax (1,2, 3,4 and § mm)
and consider the sample as a point). The maxima and minima in this sampled time series

are identified (Fig 3.13). The sum of the magnitudes of the maxima and minima in each
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Fig 3.13 Sampling of coral for oxygen isotope study. The seasonal oxygen
cycles mimic sine curve. s is the starting (or phase) of the sampling. (a)
s=0 fe. phase=0 and (b) s=0.2 or phase=7.2°. Ax is the sampling
interval and g stands for annual growth increment.
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cycle is divided by 2 to obtain the mean amplitude for each cycle. Then the average of
‘these mean amplitudes over the 20 cycles is caiculated and is termed as the ’retrieved
amplitude’. We establish a functional relationship between Ax/g (reciprocal of the number
of samples per band) and A (the ratio of the retrieved amplitude to the actual amplitude).
Obviously, A has to be <1, because the sampiing process tends to reduce the signal and
at best can reproduce the actual amplitude. The ratio A gives an estimate of the reduction
" in the amplitude resulting from variation in sampling interval for a constant annual growth
increment. In practice when the coral is collected, the last year’s annual cycle may not be
complete. So the sampling need not commence at the phase=0 of the sine wave. Therefore
the exercise was repeated (i) for different starting values of the distance of the first
sampling point s, (i.e. different phases) and (ii) for different g’s (periods of 5_ and 10 mm).

Fig 3.14 shows a plot of A versus Ax/g when g=5mm. Circles denote the values
of A for the sampling case when s=0, i.e. the sampling was started with phase zero and
inverted triangles and squares denote cases when sampling was started at phaseé of 14.4° -
and 36° respectively. (This was achieved by starting the sampling at distance of 0.2 and
0.5 mm respectively from the origin).

It is obvious that when Ax/g=0 (i.e. infinitely close sampling) we retrieve the full
amplitude (i.e. A=1) and when Ax/g=0.5 or 1 (i.e. the sampling interval is half or full
period) the retrieved amplitude should be zero, if the sampling starts from origin (i.e. zero
phase). This is seen in Fig 3.14: A=1 at Ax/g=0 and A=0 at Ax/g =0.5 and 1(for g=5mm).
For the rest of the values of Ax/g the values of A lie between 0 and 1. As Ax/g increases,
there is a general reduction in A. For example, when Ax/g=0.2, 5% of the amplitude is lost
due to sampling and when Ax/g=0.8, 60% of the amplitude is lost. For the other cases
when the sampling was started with non-zero phase, the general trend is the same.
However for Ax/g=0.5, we do get A values above zero. This is because the sample points
do not lie on the zeros of the sine curve, but slightly off the zeros providing some
"amplitude". Further as the phase increases from 0 to 36°, the scatter in A increases around
Ax/g=0.5 and 1. Higher the starting phase, higher is the retrieved amplitude (in these two
points). Similar results are shown in Fig 3.15 for the case g=10 mm. As before here also
it is seen that A tends to zero as Ax/g equals 0.5 or 1. Fig 3.16 shows a plot of A versus

g for different Ax/g values. It is seen that for a starting value zero (i.e. phase=0) A is only
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Fig 3.14 Result of the simulation study. Variation in the ratio of the
retrieved amplitude to the true seasonal amplitude as a function of Ax/g
(the ratio of sampling interval to constant annual increment=5 mm).
Different symbols indicate different sample starting(s). Open circle: s=0;
inverted triangle: s=0.2; square: s=0.5. For Ax/g=1 (i.e. sampling interval
same as annual growth) and s=0, A becomes equal to 0. A increases from
zero with increasing s.
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a function of Ax/g and not g itself. However A shows a small variation with Ax/g when
sampling is done at non zero phases. If a 10% reduction in amplitude is accepted, then
Ax/g must be at least about 0.3 j.e. approximately a minimum of 4 samples per annual
band.

In another simulation, we éssumed that while year to year climatic changes are
absent, the annual growth increment varies in a random fashion between 2.5 to 5 mm
(similar to the growth rate variation in the Kutch. coral; growth rate varies due to changes
in environmental parameters ¢.8. supply of nutrients). Since the sine function has a
constant (spatial) period, a variable growth cannot be represented by a single function. In
order to circumvent this problem we generated single cycle of 20 sine functions of unit
amplitude but with varying period 2.5 to 5 mm. Then we made the composite function
by putting the sine functions in the same time sequence as their growth rates. in the case
of GK coral. The end points of fhe cycles match because the value of the sine function in
a full cycle is zero at either ends (0, 2m). This curve is then sampled to obtain A as before
for different Ax (1,2,3 and 4 mm) and s (0°, 18°, 45°), In this case Ax/g is not a constant
as g varies with time. Therefore we plot A as a function of Ax/g, where g is the average
of all g’s (~4 mm). Fig 3.17 shows the composite plot. We see similar trends as in the
earlier case of constant growth increment. Also in general the reduction in amplitude is
more or less the same as in the previous case. As shown earlier that A is independent of
g but only a function of Ax/g (for phase=0). In this case for Ax/g =0.2 we get
A=0.92140.068 which is the same within the uncertainty to that of A(0.951) for Ax/g=0.2
when g is constant, However direct comparison is slightly difficult because for the cases
Ax/g =0.5 and 1 we get significantly higher values of A even for the case when the
sampling starts at zero phase. This is understandable because the annual increment is
varying and therefore even for the case s=0, some “amplitude" will be retrieved for
Ax/g=0.5 and Ax/g=1.0.

In addition to the sampling interval, another factor which reduces the retrieved
amplitude is the averaging of the signal due to finite sample thickness. We considered the
effect of sampling thickness on the amplitude in the following way: we sampled the data
generated for the variable growth rate at different intervals, but now by averaging 1 mm

around each sample. For this case the reduction in amplitude was found to be 409 for
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Fig 3.15 Resuits of the simulation study. Variation in the ratio of the retrieved amplitude
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Fig 3.16 Figure shows that the retrieval of amplitude is independent of growth (for
zero starting of sampling) but depends on the sampling frequency. Parameters are as
described before.
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a Ax/g value of 0.38 very similar to that in the GK coral. Using this we can compute the
approximate magnitude of the actual seasonal §'*0 amplitude in the coral studied by us.
The observed amplitude(0.3%o) can .be considered as  60% of the expected amplitude,
therefore the original amplitude can be deduced to be 0.5+0.3%o. This is still about a
factor of two less than the calculated amplitud.e of 1.11£0.2%o based on SST and the
seawater 80 variations. Considering that there is an uncertainty of 0.2%o in the
measurements (as in case of the §'*0,,,, ) and hence in the estimate, it may be argued that

the expected and observed 80 amplitudes are comparable within +20 uncertainties.

- _However, they could be genuinely different for reasons other than sampling. These include

(i) The model does not consider year to year changes in 8'®0 of sea water that may be
caused by rainfall (or minor discharges from seasonal rivers), (ii) The calculated coral §'*0O
amplitude may be an over estimate as (a) the temperature coefficient for our sample may
be different from the value we have used, the value reported by Weber & Woodhead
(1972); which is the only available data in the literature for the genus Favia. However,
there may be variations from species to species and from place to place. For instance
McConnaughey (1989) reported temperature coefficients deviated by about 30% i.e. 0.205
and 0.15 for Pavona clavus samples, one from Champion Island and the other from Punta
Pitt, separated by 100 km; (b) We do not have the SST data in the exact location of the
coral. Notwithstanding the above possible uncertainties, we get a reasonably good
agreement between the calculated and observed §'*0 amplitudes.

Our results show that the coralline 80 and monsoon rainfall are significantly
correlated, which can be used for qualitative reconstruction of historical rainfall records
and also help understand the role of the Arabian SST in determining the interannual
variability of monsoon rainfall over western India. Further higher resolution studies on the
Gulf of Kutch corals spanning longer time durations will be useful for such a goal. It is
necessary that a very close sampling be done for the §'*0 analysis in order to retrieve the
full seasonal cycle. The §"C variations can be a potential indicator of the past surface
ocean productivity in this region. In contrast to Porites of Lakshadweep the growth related
fractionation is less. We have developed a simple model using which it is possible to
estimate the reduction in the retrieval of seasonal amplitudes resulting from the averaging

and sampling effects.
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Fig 3.17 Plot of the variation in the ratio of the retrieved amplitude to the
true seasonal amplitude as a function of Ax/g for the variable annual
increment (g). Since g is varying, it has been replaced by average g i.e. g.
Unlike the case of constant growth here A does not become zero at Ax=g/2
or at g because of variable nature of g. However at these points A shows
a wide scatter for different starting values as was observed in case of
constant growth.
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II1.2.d Stanley Reef coral

A coral Porites lutea was collected in December 1988 from the Stanley Reef (19°15°S,
148°07’E), belonging to the Great Barrier Reef, Australia. The coral was about 20 years
old and had an average bandwidth of 11.7£0.3 mm as determined from the X-radiographic
analysis. In order to determine the extent of intraband isotopic and density variability and
their effects on respective records we have analyzed the 8'°0, §"C and density time series
in two tracks of this coral.

It is believed that the coralline isotopic records are influenced by the coral
geometry and growth rate. In order to minimize the growth related fractionation it is
customary to sample along the axis of maximum growth. However due to various
constraints sometimes it is difficult to comply with these requirements. In such cases it is
important to know the magnitude of intraband isotopic variability and the factors
controlling such variations, i.e. climate (external forcing) and non-uniform growth in
different directions (internal forcing).

Secondly, the reason for the density band formation in corals has not been clearly
understood. For example, Highsmith (1979) and Weber et al. (1975) concluded that the
density banding is mainly controlled by SST. Others (Buddémeier, 1974; Wellington
& Glynn, 1983) have attributed the seasonal variation in growth rate to be the cause
of the density banding. But then, growth rate itself may be controlled by the SST. It
should be possible to decide between these two alternatives by measuring the stable
isotope ratios of oxygen (3'*0) and carbon (§'*C) along with the density measurements
in the same coral. If the density banding is synchronized with the water temperature,
there should be a significant correlation between density and oxygen isotope variations
as the latter is related to temperature. On the other hand if the variable growth rate is
responsible for the density banding, the density and carbon isotopic variations should
be significantly correlated. This is because faster growth rates imply rapid zooxanthallar
activity (photosynthesis) which enriches thé C in the dissolved inorganic carbon in the
neighbourhood of the coral, by removing preferentially the more of the lighter isotope of

carbon (**C). Thus the CaCO, secreted by the coral skeleton is enriched in the Be/e
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Fig 3.18 Relationship between calcification rate and extension rate
of two tracks of coral P. Jutea collected from the Stanley Reef, east
coast of Australia. (a) Track-1, (b) Track-2. The linear trend is
clearly evident.
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ratio. Again the 8"C is also controlled by variability in growth rate i.e. more the growth
rate more will be the §"°C fractionation. Clearly the rate of photosynthesis and the rate of
‘growth oppose each other in determining the coral §C. The ultimate ratio would be
determined by the variable contributions of these two parameters. Precise estimation of the
fractionation factors between aragonite-Water—bicarbo‘nate system for these two cases would
enable to determine their relative contribution which is beyond the scope of this work.

The X-radiography and sampling for stable isotopic measurements were followed
as described in previous chapter. The density was measured by J M Lough at the
Australian Institute of Marine Science following the procedure described by Barnes &
Lough (1989). One of the tracks(Tr-1) was ~10° off the central growth axis, and the other
(Tr-2) was > away from the growth axis by about 20°. For stable isotopic measurements the
samphng was performed along the two tracks approximately at high and low densxty
points. Tr-1 and Tr-2 had 3-4 and 2-3 sampling points per annual band respectively.

The use of growth rate in coral literature has been replaced by appropriate terms
like extension rate or calcification rate since sometime they do not show linear
relationship. However 1N our case we use the term growth rate representm g both extension
rate and calcification rate since they show a strong correlation. Fig 3.18 shows this
relation for the two tracks, Track-1(a) and Track-2 (b).

Next we show that the §'30 profiles preserve the environmental parameters. Fig
3.19 shows the covariations between "0 and SST for Tr-1. The linear regression between

these two parameters yield the following equations:

8’80,= (0.31240.44) - (0.21£0.018) SST  for Tr-1 (3.8)
r=-0.855, n=51, p=0.1, and
"0 = (2.20£1.02) - (0.28+£0.06) SST  for Tr-2 3.9

r=-0.64, n=35, p=0.1.

The temperature coefficient (0.2£0.018) in Tr-1 is equal to that of the original
palaeotemperature equation of Epstein et al. (1953). The temperature coefficient in Tr-2
(0.28+0.06) shows a little more scatter; however it also agrees with the equation of
Epstein et al.(1953) within +1g uncertainty. The mean seasonal amplitude in SST in this
region is ~5°C, whereas the observed SST variations from coralline the §'%0 is 3.5+1°C. In

extreme cases they agree within +1g uncertainties. However a better agreement would
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have been possible with higher sampling resolution. Using the results of simulation
presented in the preyioﬁs section TI1.2.c-‘we observe that for a ratio of Ax/g =0.27 (typical
for Tr—i) the 8'°0 amplitude can reduce by 22%. When corrected for this reduction, the
8'*0 amplitude translated to SST variations would yield a value of 4.35°C consistent
(within 1o errors) with the actual SST variations in this region. Considering the
limitations of the model, as already discussed, we can expect this coral as a reliable SST
recorder.
The 8'°0 also shows a linear negative correlation with rainfall of Queensland coast.

Regression analyses of this data yield the following Eqns: “ B

3'%0 = -4.65 - 0.002R  for Tr-1 (3.10)
(r= -0.56, n=60, p=0.1) and

30 = -4.62 - 0.002 R for Tr-2 (3.11)
(r=-0.36, n=44, p=0.1)
where R is the monthly rainfall in mm. In this we also see that Tr-1 is better correlated
with rainfzﬂl than Tr-2. Our results are consistent with that of Aharon(1991) who shows
that 80 in Porites australiensis from the Palm island (near to the Stanley Reef) is
negatively correlated to the local precipitation. On the other hand carbon 1sotopic
variations in this coral see'm to be affected by t‘he cloudiness; as was observed in corals
from the Lakshadweep and the Gulf of Kutch. During Jan-Feb, the months of maximum
cloud (Lough 1993) in the Queensland coast reduces the available light and hence the
photosynthesis rate. This results in a reduction of 8C in coral CaCO,. On a longer time
scale, the 8"C values show a decreasing trend. A factor contributing to this decreasing
trend in 8C with time (Fig 3.21) seems to be related to the growth rate dependent
fractionation; as was inferred for 8"°C data of the Kavaratti coral, KV-2. The coral shows
a sighificant variability in its growth rate, 6-16mm/yr in Tr-1 and 10-16mm/yr in TR-2
(Fig 3.20). The decreasing trend in 8'°C in either of the track also explains that higher
growth rate cause more fractionation in 8'°C. Since the two tracks are close to each other,
the variations in growth rate are expected to be the same which is evident from tﬂe near
- symmetric behaviour of the Fig 3.20. Small deviations from the symmetry is partly due
to human error arising from the band thickness measurement from the X-ray picture, and

partly due to the actual variations in growth rate in two tracks. The Fig 3.21 shows the
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Fig 3.20 Growth rate variability in Track-1 and Track-2 of P.lutea from the
Stanley Reef, Australia. (a) Track-1, (b) Track-2.
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8180, §C and density variations in Tr-1. And those of Tr-2 are presented in Fig
3.22.[Table IIL8 in Appendix Al. |

The mean 60 of Tr-1 (no. of ahalysis n=67) is =5.0740.35%o0 and that of the Tr-2
(n=54) is ~4.9740.39%o. Similarly the mean 8“C values are 0.95+0.38%o (Tr-1) and
—0.83+0.39%0 (Tr-2). The mean densi’ties for the two tracks are 1.4710.11 and 1.42+0.21
respectively. Within the experimental uncertainties they are in good agreement. The
variances in both the isotope ratios in both the tracks are remarkably similar. The smooth
lines show the trends in various profiles obtained by fitting the fourth order polynomial.
These exhibit the long term trends in the respective time profiles and also represent their
resemblances.

Following a procedure of analysis of variance developed for tree rings as outlined
by Fritts (1976), we calculate the common variances in the 8'®0, 8°C and density
between the two tracks to be 67%, 54% and 68% respectively. This suggests that the
intraband isotope variability introduces about 40% noise in the signal. Part of this
"noise” could be an experimental artifact. That is, we have assumed that the pair of
samples we analyzed from the same annual bands, along the two tracks were precipitated
during the same time. In practice it is difficult to confirm this assumption, and errors
could be introduced if the samples were precipitated a few weeks apart. This problem
will be accentuated when samples are taken from narrow bands and when the
samples represent climatic transition zones like winter to summer. Secondly, there
could be genuine differences in the isotopic ratios as demonstrated by McConriaughey '
(1989), who showed progressive enrichment in 8"°C of the portion of the coral growing

at a lower rate due to the deficiency of sunlight.
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Fig 3.21 Density, 8'°0 and §'°C variations along
Track-1 of coral P. lutea from Stanley Reef,
Australia. Smooth lines indicate long term trends.
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Table 111.9 Correlation among the stable isotopes and the density variations.

Linear correlation coefficient

actual data" detrended data

8'°0 & Density

Track-1 0.23 0.29
Track-2 0.36 0.18

8'*C & Density

Track-1 0.56 0.20
Track-2 0.54 0.17

50 & §'°C

Track-1 ' 0.02 0.04
Track-2 0.28 0.31

Table II1.9 shows the linear correlation coefficients between 80 & density, 3C &
density, 8'*0 & &"C for the two tracks. There are long term trends in the records as
shown by smooth lines in Figs 3.21, 3.22. The data have been detrended and the linear
correlation  coefficients are calculated for the detrended data. There is no significant
correlation between 8'°0 and density in either track, before or after detrending (Table
I11.9), suggesting that the density band variations are not controlled by SST
variations. There is a significant correlation between 8°C and density in each track
before the data are detrended. This correlation becomes insignificant when the data are
detrended. This has an important implication. As discussed earlier the decreasing trend in
§3C is due to growth rate related fractionation. Hence if density correlates with 8"C but
not with 80 it implies that the density band formation takes place due to the changes in
the growth rate rather than SST. The decreasing trend in 8VC is due to the variable
growth rate as discussed. Hence detrended profile effectively shows the carbon isotopic
variations due to an external factor, like photosynthesis which is governed by availability
of sunlight. The lack of a significant correlation between density and &“C (after
detrending) probably implies that density band formation is more influenced by endogenic

rather than exogenic factors.

80




§"°O (%) Density (g cm™)

5°C (%)

1.75

1.50

1.25

- Distance (mm)

40 90 140 190 240
1] 1 Ll

~

U N N U T T S T I

Ll 111

I I U

RN

1
1970 1975 1980 1985
YEAR

Fig 3.22 Density, §'°0 and §'"°C variations along
Track-2 of coral P. lutea from the Stanley Reef,
Australia. Smooth lines indicate long term trends.
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The corals in this region generally acrete high density.bzm'ds in summer and low
density bﬁnds in winter. Lough & Bamcs(l99l) made detailed invcsti.gation on th.isA aspect.
The coral density decredées with time -in both: the tracks (Figs 3.21 & 3.22). The
magnitude is about 0.25 g/cm’ for track 1 and 0.5 g/cm® for track 2 between 1968 and
1984 A.D. The reduction in density 'is more pronounced in the track which is farther
away from the central growth axis. The §C also decreases by 0.5%0 in both the tracks
during this period. The positive correlation between 8"°C and density in each of these
tracks, therefore, arises due to the iong term trend in the data. Slower growth rate
corresponds to higher density as seen in the above figure and during 1968-74, the early . -
part of the record. The later part of the record shows higher growth rates and lower
densities in general. As shown by McConnaughey (1989), the 8"°C values in years of slow
growth are isotopically enriched compared to those of years of higher growth rate.
Therefore we infer that the density banding is more likely to be determined by variation
in growth and rather than by variations in SST. This is to some extent corroborated
by the fact that 6"®0 and 8"C are not correlated. If the kinetic effects were dominant
during the fractionation of the isotopes from the sea water to the coral skeleton, one
would observe a strong positive correlation between the §'*0 and 8°C (McConnaughey
1989). The absence of such a correlation also indicates that metabolic (growth related)
fractionation is dominant in the case of §"*C.

Density, 8®0 and 8"“C time series obtained from two tracks of a Porites coral, one
close to growth axis (10° off) and another 20° off the axis indicate that there is a small but
systematic intraband variability across the central growth axis. Oxygen isotopic ratio, an
indicator of the environmental parameter shows a good correlation with SST in both the
tracks, however the correlation is weaker in the track 20° off the growtﬁ axcis. A similar
trend is also observed in case if 8'*O-rainfall correlation. The carbon isotopic composition
seems to be largely controlled by intrinsic factors like metabolism and the variable growth
rate. The correlation between density and 8 °C implies that the density band formation is

controlled more by variable growth rate rather than SST.
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IIL.3 RADIOCARBON RESULTS

The primary goal of measuring radiocarbon in the Gulf of Kutch coral is to determine
the air-sea COZI .exchange rate (ASCER.)‘ in this region. The 'C concentrations in the
atmosphere and upper layers of the ocean were significantly perturbed by nuclear weapon
tests conducted during the 1950’s and early 60’s. (dé Vries 1958, Levin et al. 1980)
This perturbation and its temporal variation provides a means to determine theAASCER_ _
in different regions of the ocean (Broecker et aI: 1980, StuiQer 1980, Druffel & Suess
1983, Siegenthaler 1983, Cember 1989, Weidman & Jones 1993).

The ASCER can be derived by modelling the temporal variations in “C
activities of the atmosphere and the surface ocean. The time variations in the surface
ocean radiocarbon is derived from C measurements in the annual growth bands of
coral; tree rings provide the radlocarbon time history of the atmosphere Wlth this

objective we have measured radiocarbon in the annual bands of corals and tree rings.

Features of the data
IIL.3.a Gulf of Kutch coral

Fig 3.23 shows the AC time-series in the Gulf of Kutch (GKh, 22.6° N, 70° E) coral
for the years 1950-1990 [data in Table II1.12, Appendix A]. From a value of -60%o in
the year 1950 it steadily increases to a peak value of 170%0 in 1968, after which it
decreases monotonically to a value of 55%o in 1990. The increase in “C activity since
1950 results from the injection of bomb produced radiocarbonvfrom the atmosphere to
the surface ocean via air-sea CO, exchange. Moore and KrishnasWamil (1974) had
reported  8'"“C time series for a Favia coral in the GKh for the years 1951 to 1973
They obtained a peak value of +230%o for '*C in 1968. This 8"C when corrected for
isotopic fractionation using a 8“C value of -0.27%o (our measured value in the GKh
coral) yields a A“C of 169%o very close to the peak value of 170%o obtained in this
study.
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Fig 3.23 A™C time series in the coral F. speciosa from the Gulf of Kutch,
northern Arabian Sea. The continuous curve is an eye fit line to the data.
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II1.3.b Tree rings

~The A™C time profile in the annual rings of a teak tree from Thane (19°14’N,73°24°E,
about 25 km north of Bombay) is shown in Fig 3.24 [data in Table III.12 Appendix
A] along with the northern hemispherip (NH) curve (Nydal & Lovseth 1983, Gupta &
Polach 1985). The Thane tree ring samples we analyzed cover a time span of 1960 to
1980. In the early sixties, the A™C values of the Thane tree rings are indistinguishable
from that of NH values, but the two sets of values differ significantly after mid sixties
through the year 1980. The Thane tree ring A™C reaches a peak value (630%o ) during
1964-65, significantly lower than that of the NH peak of ~1000%0 Radiocarbon
analyses of air samples from Bombay during 1963-64 (Kusumgar 1965) also show
that the A™C of Bombay ziir (~700%o) is similar to the tree ring value but lower than that
of the NH curve. Broecker et al. (1985) give 3 curves for atmospheric A"*C time series
for the regions: >20°N, 20°N-20°S, and >20°S. The tree analyzed in this study (located
at 19°N) belongs to the middle group, its peak A'C value is ~100%o less compared to
that expected from the 20°N-20°S curve. We need to obtain better spatial coverage of tree
ring A™C data for this region to ascertain the observed lower A™C values. If the A¥C in
this region is indeed lower, it could arise from:
1) local dilution of 'C activity of this region. Kusumgar (1965) attributed the lower
A™C in Bombay air relative to northem hemispheric values to fossil fuel injection
of CQO,.
2) active air-sea exchange of CO, with the adjoining Arabian Sea. The evasion of CO,
depleted in "C from the Arabian Sea may reduce the A™C peak in the atmosphere.
Another reason of reduced peak in the Thane region compared with the NH peak

could be the enhanced mixing between stratosphere and troposphere, which result in

higher "C concentration in the high latitudes relative to that in the lower latitudes .

(Hagemann et al. 1965).
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Fig 3.24 Atmospheric A'C time variations of the Northern Hemisphere (long dashed line,
data from Nydal & Lovseth 1983) and Thane (near Bombay, solid line). The Thane data are
based on tree ring measurements. The Thane values are significantly lower than the NH
curve. Error bar is too small to be shown. :



IIL.3.c Air-Sea CO, exchange rate (ASCER) in the Gulf of Kutch

Comparison of ﬂ]@ AYC time series of the coral (representative of surface sea water)
and that of the tree ring (atmosphere) shows that A"™C peak in the GKh coral lags behind
the atmospheric peak by 4-5 years. This "peak shift" provides information about the
CO, exchange time scales between the atmosphere and ocean in a particular oceanic
region, and is related to the residence time of CO, in atmosphere wrt the exchange
with the ocean as discussed later. The peak-shift for other oceanic regions range
between 4-15 years (Table.IIL.10). The 4-5 years response time in the GKh region

probably indicates that the ASCER .is greater in this region, resulting from strong

monsoon winds.

Model for calculation of ASCER

Determination of the CO, exchange rate between atmosphere and the surface ocean
requires a knowledge of sources and sinks of carbon and radiocarbon in the particular
oceanic region. The carbon budget in surface water is" controlled mainly by air-sea CO,
exchange, advective processes (lateral and/or vertical mixing of water masses) and
biological productivity. The Gulf of Kutch area is a shallow continental shelf
region having mean water depth of ~30 m. The GKh exchanges water with the
adjoining Arabian Sea through tidal currents. The speeds of these currents vary from
0.5 to 0.76 m/sec (Srivastava & John 1977). The mass balance equations for '*C and "C

in the Gulf of Kutch between supply and removal is given by:

invasion of CO, + evasion of CO, + advective transport

advective transport | ~ + biological removal
For '*C this is given by (assuming invasion and evasion of CO, are equal)

F, +wC = F, +wC, +B (3.12)
wC = B+ w(, (3.13)
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Table: Il.10 A™C minimum, maximum and peak shift for different oceanic regions. The minima

of A™C,,, represent the pre-bomb values. The time difference b

the atmosphere and the coral (surface ocean) is termed "peak shift".

was taken to be in the year 1963.

etween the peaks in A%C of
The atmospheric peak

Oceanic A%C_ ., Year of Peak Shift  Reference
region min  max maximum (yr)

Bermuda -50 168 1975 12 Nozaki Iet al.
32°N, 65°W 1978

Florida 24°57'N -55 160 1972 9 Druffel & Linik
88°33'W 1978

Oahu - 175 1973 10 Toggweiler et al.
21°N, 158°W 1991

Belize 16°50'N -55 160 1972 9 Druftel 1980
83°48'W

North Red Sea -75 105 1967 4 Cember 1989
12°N,43°E .

South Red Sea -73 ~45 1972 >7 Cember 1989
11.5°N, 43°E '
Tarawa - 103 1978 15 Toggweiler et al.
1°N, 172°E 1991
Galapagos -72 25 1973 10 Druffel 1981
1°S, 90°W

Fiji -70 138 1974 11 Toggweiler et al.
18°S, 179°E 1991 .

Tonga - 157 1975 12 Toggweiler et al.
20°S, 175°W 1991

Gulf of Kutch -65 172 1968 5 This work
22.6°N, 70°E
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where F (mol m? yr") is the CO, exchange flux, w (m yrl) advection velocity, C (mol
m?) carbon concentrdtion and B (mol m? yr') is biological removal. The subscripts
S and G refer to the surface Arabian Sea and the Gulf of Kutch respectively. The above
equations  assume  steady state for 2C palance. This assumption is  an
oversimplification as the CO, concentration of atmosphere has been steadily increasing
during the past century (Bacastow & Keeling 1981, Siegenthaler & Sarmiento 1993)
which would affect the invasion-evasion balance.

The mass balance equation for ™C is of the following form (neglecting

radiocarbon decay, see Appendix-I).

dC¢

(3.14)
D dt

= Fo(Ra — Re) + w(CsRs — CaRa)

where R is the C/C mol ratio in the respective reservoir. Subscripts A and G
stand for the atmosphere and GKh respectively. Cg is the radiocarbon concentration in
GKh and D, is the mean depth of GKh (Table III.11). The formulation of our model
is similar to that used by Cember (1989) for deriving ASCER in the Red Sea region.
Eqn 3.14 can be written in the standard A™C notation. The first term in the RHS, the

net “C flux, AF,,, between the atmosphere and the GKh can be expressed as (Stuiver

1980): (3.15)

AFy, = K(AMC, — AMCG) Fi

where k is a factor which takes into consideration the 'C/'*C mol ratio of the NBS
oxalic acid standard (1.176x10'%) and fractionation factor for the inter-reservoir carbon
transfer. The numerical value of k is 1.24x10™"  (op cit). A¥C, and A"Cy; are the
atmospheric and GKh radiocarbon activities. The second term in the RHS (Eqn 3.14)
represents the exchange flux of radiocarbon between the Arabian Sea and GKh by
advection. This term can be written as:

14 14

AVCs . G .
Fog = u[m(XC02)s(1 + 10005) ~m(EC0y)c(1 + 1000 )] (3.16)

where m is a constant which is obtained by multiplying the *C/**C mol ratio of the NBS
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Oxalic acid standard and the fractionation term for transfer of carbon between different

 reservoirs. That is, m=(1.176x10"?x1.052)=1.24 x 10"*[vide Appendix IT]. The solution
of the Eqn 3.14is given by:

| AYCa(t) = AMCe™t + B /ot et AMCH(T)dT + Fe™t /Ot et AMCs(m)dr  (3.17)
where A¥Cg° is the initial value (pre-bomb) of A™C in GKh, J, E and F are constants
(Appendix-III). The values of various parameters used in this model are given in Table
11,

As a first step we calculate A™Cgi(t) using Eqn 317 with two simpli- -~
fications, (i) [£CO,ls = [ZCO,);. and (ii) the advective transport process is negligible,
i.e.the ™C time variations in the GKh is controlled only by carbon exchange with
the atmosphere. Druffel & Suess (1983) also modelled their *C data in corals from
north-west Atlantic and eastern tropical Pacific tb derive exchange time scales and CO,
exchange rate based on a similar simplified model. Eqn 3.14 with w=0 reduces to the
model used by Druffel & Suess (1983) i.e. the time variations of “C concentration
in sea surface water is proportional to the air-sea gradient of A"C.

Solving Eqn 3.17 with w=0 and for different F;, values we obtain a family of
curves (Fig 3.25). The curve (a) with F,, =2 shows that the GKh radiocarbon activity
increases monotonically through 1980 without a distinct peak. This is not consistent
with our coral data (filled circle in Fig 3.25) which show a distinct peak in 1968.
The second and third curves (b) and (c) with F;, =6 and 10 respectively, though show
peaks in the A™C time series, they predict much higher radiocarbon concentration in
the GKh compared to that observed in the coral. It is clear from these results that the
air-sea exchange alone is not able to simulate the observed A'C variations in the
GKh coral. Therefore carbon and radiocarbon supply to the GKh via advection from
the Arabian Sea also need to be considered, which would ’dilute’ the effects of air-sea
exchange and thereby provide a better fit to the coral data.

The advective supply of carbon to the GKh could be from the surface layer

or shallow depths of the Arabian Sea. Solution of Eqn 3.17 requires knowledge of time
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Table [Il.11 Symbols, units and values of parameters used in our model

Symbol Parameter Unit Value Reference
Fis air-sea exchange rate of mol m?yr! model
Co, derived
Cs: (2CO,)g - total DIC conc. in surface  mol m? 211 Stuiver &
Arab. Sea Ostlund
1983
Cp, (ZCO,), total DIC conc. of deep mol m™ 2.36 -do-
Arab. Sea
Cai (ZCO,)g total DIC conc. in GKh mol m* 2.11 -do-
R “C/™C mol ratio - variable
o} radiocarbon conc. mol m™ variable
Dy mixed layer depth of Arab. m 60
Sea
Dg mean depth of GKh m 30
(a"C)° Pre-bomb atmospheric %o -25 Stuiver &
AYC Quay 1981
u upwellfng velocity myr' model
derived
w advective velocity Arab.  m yr! model
Sea to GKh derived
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variations in Rg the Arabian sea water contributing radiocarbon to GKh. Since there is -
no data on A“C time series of the surface Arabian Sea, we need to generate the same
for the t1me period 1953 to 1980, based on input from atmosphere and upwelling
from the deep Arabian Sea. We constrain this time series with the 1977 mixed layer A“C
value of 59%o0 based on the GEQOSECS (statien 416) measurements. We consider the

following two box model for the Arabian Sea consisting of surface and deep layers

(Fig 3.26).

Fig 3.26 Two box model of the (northern) Arabian Sea. S is mixed layer, D is deep ocean,
other parameters are defined in Table 11111

The mass balance equation for "C for the mixed layer is given by:

(l Cs

7 = efa+uCphp — (uCsRs + BRs + FiaRs + ACs Rs Ds) (3.18)

Neglecting the decay term and substituting, uC,=B+uCy (cf. Eqn 3.13) we get:
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dC (3.19).

dt

- DsES = Fiy(Ra — Rs) + u(CpRp — Cphs)

Rewriting in terms of A™C (c.f. Eqns 3.15 & 3.16),
14
dAMCg (A4 147 . AMCp _ AFCs 3.9
d{ = Flglu(A CA - A Cb) + U(ECOZ)DHZ( 1000 1000 ) (3 O)

Ds(5CO,)k

Eqn 3.20 has a solution of the form:

t
AMCs(t) = emMAMCE + Be“’“/ eMAMC 4 (T)dT + %(1 —e Y (3.21)

where A,B, and C are constants (Appendix I'V).

Using Eqn 3.21 we generate mixed layer Arabian Sea A™C time series based on
the atmospheric AMC values. The atmospheric A"C values for 1950-1960 were taken from
Stuiver & Quay (1981) and Gupta & Polach (1985). For.1960-1980, the Thane tree ring
AYC (Fig 3.21) data were used. The deepwater A™C end member value used was -90%o
corresponding to that measured at a depth of ~500 m at GEOSECS station 416 (Stuiver
& Ostlund 1983). The time series is constrained by fixing the Arabian Sea mixed layer
AMC value as 59%o for 1977(op cit.) and by the fact that the AC,,,, should occur around
1968. Typical results for the Arabian Sea time series are given in Fig 3.27. Reasonable

estimates for F|, and u are:

F, =11 mol m? yr' and u =10.5m yr'
These values though not unique (as they depend on the AYC of the deep water end
member used for calculations), they are consistent with other independent estimates.
(i) Broecker et al. (1985) has calculated the inventory of bomb 'C in stn 416 to be
5.1x10° atom cm™ According to Stuiver (1980) the inventory is related to the CO,
air-sea exchange flux as: , |
O =1.24 x 10717 /(A”C,, — AMCs — 45)dt

The value of the integral between 1953-1977 is ~5500 %o.yr based on our model derived
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Fig 3.27 Results of box model calculation. The plots show the
simulated radiocarbon time series in the mixed layer of the northern
Arabian Sea (GEOSECS stn 416) for different sets of parameters.
(a) constant F,, (11=mol m?yr") and varying u (=9, 10.5, 12 m yr"),
(b) constant u (=10.5) and varying F,, (=12, 11, 10). The filled circles
represent the 1977 GEOSECS mixed layer A'C value (59%., Stuiver
& Ostlund 1983). Values of F,,=11 and u=10.5 (solid line) appears

to be the best (eye) fit curve.
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AYC values of the surface Arabian Sea, atmospheric A"C values used in this model, and
>a steady state A“‘C difference between atmosphere and ocean of about 45%o. This yields
a vhlue of F,, = 12 similar to that derived using our model.

(ii) the mean annual wind speed in the northern “Arabian Sea is about 6 m/s (Esbensen
& Kushnir 1981). For this wind speed the expected CO, invasion flux is ~13 mol
m?yr!' using the relationship between windspeed and CO,. invasion flux (Broecker et
al. 1985). Our calculation is in gobd agreement with this estimate. |

(iii) Hasternath & Lamb (1980) estimated the upwelling velocity over the wholé of the
Arabian Sea and the Bay of Bengal from 200 m depth to be ~ 19 m yr'. Warren (1992)
reports the mean upwelling rate into the bottom of the North Indian Deep Water laygr ~15-
30 m yr'’; net upwelling out of the top of the layer to be less than this. Our calc"ulation,
the upwelling rate 10.5 m yr' from a depth of ~500m is not inconsistent with " the

above estimates.
(iv) the model derived steady state pre-bomb A™C value for the surface Arabian Sea is

(a1iCy), = AlCOUCOND 4 FaACa)e _ g g,
Fi2 +u(E2C0;)p

with u =10.5 and F;,= 11 the value (-70%o0) is close to the number -65%o0 used by
Broecker et al. (1985) for the calculation of the bomb ™C inventory in the station 416.

In addition, other consistency checks on the model can also be made by the
following approximations. When F,=0 atmospheric exchange is cut off) the A"Cj
approaches A™C, with a time constant of A" [Appendix IV] of 5 yrs.. This implies
that if the atmospheric exchange is cut off the mixed layer A™C will become equal to
that of the deep water in about 20-25 years (i.e. 4-5 times A™"). Similarly for u=0 (i.e. no
upwelling) A"Cg approaches A"C, with a time constant of about 12 yrs. These time
constants are similar to those observed for other oceanic regions for the residence time
of carbon in the mixed layer wrt exchange with deep water and thé atmosphere.

Now we use the Arabian Sea and the atmospheric A*C time series as the two end
members contributing carbon and radiocarbon to GKh to generate the A™C time series in

the Gulf of Kutch; [assuming that the DIC concentrations in these two reservoirs are
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Fig 3.28 Results of box model calculations. The plots show the
simulated radiocarbon time series in the Gulf of Kutch (GKh) for
different sets of parameters. (a) constant Fy, (=12 mol m? yr'') and
varying w (=26, 28, 30 m yr") and (b) constant w {=28) and varying
F,, (=14, 12, 10). Filled circles represent GKh coral data with t1o
errors. Values of F,, =12 and w = 28 (solid line) appear to fit the

coral data reasonably well.
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equal i.e. the biology term B=0, vide Appendix V ], we generate a family of curves for
different sets of values of F,, and w (Fig 3.28). The solid line is the calculated A"C
time series for the Gulf of Kutch, filled circles are our coral data.

It is seen from Fig 3.28 that the rise in A™C of coral during 1953-1960 is faster
than that predicted by the model. A factor which would have contributed to this is an
averaging effect. The A'C plotted for the year 1957.5 is an average for five coral bands
1955-1960. The steady increase in AC, during these years is not considered in plotting
this data point. Another cause for the discrepancy between the observed A™C and the
model fit, can be an error in the year assignment for the bands. As we have taken
utmost care in sampling and verified the year assignments with the 8'*O data this error
is unlikely, hovs{cvcr, if at all there is an error it is likely to be 1 yr.

The nature of curves in Fig 3.28 shows that the year of A“C peak in the GKh
is controlled more by F,,, whereas both F,, and w seem to influence the magnitude of
the A™C peak.

A reasonable fit to the coral data can be made using the values of

F, =12mol m? yr' and w =28 m yr!

based on the A™C time series of the two end members considered. In this case when F,,=0
the A¥Cg approaches A¥C; with a time constant of ~1 yr and when w=0 the A"C;
approaches to that of atmospheric activity with a time constant of about 5 yrs. As
already mentioned that the peak shift obtained in our case 4 to 5‘ yrs is equivalent
to this time constant, i.e. the residence time of the atmospheric carbon dioxide wrt
the exchange between atmosphere and the GKh water when the GKh becomes isolated
from the open ocean.

If the A™C values of the Arabian Sea end member contributing mdiocarbon to GKh
is different from that used in the above model, then the values F,, and w for GKh would
also differ correspondingly. There are no reported results on the circulation and
hydrographic properties of the GKh and hence it is difficult at present to constrain our
model further.

Our estimate of the CO, exchange rate 11-12 mol m yr' in this region is in
good agreement to that obtained from other investigations elsewhere. The upwelling

in the northern Arabian Sea is calculated as 10.5 m.yr' and the Gulf of Kutch and
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the Arabian Sea exchange water with each other with an annual mean flow of water mass
40 million cubic metre. This calculation relies on the assumption that the Arabian Sea end
member exchanging water with the Gulf of Kutch has a A*C time series generated by our

model (using GEOSECS stn 416 A"C for 1977 value as a constraint).

Appendix I

Relative significance of radiocarbon decay term in mass balance equations (3.7).
In this mass balance equations for C in the GKh and in the surface layers of the Arabian
Sea, we have neglected the radiocarbon decay term.

The ratio of radiocarbon decay in the GKh to its atmospheric flux is

CeReDg
FlaR4

considering R4 ~ Rg, a minimum value of Fi; = 1 and CgDg ~ 60 mol m~2%, we have

a=\

o~ 1072

Similarly the ratio of the radiocarbon decay term in the mixed layer of the Arabian Sea
(depth 60m) to its upwelling flux from deep water is
CsRsDs

) uCpRp

where u is the upwelling velocity. Considering CsRs/CpRp ~ 1 and Dsfu ~ 10 we get

B=A

£~ 1073
These rough calculations show that the radiocarbon decay is insignificant compared to its

supply/removal fluxes in the GKh and in the mixed layer of the Arab. Sea. Therefore it

has not been included in our model.
Appendix-II

The no. of mol of C(i.e.C") per unit m? of ocean water (Stuiver 1980a) is written as:

C™ = mICO,(1 + A™C/1000)

where m is constant which is obtained by multiplying the "C'/*C mol ratio in the NBS

oxalic acid standard and the fractionation term for transfer of carbon between different
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TESETVOIrS. _
That is, m = 1.176 x 1012 x 1.052 = 1.24 x 10-1?
So, |

ac*

— mECOg—(—{(I + AMC/1000)

= 14
= 10002002 A C

— 14 —
= kZCO— A C, k= —1000

Appendix III

Equation for calculating radiocarbon time series in GKh:

Eqn (3) can be written as follows:

d craq
a—tAC

Fl? (AHC ——A”C ) + K(A”C”—A“Cg)

[considering (£C0;)s = (EC0;)g = ¥

d
5 (ACa) + J(AMCg) = EAYC, + FAYCs

where,
De¥
w
F = —
D¢
Fua
J = XY _pip
D¢
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Appendix IV
Equation for radiocarbon time series in surface Arabian Sea:

~ Eqn (8) can be rearranged as

Fia u(2C0;)p

d F12 + U(ECOQ)D
—ZAMC AYCs = —=2 _ A¥C, ¢+ AC
@° St T De(2C0ms S T DyECOs. AT Ds(xC0,)s " P
AN
d dtob-kA(A“Cs) = B(AMCA)+C
where,
4 - Fiy 4 u(2C0,)p
Ds(£C0,)s
Fiq
B = — 12 __
‘ Ds(2C0,)s
U(ECOQ)D 14
C = —ZUD Alc
Ds(2C0y)s~ P

Appendix-V

If the CO; invasion and evasion rates in the Gulf of Kutch are equal then the carbon re-
quired for precipitation of coral CaCOj has to be d.erived from the incoming water from
the Arabian Sea. This reqﬁires that the & CO, of incoming Arabian Sea water to be higher
than that of GKh. This contradicts our assumption [¥ COy)e=[¥ CO,]s. However as corals
covering a very small percentage of the GKh area the difference within £ CO, between these
two waters is likely to be very small, hence we neglect the difference for simplifying the

calculations.
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- 14 Cadmium analysis

The coral KV-1 was chosen for Cd analysis. Its high growth rate enabled subseasonal
sampling (5 saniplés/yr) to investigate sgasonal changes in the upwelling characteristics
of the Lakshadweep region. The Fig 3.29 shows the variations in Cd concentration in
subannual bands. In the first two years of its growth  (1984-85) the Cd concentration is
< 2 nmol Cd/mol Ca, a typical value for corals growing in upwelling regions. Shen ef .
al. (1992) observed that the mean Cd concentrati“on was 2-3 nmol Cd/mol Ca in corals
from Galapagos island. But in the next two years our coral shows an anomalous behaviour.
Two high peaks are seen in each of thése two years. They range from 15 to 22 nmol
Cd/mol Ca. The figure also shows the 8'*O (thin line) of this coral, as 80 of the corals
respond to upwelling. In the first two years there is no significant change in Cd
concentration, but in the year 1985 it shows a covariation with 8'%0. However in the year
1986 the 8'*0 peak and Cd peaks are out of phase. This inconsistency in Cd variations
could be due to the coral being young. Similar problems with young corals were also
noted by other investigators. Shen (pers. comm., 1993) found abnormally high peaks (2
20 nmol Cd/mol Ca) in corals from Champion island and Urvina Bay. Unless the
behaviour of young corals with respect to the incorporation of Cd is understood, it is not

possible to attach environmental significance to Cd measurements from such corals.

102




2D’ |ow/pY jowu

el S 3

4.7 F

-4.9
-5.3 71

SAr

(%) Oy

551

‘87

‘86

‘85

'84

Aug '83

YEAR (A.D.)

ncentration (dotted line) and §'°0
(KV-1) from the Kavaratli lagoon,

Fig 3.29 The variations of Cd co
(solid line) in coral P. compressa

Lakshadweep islands.

103



IT1.5 SYNTHESIS

All the corals analyzed in this thesis are influenced by monsoon systems, the
Lakshadweep and the Gulf of Kutch corafs by the Indian monsoon and the Stanley Reef
coral by the Australian monsoon. Therefore, it would be interesting to compare the
isotopic profiles of these samples to look for commonality and the causative factors.
However quantitative comparisons are hampered even between the Gulf of Kutch and the
Lakshadweep corals (GK & KV2 ) as the analyses were made on different species, having
significantly different growth rates (making it difficult to sample exactly the time
contemporaneous sections). Further the SST in these regions is controlled by different
factors such as the solar heating (Australia & the Gulf of Kutch) and upwelling
(Lakshadweep region). However a qualitative comparison gives the following information:

The oxygen isotope records of the corals (KV2 & GK) from both these locations
contain in them monsoon signatures in their oxygen isotopic records in terms of SST and
monsoon rainfall respectively. The isotopic profiles of these corals show different trends.
This arises because of the different factors which determine the SST in these two regions.
The Lakshadweep region is more affected by monsoon induced upwelling and hence sea
surface cooling with a minimum SST around Jul-Aug. The coral (Porites) from thisﬂregion '
accurately records the sea surface temperature variations in their oxygen isotopic ratios
registering a maximum in Jul-Aug. The Gulf of Kutch is less influenced by upwelling
compared to Lakshadweep region. Here the magnitude of variation in SST is much higher
(~6 °C) than in Lakshadweep (~3 to 4°C). The large variation is brought about by summer
heating and winter cooliﬁg. The lower SST is during Dec-Jan while in Lakshadweep it is
in Jul-Aug. The slow growth rate of the GK coral also places a constraint in quantitatively
determining the amplitude of seasonal §'®0 variation. The &'0 of this coral (GK) also
shows an apparent higher ofder cyclicity.

When we compare the SR coral and Lakshadweep coral (they are of the same
genus), we find that the 8'®O time series and growth rates are similar. They show a very
| good resemblance in their oxygen isotopic distributions. The mean 80 of these two

corals are -5.07+0.36 and -5.16+0.21 respectively. The mean amplitudes are 0.75+0.1 and
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0.55+0.19, corresponding to ~5°C and ~3°C seasonal SST fluctuation respectively. The SR
region shows an SST minimum during Austral winter(Jul-Aug) and maximum in summer
(Dec-Jan). In case of Lakshadweep the minimum temperature is registered at the same
time, Jul-Aug while maximum is around Apr-May. For this reason the 80 maxima in
these two corals coincide while the minima are phase shifted.

Another interesting feature is the 8"°C values of these two corals are 180° out of
phase. This contrzisting behaviour in the 8°C can be explained as follows:

The coral §°C is to some extent controlled by the rate of photosynthesis, which
depends on the availability of sunlight. More cloudiness reduces availability of sunlight
and hence the photosynthesis rate. This would result in lower &"C value. The cloudiness
in the Lakshadweep region is maximum during the monsoon periéd, Jun-Sep when 8“°C
shows a reduction. During the same period the SR region experiences a relatively
cloudfree winter, contributing to a rising trend in the coral 8"°C. The long term decreasing
trend in both the cases are also remarkably similar. Further investigations on this aspect
may be helpful in relating the southwest Indian monsoon and the Australian monsoon, the

individual components of the broad-scale Asian monsoon.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

The primary aim of this thesis is to assess the utility of corals from the northern Indian
Ocean coasts as a source of high resolution records of climatologic and oceanographic
parameters of this region. Towards this, detailed measurements of stable oxygen and
carbon isotopes and radiocarbon and preliminary studies of Cd were made in the annual
bands of corals collected from the Lakshadweep islands and the Gulf of Kutch. In addition,
oxygen and carbon isotope studies on two tracks in a coral from the Stanley Reef, Australia
were also done to assess the intraband isotopic variability and its effect on the retrieval of
climatic information from the isotopic records, and also for identifying the factors
controlling the density band formation. A brief summary of the work and the conclusions
arising from it are given below. |

The corals studied are from three locations (i) the Lakshadweep islands (10°N, 73°E)
(ii) the Gulf of Kutch (22.6°N, 70°E) and (iii) the Stanley Reef (19°15°S, 148°07’E). Of
these the Lakshadweep islands and the Gulf of Kutch though are in the Arabian Sea, they
are influenced by different climatic regimes. The SST variations in the Lakshadweep are
- upwelling dominated whereas in the Gulf of Kutch it is controlled mainly by summef
heating and winter cooling.

P. compressa is the most abundant coral species in the Lakshadwecp region. It
secretes bands which are clearly discernible in an X-ray picture. These bands are about 15-
20 mm thick and are deposited yearly as evidenced from oxygen isotopic studies.

The 3'"%0 of corals from this location shows a seasonal fluctuation of about 0.8%o
corresponding to a 3-4 °C change in SST. This is consistent with the seasonal SST change
in this region resulting from the monsoonal upwelling. The absolute values of 8"*0 and its |
- seasonal amplitude in samples of the same species collected from different locations of

Kavaratti lagoon of the Lakshadweep Archipelago are quite similar. This consistent
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behaviour and spatial coherency in the oxygen isotope systematiés indicate that it is a
reliable SST indicator for this region. The absolute values of 80 of this speéies of coral,
however was found fo be depleted by ~5%o coxﬁpared to that expected for equilibrium CaCO,
precipitation. By comparing the 8"0 of P. compressa with the 80 in time
contemporaneous samples of a giant clam (Tridacna maximus), which is known to
precipitate CaCOj, in equilibrium, we have quantitatively determined the "disequilibrium
offset" in this coral. Using the "disequilibrium offset” we have established a 8'®0O-SST .
relation for Porites corals from this region. This relation can provide SST with a precision
better than about 1.4 °C. |

Comparison of the coral derived SST for the last 17 years with the available
instrumental data shows a reasonable agreement between these two sets of data (£1°C on
an average). This result suggests that the coral 5'*0 can be used to derive the actual SST
of the ambient water. More precise determination of SST is possible if data on temporal
variations of the oxygen isotopic composition of water for this region is available.

The carbon isotopic composition of the Lakshadweep coral seems to be controlled
by endosymbiotic photosynthesis coupled with growth rate dependent fractionation. The
§13C shows a seasonal cyclicity of about 1%o. The 8" °C seasonality appears to be controlled
indirectly bby monsoon activity. During the monsoon season cloud cover increases, strong
wind enhances the ocean currents and sediment suspension. These factors reduce the light
level in the water causing reduction in zooxanthellar photosynthesis and hence 3"C in coral.
The reduced 8C is associated with high density band, as during monsoon reduction in
photosynthesis reduces the coral growth resulting in high density band formation.

The absolute values of 8°C among samples collected from locations which are
within +60km shows significant variability, though all of these exhibit seasonal cyclicity of
~1%0 with a dip in the monsoon season. Thus §"”C does not show spatially consistent
behaviour among samples from nearby locations. This is unlike 8'%0 which shows spatial
coherency. However the seasonal cyclicity of both §'*0 and 8'°C appear to be monsoon
related. Therefore studies on the temporal changes in the seasonal cyclicities of 8'*0 and
8'*C would be helpful in monitoring changes in monsoon intensity and upwelling, onvce
quantified.

The coral (F. speciosa) from the Gulf of Kutch is characterized by lower growth rate
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~ (~ 4mm/yr) compared to the Lakshadweep corals. The oxygen isotopic composition of this
coral shows an average seasonal cyclicity of ~ 0.3%o, much less than the expected value
(1.1%o) for a 6°C change in SST and ~ 0.3%o change in. oxygen isotopic composition of water
between summer and winter. A major contributor to this damping in the seasonal 8'°0
amplitude seems to be the artifact of sampling corals having a slow growth rate. Sampling
of corals having a growth rate of ~ 4mm/yr can yield only 2-4 months resolution which is
insufficient to retrieve the full seasonal amplitude. Model simulation on the effect of
sampling interval and sample thickness on the retrieval of seasonal amplitude suggests that
for corals having growth rate of ~ 4mm/yr and sampled similar to the GKh coral, the
seasonal amplitude could be damped by as much as ~ 50% because of sampling.

The 8'*0 time variations of the GKh coral show a higher order cyclicity (~ 7 yrs) .
a result not observed in the Lakshadweep corals. 'i"his long term change in 3'*O shows a
negative correlation with interannual rainfall variability. This can be explained in terms
of SST-rainfall relationship. Since 8'*O of coral decreases with increase in SST which also
enhances the evaporation rate and hence precipitation, coral 8'"®0 shows a negative
correlation with rainfall. . |

The 8"C of the GKh coral also shows a seasonal cyclicity ~ 1%o, and appears to be
controlled by endosymbiotic photosynthesis. The absolute 3"C values of GKh coral is
significantly higher (~ 0.6-1.7 %0) compared to the LDP corals. This could be because of
several factors, species dependent fractionation, higher 8"3C of ambient water resulting from
enhanced rate of biological productivity and slower growth rate of the GKh coral. The
coastal regions of the northern Arabian Sea has a higher productivity which can enrich the
FCO, of water (in 8°C) and hence the coralline 8" °C. Another reason for the 8“C
enrichment in the GKh coral is its slower growth rate. Slower growth rate leads to isotopic
values which are closer to equilibrium precipitation, hence the GKh coral shows higher
values of both the 8"°C and &'®O compared to the LDP corals.

Density and stable isotopic analyses were carried out in a coral P. [utea from the
Stanley Reef, Australia in order to assess the intraband isotopic variability and their effect
on the retrieval of climatic information from the isotopic records. Two tracks, one close to
the central growth axis (~10°) and another ~ 20° off the growth axis were analyzed. The 30

shows inverse relation with SST and rainfall variability of the surrounding region. The
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carbon isotopic variation is related tb_ insolation. This study reveals that the §'30-. S$eT
_correlation shows a progressive regression off the éentral growth axis. The lack of
significant cofrélation between 8'*0 and density in either track suggests that. the density
band variations are not controlled by the SST variations.

Radiocarbon analyses were made in the annﬁal bands of the GKh coral and in the
rings of a teak tree collected from Thane (19°14°N, 73°24;E) near Bombay. These
measurements were made to obtain the rates of air-sea exchange of CO, and the advective
mixing of water in this region. The AC peak value of the Thane tree in the year 1964 is
~ 630 %o, significantly lower than that of the atmospheric A™C of the northern hermsphcre» )
(~ 1000 %oc). The radiocarbon time series of the GKh coral was modelled con31der1ng the
supply of "?CO, and “CO, to the gulf (GKh) through air-sea exchange and advective water
transport from the Arabian Sea. Reasonable fit for the GKh coral data was obtained with
air-sea exchange rate of 11-12 mol m? yr', upwelling velocity ~10 m yr'! (in the Arabian
Sea) and advective velocity of 28 m yr! between Arabian Sea and the Gulf of Kutch. The
model results also suggest that it is not possible to reproduce the radiocarbon time series
in the GKh coral without considering the advective supply of carbon and radiocarbon to the
gulf from the Arabian Sea. Further the model also predicts that with the typical CO,
exchange rate of 8-25 mol m? yr”! the A™C in corals would be much higher than commonly
observed if dilution by advective supply is not considered. The deduced velocity (~ 28
m/yr) of the advective transport of water between the gulf and the Arabian Sea is much
lower than the surface current velocity in this region, but can be understood in terms of

fluxes of carbon and radiocarbon to the gulf to match the observed coral A*C time series.
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SCOPE FOR FURTHER WORK

The work presented in this thesis represents the ﬁrét detailed study of stable isotopic and
radiocarbon systematics in corals from the Indian coasts. The study was conducted to
explore the utility of these corals as a source of climatic and oceanographic recorders for
this region. The results, as summarized in the earlier pages are very encouraging and attest
to the use of corals as high resolution records of "ocean climate".

The reconstruction of the historical SST data using the coralline 3O in both spatial
and temporal domain would be important for climate models aimed at establishing relation
between the SST and monsoon and eventually predicting monsoon rainfall. Such models
would naturally require high precision historical data, which at present are difficult to
retrieve from coral studies. Avallabxhty of data of the temporal variability of 5’80 of
ambient water, and more precise estimate of the disequilibrium offset should help retrieve
the historical SST with better precision. An independent approach would be to use the

Sr/Ca thermometry in coral.

One of the important climate systems in the tropics is monsoon. To Lnderstand the
monsoon dynamics, its characteristic behaviour in seasonal and interannual time scale, it is
essential to have a detailed knowledge of its past variability. Analysis of longer cores of
corals from the Lakshadweep region will be extremely helpful in this aspect. The present
work has revealed that the 80 of coral faithfully records the seasonal sea surface cooling
induced by monsoon upwelling. Our results show that the enhancement of the 5'%0 and the
depletion in the 8"°C of coral take place during the monsoon period. Detailed investigation
in this direction is necessary to quantify the §'*0-8"°C relations_hip.'These characteristics
can be used as indices to quantify the changes in monsoon intensity. This can be further
augmented by the combined analyses of stable isotope and cadmium data, since cadmium
concentration is a measure of upwelling.

The interpretation of carbon isotopic records, as already mentioned has been
difficult since the factors contributing to its fractionation are not well understood. We have
shown that in the Lakshadweep region the seasonal cyclicity in the 8“C of coral is

controlled by zooxanthellar photosynthesis modulated by monsoon activities. However the

110



causes for difference in the 3"°C absolute values among samples collected‘ from nearby
locations and its long term trends need to be better understood. It is essential to know more
about the causativei xﬁechanisms of the spatiél and temporal (decadal timescale) trend in
8C which would help in developing better models for the oceanic uptake of fossil fuel
CO,. To gain a better knowledge on the controlling factors of the coralline "C, better data
on seasonal variability of water column productivity and 8”C of XCO, of water are
needed.

The Favia coral from the Gulf of Kutch is characterized by lower growth rate, which
limits its utility for retrieving climatic information on seasonal time scale. However the
analysis of oxygen isotopes seems to be promising in retrieving qualitative informatioh
of rainfall variability and the carbon isotope would be useful to estimate the past
productivity. Combined analyses of time contemporaneous samples of the coralline 8°C and
sea surface productivity is warranted to quantify the 8°C-productivity relation. Analysis of
other coral species having higher growth rate like Porites from this region will be useful
to understand the monsoon related phenomena in finer resolution.

The extension of the radiocarbon analysis in coral bands dated back to 30s or 40’s
will provide the pre-bomb surface sea A™C. Since many of the oceanic models deal with
steady state conditions, an accurate determination of the steady state difference in
atmosphere and oceanic AC would be essential to constrain these models. A longer time
series of coral bands back in time would provide information of "Suess effect" in the
Arabian Sea vis-a-vis in other oceanic regions. High resolution measﬁrements of oceanic
and atmospheric A'C may give valuable information about the seasonal dependence of the
CO, exchange rate, and also the role of the Arabian Sea in the overall air-sea exchange and
carbon budget. Extension of the modelling work on A™C from steady state to transient case,
incorporating the temporal change in atmospheric CO, concentration would provide better

constraints on the CO, air-sea exchange and ocean water mixing rates.
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Appendix -



Table 11.2 Oxygen isotopic records of KV-1; Am and GC

Year & Kavartti coral Amini coral Giant Clam
Month . ' '
- Dis. (mm) 8""O(%) ~  Dis. (mm) 8"°0(%.) Dis. (mm) 8"°0(%.)

clam collected

coral collected 0.0 -0.29

2.2 - -0.37

0.0 -5.29 3.7 -0.20

Aug '88 36 -5.03 5.5 -0.11
6.1 -5.13

8.5 -5.07 7.4 -0.21

10.9 -5.34 8.6 -0.18

10.1 -0.43

11.4 -0.55

May '88 13.7 -5.67 12.9 -1.25

14.3 096

15.6 -1.04

17.0 -0.73

coral collected 18.9 -0.84

20.7 -0.91

0.0 -5.76 22.6 -0.67

2.0 -5.48 241 -0.85

3.5 -5.60 16.6 -5.38 25.7 -0.84

27.7 -0.81

5.0 -5.58 19.3 -5.53 29.7 -0.68

6.0 -5.47 31.4 -0.67

7.5 -5.18 21.8 -5.23 33.1 -0.67

8.9 -5.31 247 -5.09 34.8 -0.58

36.6 -0.47

38.1 -0.62

Aug '87 11.2 -5.14 26.5 -5.10 40.0 0.43
12.1 -5.15 29.5 -5.14
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Table 111.2 contd.

Year & S Kavartti coral : Amini coral Giant Clam
Month '
Dis. (mm) 8'%0(%.) Dis. (mm) 5"%0(%.) Dis. (mm) = §'°0(%.)
13.8 -5.15 31.8 - 518 42.8 -0.87
15.0 -5.33
17.2 -5.36 34.7 -5.18
18.2 -5.39
May '87 19.0 -5.42 37.3 -5.35 447 087
20.1 -5.34 46.4 -0.76
21.0 -5.38 48.1 -0.87
218 -5.29 40.4 -5.12 49.8 . -0.62
. ' 51.3 -0.72
228 -5.03 53.2 -0.69
235 -5.17 55.8 -0.51
24.2 -4.97
253 -5.22 43.1 -5.20 57.8 -0.31
26.4 -4.86 59.7 -0.37
62.3 -0.63
275 -5.29 458 -5.14 64.3 -0.26
28.3 -5.11 485 -4.92 66.3 -0.34
68.2 -0.50
29.2 -5.25 69.5 -0.46
Aug '86 29.8 -4.81 51.2 -4.63 71.4 -0.25
31.0 -5.14 '
31.6 -5.04
32.3 -5.07 53.6 -4.93 729 -0.35 ;
33.2 5.02 74.3 -0.43
34.2 5.20
35.1 -5.11
35.8 5.23

A2




- Table I11.2 contd.

Year &  Kavartti coral | Amini coral ' Giant Clam
Month ‘
Dis. (mm) 5'20(%-) Dis. (mm) 50 (%) Dis. (mm):  §'"°0(%)
36.5 -5.32 - 56.5 . -4.81 76.1 -0.92
37.7 -5.33
38.5 -5.44
39.5 -5.64 59.1 -5.52 78.1 -1.21
40.2 -5.53 ‘
41.1 -5.56 62.1 -5.24
422 -5.59
43.2 -5.53
© 440 -5.41
44 .9 -5.49 64.3 -5.39
45.9 " 539
46.9 -5.69 67.5 -4.81
48.0 -5.58
48.8 -4.93
Aug '85 49.7 -4.87 70.4 -4.75 79.9 -0.53
50.7 -5.01 '
51.6 -4.94
52.3 -4.90
53.2 -4.90 72.6 -4.92
54.0 ‘ -5.13
54.7 -4.93
555 -4.98 74.9 -5.00
56.2 -4.98
57.0 -5.04
58.0 -5.08 77.5 -4.99
58.7 -5.13
59.5 -5.25
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Table 1.2 contd.

Year & Kavértti coral Amini coral Giant Clam
Month
Dis. (mm) 80 (%) Dis. (mm 8'°0(%.) Dis. (mm 8"%0 (%)
60.2 -5.37 '
61.0 -5.34 81.0 -5.25
61.9 -5.56
62.5 -5.34
May '85 63.5 -5.62 83.8 -5.55 82.0 -1.19
64.4 -5.57 84.0 -1.08
65.1 -5.42
66.1 -5.46
66.8 -5.46 86.2 -1.07
67.7 -5.46 87.9 -0.98
68.4 -5.20
69.2 -5.25 899 -0.78
70.2 -5.10
71.0 -4.94 92.1 -0.72
72.0 -5.01
72.8 -4.99
73.9 -5.03 87.2 -5.21 95.5 -0.49
74.9 -4.81
75.5 -4.82
76.3 -4.85 98.0 -0.73
77.0 -4.85 '
Aug '84 77.6 -4.69 89.8 -4.60 100.4 -0.22
78.5 -5.00 102.4 -0.38
79.3 -4.97 105.1 -0.53
80.2 -4.92 coral starté growing
81.0 -4.90
815 -5.10
82.3 -4.96 108.5 -0.70
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Table ill.2 contd. .

"Year & Kavartti coral .__Amini coral Giant Clam

Month : :
Dis. (mm) 580 (%) Dis. (mm 50 (%) Dis. (mm 880 (%)
83.2 5.19 | : 108.5 0.70
83.9 - -5.12
84.5 -5.39 1115 -0.53
85.5 -5.30 |
86.2 -5.48 115.3 -0.66
87.0 -5.33

May '84 87.7 -5.52 118.2 -0.56
88.5 -5.47 121.0 -0.94
89.3 5.44 |
90.0 -5.49
91.0 -5.32
91.7 -5.41
92.5 -5.33
93.3 -5.37
94.1 -5.18
94.8 -5.46
95.7 -5.28
96.2 -5.21
97.4 -4.80
98.1 -4.75
98.9 -4.84
99.7 -5.00

Aug '83 100.4 -4.61 124.1 -0.44
101.2 -4.74
102.2 -4.84
102.8 -4.86
103.5 -4.78
104.2 -4.67
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Table {11.2 contd.

© Year & Ka\}artti coral ~ Amini coral Giant Clam

Month
Dis. (mm) 8"%0(%)  Dis. (mm 8"°0 (%) Dis. (mm §'°0(%.)
105.0 -4.89 ' 126.6 -0.99
105.7 -4.84 clam starts growing
106.7 -4.90
107.4 -4.92
108.3 -4.89
109.2 -5.00
110.0 -4.94
110.7 -4.99
111.5 -4.91

May '83 112.2 -5.14
113.1 -4.82
114.0 -5.03
115.0 -4.77
116.0 -4.97
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Table 111.3 Carbon isotopic data of coral KV-1

Year & distance  8'°C(%) Year &  distance  8"°C(%)
month " (mm) month (mm)
0.0 -0.84 36.5 -1.33
2.0 -0.61 877 131
3.5 -0.91 38.5 -1.12
5.0 -0.93 May '86 39.5 -0.59
6.0 -0.70 40.2 -0.44
7.5 -0.91 411 -0.38
8.9 -1.19 422 -0.33
Aug '87 11.2 -0.96 43.2 -0.22
12.1 -1.09 44.0 -0.15
13.8 -0.70 44.9 -0.10
15.0 -1..31 45.9 -0.43
17.2 -1.21 46.9 -0.66
18.2 -0.11 48.0 -0.78
May '87 19.0 -0.22 -48.8 -0.33
20.1 -0.27 Aug '85 49.7 -0.30
21.0 -0.40 50.7 -0.16
21.8 -0.40 51.6 -0.24
22.8 -0.54 52.3 -0.41
23.5 -0.46 53.2 -0.73
242 -0.50 54.0 -0.90
25.3 -0.56 54.7 -1.27
26.4 -0.91 55.5 -1.22
27.5 -0.97 56.2 -1.27
28.3 -0.73 57.0 -1.06
29.2 -0.43 58.0 -1.15
Aug '86 29.8 -0.80 58.7 -1.12
31.0 -1.21 58.5 -1.42
31.6 -0.83 60.2 -1.16
32.3 -0.83 61.0 -1.40
33.2 -1.01 61.9 -1.09
34.2 -1.33 62.5 -0.78
35.1 -1.14 May '85 63.5 -0.57
35.8 -1.39 64.4 -0.48
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Table 111.3 contd.

Year & distance.  §"°C(%o) Year & distance  §"*C(%.)
month (mm) month (mm) -
65.1 -0.28 . 91.0 -0.53
66.1 -0.29 91.7 -0.58
66.8 -0.30 925 -0.63
67.7 -0.29 93.3 -0.59
68.4 -0.52 94.1 -0.72
69.2 -0.61 94.8 -0.80
70.2 -0.41 95.7 -0.61
71.0 -0.43 96.2 -0.57
72.0 -0.52 97.4 -0.27
72.8 -0.51 98.1 -0.52
73.9 -0.48 98.9 -0.48
74.9 -0.52 99.7 -0.63
75.5 -0.93 Aug '83 100.4 -0.31
76.3 -0.88 101.2 -0.46
77.0 -0.65 102.2 -0.85
Aug '84 77.6 -0.85 102.8 -1.06
78.5 -0.78 103.5 -1.20
79.3 -0.71 104.2 -1.02
80.2 -0.82 105.0 -1.25
81.0 -0.77 105.7 -1.23
81.5 -0.84 106.7 -1.03
82.3 -0.91 107.4 -1.23
83.2 -1.40 108.3 -0.99
83.9 -1.14 109.2 -0.97
84.5 -0.86 110.0 -0.69
85.5 -0.90 110.7 -0.83
86.2 -0.57 1115 -0.65
87.0 -0.45 May '83 1122 -0.87
May '84  87.7 -0.46 113.1 -0.46
88.5 -0.37 114.0 -0.61
89.3 -0.32 115.0 -0.31
90.0 -0.43 116.0 -0.51
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Table Ill.5 Oxygen and carbon isotope data of KV-2 coral

A9

" Year §°0 §°C Year e) §C
(%o) (%0) (%) (%)
1966.08 4.72 0.19 | 1968.74 -4.83 -0.34
1966.20 -4.82 0.36 | 1968.83 .4.84 -0.42
1966.40 5.15 0.81 | 1968.93 -5.04 -0.72
1966.45 -5.05 0.73 | 1969.04 5.16 -0.40
1966.50 5.04 0.47 | 1969.14 5.16 -0.27
1966.55 5.01 0.35 | 1969.22 -5.33 -0.30
1966.60 -4.85 0.20 | 1969.31 -5.06 -0.61
1966.65 -4.70 0.22 | 1969.40 -5.57 -0.89
1966.77 -4.98 -0.01 | 1969.46 5.39 -1.06
1966.87 -4.99 0.06 | 1969.52 5.16 -0.89
1966.97 -4.95 -0.21 | 1969.58 5.01 -1.46
1967.08 -5.18 -0.36 | 1969.65 -4.98 -1.40
1967.18 5.24 0.62 | 1969.74 -5.08 -1.68
1967.29 -5.25 0.77 | 1969.83 5.07 -1.94
1967.40 -5.27 0.69 | 1969.92 5.08 -1.82
1967.43 -4.92 0.23 | 1970.00 5.10 -1.93
1967.47 -4.94 -0.30 | 1970.08 5.10 1.74
1967.50 5.18 0.11 | 197017 -5.09 -0.91
1967.54 -5.04 0.39 | 1970.24 5.22 -0.78
1967.58 5.24 058 | 1970.32 -5.46 -0.95
1967.61 -4.95 -0.17 | 1970.40 5.48 -1.08
1967.65 -4.75 0.18 | 1970.44 5.45 -0.16
1967.90 -4.90 0.16 | 1970.48 -5.26 -1.36
1968.13 -4.83 0.05 | 197052 5.16 -1.40
1968.25 5.11 0.43 | 1970.56 -5.03 -1.50
1968.40 5.26 0.33 | 1970.61 -4.99 1.42
1968.46 5.12 -0.13 | 1970.65 -4.85 1.47
1968.53 -4.94 0.77 197077 -5.02 1.74
1968.58 -4.91 0.77 1} 1970.88 5.06 1.78
1968.65 -4.75 030 | 1976.00 5.23 139
i




Table 111.5 contd.

Al0

Year 80 §"C | Year 8" 0 33C
(%o) (%o) ' (%) (%o

1970.08 -5.10 -1.74 1 1972.40 -5.58 -0.84
1970.17 -5.09 -0.91 | 1972.48 -5.05 -0.99
1970.24 -5.22 -0.78 | 1972.56 -4.91 -0.62
" 1970.32 -5.46 -0.95 | 1972.65 -4.98 -0.79
1970.40 -5.48 -1.08 | 1972.77 -5.12 -1.21
1970.44 -5.45 -1.06 | 1972.88 -5.07 -1.60
1970.48 -5.26 -1.36 | 1973.00 -5.06 -1.37
1970.52 -5.16 -1.40  {1973.12 -5.04 -0.98
1970.56 -5.03 -1.50 | 1973.22 -5.08 -0.81
1970.61 -4.99 -1.42 1 1973.31 -5.22 -0.58
1970.65 -4.85 -1.47  { 1973.40 -5.41 -0.47
1970.77 -5.02 -1.74 | 1973.44 -5.36 -0.62
' 1970.88 -5.06 -1.78 | 1973.48 -5.30 -0.86
\»/"1971.00 -5.23 -1.39  { 1973.52 -5.23 -1.03
1971.12 -5.40 -1.17 | 197356 517 -1.03
1971.22 -5.14 -0.92 | 1973.61 -4.99 -1.13
1971.31 -5.20 -0.76 | 1973.65 -4.96 -0.85
1971.40 -5.50 -0.78 | 1973.77 -5.05 -1.15
1971.44 -5.38 -0.82 | 1973.87 -5.22 -1.24
1971.48 -5.21 -1.04 | 1973.97 -5.29 -1.25
1971.52 -4.06 -0.95 | 1974.08 -5.72 -1.22
1971.56 -4.98 -0.90 | 1974.18 -5.68 -1.10
1971.61 -4.80 -0.91 | 1974.29 -5.76 -1.01
1971.65 -4.79 -1.02 | 1974.40 -5.60 -0.75
1971.77 -4.99 -1.25 | 1974.44 -5.25 -1.05
1971.87 -5.07 -1.38 | 1974.48 -5.21 -1.60
1971.97 -5.16 -1.55 | 1974.52 -5.09 -1.40
1972.08 -5.32 -1.55 1974.56 -5.04 -1.20
1972.18 -5.49 -0.84 | 1974.61 -4.97 -1.05
1972.29 -5.49 -0.69 | 1974.65 -4.84 -0.78



Table 1.5 contd.

Year 8"%0 §C Year 1 8"%0 §3C

(%) (%) (%o) (%0) .
1874.80 -5.12 -1.28 1978.28 -5.39 -1.13
1975.00 - -5.40 -0.89 | 1978.40 -5.46 -1.55
1975.20 -5.34 -0.91 1978.53 -5.06 -2.11
1975.40 ~-5.41 -0.55 1978.65 -4.86 -1.79
1975.45 -5.38 -0.42 1978.78 -5.24 -2.13
1975.50 -5.20 -1.20 1978.90 -5.07 -1.81
1975.55 -5.12 -1.74 1979.03 -5.06 -1.84
1975.60 -4.94 -1.51 1979.15 -5.23 -1.69
1975.65 -4.86 -1.35 1979.28 -5.27 -1.35
1975.80 -4.95 -1.40 1979.40 -5.30 -1.23
1975.94 -5.06 -1.69 1979.48 -5.36 -1.48
1976.10 -5.05 -1.67 1979.56 -5.03 -1.56
1976.28 -5.21 -0.96 1979.65 -4.88 -1.80
1976.40 -5.40 -0.77 1979.78 -5.02 -1.94
1876.47 -5.42 -0.62 1979.90 -5.05 -2.30
1976.54 -5.41 -0.53 1980.03 -5.21 -2.08
1976.60 -5.43 -1.02 1980.15 -5.27 -1.52
1976.65 -5.04 -1.16 1980.28 -5.38 -1.52
1976.80 -5.08 -1.18 1980.40 -5.39 -1.42
1976.97 -5.22 -1.49 1980.44 -5.18 -1.52
197717 -5.25 -1.27 1980.49 -5.10 -1.66
1977.28 -5.36 | -0.80 1980.53 -5.17 -2.19
1877.40 -5.59 -0.71 1980.57 -5.18 -2.39
1977.46 -5.43 -1.02 1980.61 -5.11 -2.15
1977.52 -5.27 -1.72 1980.65 -4.91 -1.36
1977.58 -5.14 -1.62 1980.08 -5.23 -1.09
1977.65 -4.78 -1.16 1981.40 -5.30 -1.46
1977.80 -4.84 -1.73 1981.48 -5.28 -1.88
1977.97 -4.78 -1.51 1981.57 -5.03 -1.36
1978.15 -5.26 -1.18 1981.65 -4.89 -1.80

All



Table IIl.5 contd.

Year 5"°0 §°C | Year 50 8C
(%o) (%o) ' (%o) (%)

1981.65 -4.89 -1.80 | 1984.48 -5.40 -2.28
1981.78 -4.91 239 | 198451 -5.36 -2.16
1981.90 -4.96 228 | 198454 -5.26 -2.19
1982.03 547 2.01 | 198457 5.22 -2.04
1982.15 5.22 129 | 1984.60 5.16 -1.87
1982.28 -5.22 -0.68 | 1984.63 5.15 -1.93
1982.40 -5.40 -0.85 | 1984.65 -4.83 212
1982.48 -5.25 1.44 | 1984.73 -5.13 2.72
1982.57 -5.08 -1.88 | 1984.81 -5.05 -2.66
1982.65 -4.99 220 i 1984.89 -4.94 -2.44
1982.78 -5.00 212 | 1984.97 -4.91 2.26
1982.90 5.05 2.46 | 1985.06 -4.97 -1.89
1983.03 -4.97 242 | 1985.15 5.19 -1.83
1983.15 -5.02 1.42 | 1985.23 5.16 -1.69
1983.28 -5.16 128 | 1985.31 -5.30 -1.79
1983.40 -5.18 -0.97 | 1985.40 -5.52 1.72
1983.48 -5.01 -1.03 | 1985.43 -5.49 -1.25
1983.57 -5.09 172 | 1985.46 5.44 -1.31
1983.65 -4.95 -1.74 | 1985.49 -5.32 -1.85
1983.74 -5.06 2,06 | 1985.52 -5.35 -1.78
1983.83 -5.17 -2.46 | 1985.55 -5.12 -2.08
1983.93 -5.39 2.41 | 1985.58 -5.05 -2.24
1984.04 5.22 228 | 1985.61 5.02 -2.26
1984.14 -5.43 231 | 1985.65 -4.93 -2.23
1984.22 -5.44 224 | 1985.77 5.11 2,24
1984.31 -5.47 -2.07 {1985.87 -5.19 -2.29
1984.34 -5.79 -2.03 | 1985.97 -5.31 - .2.31
1984.40 -5.78 -1.84 | 1986.08 -5.58 -1.61
1984.42 -5.65 -1.88 | 1986.18 -5.54 -1.63
1984.45 -5.53 -2.02 | 1986.29 -5.55 -1.62

Al2



Table 1.5 contd.

| §'°C

Year 5"*0 Year §'*0 3C
(%o) (%o) (%o) (%0)
1986.40 -5.61 -1.39 1989.58 -5.14 -1.94
1986.46 -5.57 -1.48 1989.65 -4.91 -1.85
1986.53 -5.46 - -1.77 1989.78 -4.95 -2.55
1986.58 -4.96 -1.90 1989.90 -5.14 -2.90
1986.65 -4,.96 -1.61 1990.04 -5.15 -2.63
1986.74 -5.11 -1.81 1990.16 -5.20 -2.61
1986.83 -4.95 -2.10 i990.28 -5.37 -2.36
1986.92 -5.10 -2.14 1990.40 -5.42 -2.41
1887.00 -5.04 -2.22 1990.44 -5.26 -2.32
1987.10 -5.09 -1.88 1990.48 -5.35 -2.15
1987.20 -4.99 -1.58 1990.52 -4.95 -2.58
1987.30 -4.89 -1.53 1990.56 -5.12 -2.41
1987.40 -5.27 -1.25 1990.61 -4.88 -2.67
1987.53 -5.08 -1.60 1990.65 -4.91 -2.80
1087.65 -4.95 -1.66 1990.74 -4.99 -2.75
1987.90 -5.11 -1.04 1990.83 -5.22 -3.09
1988.15 -5.25 -0.72 1990.92 -5.31 -3.23
1688.40 -5.37 -1.26 1991.00 -5.20 -2.94
1988.49 -5.16 -1.34 1991.10 -5.04 -2.72
1988.57 -5.12 -1.583 1991.20 -5.10 -2.29
1988.65 -4.96 -1.64 1991.30 -5.34 -2.05
1988.80 -5.15 -1.70 1991.40 -5.44 -1.91
1988.95 -5.12 -2.00 1991.43 -5.31 | -1.76
1989.10 -5.17 -1.83 1991.47 -5.43 -1.54
1989.25 -5.29 -1.64 1991.50 -5.34 -1.72
1989.40 -5.40 -1.66 1991.54 -5.15 -2.12
1989.46 -5.30 -1.72 1991.58 -5.05 -1.80
1989.53 -5.27 -1.87 1991.61 -5.01 -1.85
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Table 111.7 80 and §'°C records of Gk coral
Year : Distance = §'0 | 8"C Year Distance  §'0 8C
(mm) (%eo) (%0) (mm) (%) (%)
1948 0.00 -4.08 -0.54 49.90 -4.22 -0.81
1.70 -4.15 112 50.70 -4.03 -0.04
3.30 -3.78 -0.36 1956 51.80 -3.99 0.02
4.40 -3.86 -0.44 52.50 -4.07 -0.57
1949 5.40 -3.73 -0.71 53.00 -4.19 -0.56
6.30 -4.27 -1.82 54.00 -4.07 -0.58
7.50 -4.37 2.14 1957 55.30 -3.75 -0.59
8.40 -4.36 -1.54 57.20 -4.06 0.62
9.50 -4.42 -1.14 58.80 -4.16 0.35
10.70 -4.25 0.72 1958 61.00 -3.91 0.65
11.80 -3.82 -0.50 62.50 410 -0.05
12.70 -3.84 -0.30 63.80 -4.19 -0.42'
1950 13.70 -3.69 -0.35 65.10 -4.29 -0.57
15.40 -3.99 -0.22 66.60 -4.11 -0.26
17.00 -4.04 -0.23 1959 68.50 -4.10 0.27
18.80 -4.28 -0.55 70.50 -4.53 -0.58
1951 20.60 -3.65 1.02 1960 72.00 -4.25 0.00
22.60 -3.70 -0.09 73.80 -4.54 -1.34
24.50 -3.80 -0.43 75.60 -4.42 -1.01
26.20 -3.97 -0.29 1961 77.10 -4.27 0.04
1952 27.80 -3.88 -0.20 78.80 -4.29 -0.77
29.20 -4.36 -1.72 80.30 -4.22 -0.46
30.50 -4.40 -0.94 1962 82.30 -3.98 -0.31
1953 32.00 -4.10 -0.03 83.90 -4.40 -0.26
34.00 -4.16 -0.99 85.60 -4.23 -0.45
35.00 -4.57 -1.41 87.50 -3.95 0.13
36.30 -4.48 -1.41 1963 89.00 -3.73 0.12
38.60 -4.25 -0.54 90.80 -4.08 -0.66
1954 40.20 -4.23 -0.26 92.40 -4.16 -0.39
41.60 -4.68 -2.23 1964 94.00 -3.85 0.54
42.70 -4.65 -2.52 95.50 -3.90 -0.09
1955 44.00 -4.20 -0.41 96.90 -4.00 -0.81
45.70 -3.94 0.48 98.60 -3.98 -0.27
49.60 -4.23 -0.34 1965 100.40 -3.70 0.19
48.20 -4.24 -0.37 102.10 -4.17 -0.98




Table HI.7 contd.

Year Distance 50 53C Year Distance 50 §'3C
(mm) (%0) (%0) (mm) (%) (%)
1966 103.4 3.92 -0.42 1978 160.0 -4.15 0.20
105.2 -4.09 -0.03 161.5 457 -0.01
106.7 -4.28 -0.15 162.9 -4.62 -1.10
108.2 -4.20 -0.56 164.3 -4.34 0.26
1967 110.0 -3.98 0.53 1979 165.7 -4.28 0.52
111.9 -4.34 -0.03 166.9 -4.94 -0.72
1968 1135 -3.82 0.88 168.4 -4.98 0.73
115.0 -3.94 0.94 1980 170.0 -4.41 -0.28
1969 116.8 -3.99 0.40 171.5 -4.39 -0.24
118.2 -4.10 -0.06 1981 172.8 -4.08 0.07
120.2 -4.01 -0.34 174.4 -4.47 -0.76
1970 121.9 3.67 0.19 175.6 -4.26 -0.37
123.8 4.22 -0.46 1982 177.2 -3.96 -0.06
125.5 -4.00 05 178.3 4.14 0.26
1971 128.2 3,51 -0.41 1983 179.4 -3.96 0.57
131.0 3.74 -0.13 181.2 -4.03 -0.06
1972 132.8 -3.65 0.05 182.9 4.13 -0.29
135.0 -3.84 0.22 1984 184.1 -3.69 0.65
1973 137.1 -3.44 0.36 185.6 3.76 0.09
139.2 -3.84 -0.02 187.3 3.88 0.84
1974 140.8 -3.70 0.34 1985 188.5 3.77 0.75
142.7 -4.02 -0.30 189.8 -3.94 0.61
1975 144.4 -3.78 0.65 1986 191.0 -3.63 1.16
145.8 -3.85 1.05 192.8 -3.93 0.76
147.4 -4.24 -0.14 193.9 -3.93 0.18
149.0 -4.49 -0.10 1987 195.2 3.71 0.80
1976 150.6 4.35 0.32 196.4 -3.88 0.88
152.0 4.43 -0.21 198.6 -4.00 -0.02
153.1 -4.45 -0.48 1988 199.8 3.74 0.77
1977 154.4 -4.30 0.21 201.7 3.85 0.49
156.0 -4.41 0.06 203.9 -4.21 0.00
157.2 -4.54 0.47 1989 205.9 -3.90 0.96
158.8 -4.56 -0.22 | 208.0 -4.09 157
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Table 1ll.8a Oxygen and carbon isotopic records of the SR coral in Track-1

vear  Distance(mm) §'80(%0) 8'3C (%) density(g cm™)
1968 0.0 -5.29 -1.05 1.56
4.1 -4.57 -0.58 1.63
5.3 -5.01 -0.56 1.59
1969 6.9 -5.49 -0.93 1.56
113 -4.92 -0.86 1.66
13.1 -457 0.35 1.68
1970 16.4 -5.05 -0.71 1.52
18.3 -4.84 -0.49 1.63
213 -4.26 -0.59 1.62
1971 22.5 -5.29 -0.28 1.59
25.3 -5.04 -1.11 1.50
27.2 -4.88 -0.72 1.54
29.2 -5.10 -0.37 1.59
1972 31.2 -5.66 -0.28 1.53
34.2 -5.14 -0.45 1.39
36.0 -4.93 -0.62 1.47
38.6 -4.93 -0.35 1.38
1973 42.8 -5.26 -0.64 1.36
44.3 -5.55 -0.46 1.47
465 -4.85 -0.77 1.59
1974 50.0 -4.90 -0.51 1.60
56.3 -5.47 -1.10 1.48
59.4 -4.89 -1.36 1.53
62.1 -4.73 -0.85 1.59
1975 67.2 -5.25 -0.75 1.53
70.8 -5.45 -0.99 1.44
74.3 -4.56 -0.72 1.61
1976 75.6 -5.44 -0.51 1.57
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Table 111.8a contd.

Year = Distance (mm) 8%0(%s) §'3C (%) Density(g cm’®)
78.8 531 -0.66 1.47
80.7 583 -0.96 1.49
83.8  5.04 - -0.86 1.52
1977 873 -5.07 147 1.60
90.6 -5.24 -0.38 1.46
94.5 -5.83 -0.97 1.43
97.8 -4.62 -1.09 1.51
1978 100.5 -4.93 -1.01 1.57
104.4 -5.17 - 097 - 1.37
106.7 -5.51 -1.01 1.34
1107 -4.76 -1.22 1.51
1979 112.7 -4.91 -1.04 1.56
116.7 -5.08 -1.29 1.38
1215 -4.78 -1.46 1.41
124.3 -4.96 -1.45 1.33
127.4 -4.90 -1.16 1.49
1980 ~120.0 -5.43 -1.41 1.42
132.1 -5.27 -1.54 1.25
134.2 -5.24 -1.47 1.26
138.0 -4.59 -1.06 1.44
1981 1405 -5.26 -0.91 1.41
1443 -5.30 " 098 1.34
1471 -5.66 -1.25 11.30
150.9 -4.81 -1.25 1.42
1982 155.1 -5.46 -1.00 ‘ 1.55
1605 -5.04 -1.23 1.38
165.3 -4.50 -1.21 1.41
1983 168.3 -5.06 -1.23 1.28
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Table 111.8a.contd.

Year ~  Distance §°0(%) ~ 5°C(%)  Density(g cm®)
(mm) o
172.0 5.22 4.1 1.25
174.8 458 . -1.08 135
1984 177.7 5.25 0.77 137
181.2 5.10 -1.25 1.33
184.7 -4.90 -1.02 1.31
188.0 -4.33 -1.36 1.42
1985 191.1 5.39 0.97 1.49
196.2 5.29 -1.37 1.42
200.3 5.22 -1.27 1.34
1986 2043 . -4.64 :0.94 1.45
209.4 5.20 1.45 1.37
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~ Table 111.8b Oxygen and carbon isotopic record of SR coral (Track-2%

Year distance (mm) 5'80 (%o) 8" (%) Density(g cm™®)
1968 0.0 -5.09 -1.46 1.74
3.0 -4.46 -0.31 1.83
1969 6.0 -4.09 -0.22 1.73
1.5 -4.05 0.09 1.77
16.0 -4.46 0.14 1.80
1970 24.0 -5.05 -0.84 1.79
285 -4.54 -0.74 1.68
1971 34.0 -5.29 -0.37 1.69
40.0 -4.54 -0.19 1.68
1972 45.0 -5.11 -0.23 1.71
50.0 4.67 0.00 1.66
1973 56.5 -5.34 -0.83 1.62
59.0 -5.10 -1.03 1.53
1974 63.0 -4.64 -0.78 1.53
71.0 -5.28 -1.09 1.64
1975 78.0 -5.02 -0.57 1.56
83.0 -5.34 -0.85 1.56
1976 92.0 -4.76 -1.01 1.48
94.0 -5.33 -0.73 1.38
98.5 -5.47 -0.95 1.39
1977 102.5 -4.61 -1.01 1.51
107.0 -5.27 -0.32 1.48
1105 -5.58 -0.96 1.48
112.0 -5.48 -0.99 1.37
1978 116.0 -4.61 -0.85 1.51
120.0 -5.26 -1.08 1.44
1979 127.0 -5.49 -0.83 1.44
1325 -4.97 -1.23 1.24
138.0 -4.96 -1.16 1.26
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Table 111.8b contd.

Year Distance 5180 (%o) C8%C(%e) Density(g cm®)
- (mm)
1980 144.0 -5.01 -0.53 1.27
154.0 4.96 -1.10 1.13
1981 161.0 -5.26 112 1.16
164.5 -5.43 -0.81 117
168.0 -5.42 -1.21 1.17
1982 171.0 -4.74 -1.09 1.36
1745 -5.26 -0.59 1.25
178.0 -5.40 -0.79 1.27
181.0 -4.99 1.1 1.12
1983 1840 -4.53 -1.06 1.19
189.0 5.12 -0.48 1.7
192.0 5.19 -0.85 1.18
194.0 -5.25 -0.99 1.09
1984 197.0 -4.66 -1.10 1.19
203.0 -5.07 -0.83 1.23
1985 210.5 -5.03 -1.31 1.25
2165 -4.95 -0.59 1.33
223.2 -5.25 -1.16 1.30
226.8 -4.49 157 1.37
1986 228.0 -4.58 -0.95 1.39
2315 -5.20 -0.63 1.37
237.0 -5.07 -1.19, 1.31
239.5 -4.74 -1.38 1.29
2415 -4.66 -1.22 1.34
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Table 1Il.12A A™C records of the Gulf of Kutch coral

Sample code  Year of AYC(%o) Sample code  Year of A"C(%o)
Growth » _ Growth

CH:88 1949-51 -6015 " CH:80 1971-72 1317
CH:87 1952-54 -53+6 CH:78 1973-75 14617
CH:86 1955-60 0.816 CH:77 1876-77 12246
CH:85 1961-63 5747 CH:76 1978-80 102+7
CH:84 1964-65 120+7 CH:69 1981-82 9947
CH:83 1966-67 147+8 CH:68 1983 96x7
C!"I:82 1968 17046 CH:67 1984-87 7146
CH:81 1969-70 15647 CH:66 1988-90 : 557

Table 11.12B A™C records of Thane tree rings

Sample code  Yearof AMC(%a) Sample code  Year of AMC(%0)
Growth , Growth

CH:191 1960 23816 CH:180 1971-72 43417
CH:190 1961 2606 CH:179 1973 4007
CH:187 1962 33816 CH:178 1974 42047
CH:186 1963 56518 CH:177 1975 35416
CH:185 1964-65 63048 CH:176 1976 340+7
CH:184 1966 58748 CH:173 1977 31146
CH:183 1967 56047 CH:172 1978 2996
CH:182 1968 534+7 CH:171 1979-80 2607
CH:181 1969-70 47647
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