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PREFACE

Human life is based on the consumption of resources
provided to him by the benevolence of Mother Nature. The
unending quest of man, concomitant with the exponential growth
of population and economic development has however tilted away
the balance between resources and consumption. This imbalance

has led to a plethora of environmental problems of diverse
nature.

The varied and increasingly complex problems arising out of
anthropogenic use of the ocean have now raised man's
consciousness regarding the pressing need to protect marine
ecosystems and hence to develop sensitive and precise
diagnostic tools with a predictive capability for environmental
impact assessment. Rivers and estuaries, the most polluted
areas of the aqueous environment, deserve special attention in
pollution management programmes. A thorough assessment of the

relative concentrations of pollutants in the different
environmentally significant compartments of an aquatic system
is an essential pre-requisite for any systematic hazard
evaluation programme.



The present study is an attempt at investigating the inter
compartmental exchange of trace metals (copper, cadmium, zinc,
lead and nickel) in the Cochin estuary. The nature and extent
of distribution in the different compartments with special
reference to the transport from environmental compartments to
biological compartments have been dealt with in detail. The
suitability of the shells of Villorita cyprinoides var.
cochinensis (Hanely) in pollution monitoring activities has
been assessed. A mathematical model (SAAMPLE - Shells in the

Assessmet of Aquatic Metal Pollution LEvels) based on kinetic
laws that govern the inter- compartmental exchange has been
proposed, tested and verified.

The results of the present investigation have been
published /are under publication/ have been presented in
seminars as detailed hereunder

1. Toxicity of a bipartite metal mixture on Villorita
cyprinoides var. cochinensis.
Y. Babukutty, T.S. Geetha and J. Chacko J. Biosci. (under
publication).
2. Trace metal enrichment in an estuarine bivalve -- shells vs.
soft tissues.
Y. Babukutty and J. Chacko, Ambio (under publication)

3. SAAMPLE - A predictive mathematical model for assessment of

aquatic metal pollution.
Y. Babukutty, N. Chandramohanakumar and J. Chacko, Mar. Ecol.

Prog. Ser. (under publication)



4.Combined toxicity of copper and cadmium on Villorita
cyprinoides var. cochinensis, an estuarine clam.
Y. Babukutty, T. S. Geetha and J. Chacko, Presented at the
National Seminar on Estuarine Management, Trivandrum, 1987.

5. Carotenoids as an index of heavy metal stress in an
estuarine clam.

Jacob Chacko, T.S. Geetha and Y. Babukutty, Presented at
thelnternational Symposium on the Fate and Effects of Toxic
Chemicals in large Rivers and their Estuaries, Quebec, Canada,
1988.

6. Trace metal levels in the different phases of an aquatic
ecosystem.

Y. Babukutty and Jacob Chacko. Accepted for presentation at
the World Fisheries Congress, Athens, Greece, 1992.



Chapter 1

INTRODUCTION



The life supporting environmental regime, we call
ecosystem, is a very closely interwoven fabric of all living
things, coupled with the natural processes, that determine the
character, quantity and quality of life that can be supported.
Life in the ocean, as life on land, is intimately related to
its environment. During the past few decades, human influence
on marine ecosystems has been quite significant. Until, man
understands the complexities of the aquatic environment so as
to fully realize the disadvantageous consequences of his
actions, he cannot hope to safely exploit the environment to
his advantage. The increasing awareness of the magnitude of
environmental problems triggered by human intervention has
served to focus attention on the urgent need for sensitive and
precise diagnostic tools with a predictive capability for
environmental impact assessment.

From oceans life expanded into estuaries, rivers and



lakes. An estuary is "an inlet of the sea reaching into a
river valley as far as the upper limit of the tidal rise"
(Fairbridge, 1980). Thus, estuaries are highly dynamic systems
subject to changes occurring over a spectrum of durations
ranging from very short periods to geologic time spans. The
flood plain soils of estuaries constitute some of the most
valuable agricultural land on earth. Regional seas and near
shore areas extending to the edge of the continental shelf
often constitute the world's richest fishing zones. Large ports
have developed on estuaries or immediately upstream on the
navigable rivers that flow into them. Extensive industrial
developments are located in these ports and along the shores
of estuaries and on the rivers flowing into them. Estuaries
are often linked with refineries and oil storage depots, steel
and paper mills as well as a diversity of chemical industries

(Allan, 1990). In short, the banks of rivers and estuaries
became the foci of civilization, because of the favourable
features such as the profuse vegetation, fertile soil, access
to navigational facilities etc. that have catalyzed the
flourishing of human habitats in those regions.

Human association with estuaries and its associated rivers

has unfortunately led to their contamination by a variety of

pollutants. Public concern for this gross pollution has
generated a global demand for initiating regulatory measures to
control estuarine and near shore pollution. Pollution has come



to assume such gigantic proportions that it has become
virtually impossible to plan its total eradication. A
scientific management of the hazard alone seems feasible, if
man is to reconcile with the dual imperatives of use and
conservation of his planet's resources. Statutory pollution
management guidelines would have to be based on sound
scientific advice emerging out of systematic, quantitative and
definitive assessment programmes.

GESAMP (1980) have defined aquatic pollution as "the
introduction by man, directly or indirectly of substances or
energy resulting in such deleterious effects as harm to living
resources, hazards to human health, hindrance to aquatic
activities including fishing, impairment of quality for use of
water and reduction of amenities”. Identification of a
substance as "hazardous to the environment” involves the
determination of its potential for biological damage and the
assessment of the chemical’s potential for environmental
exposure. The potential biological damage can be evaluated by
toxicity tests, both acute and chronic. Acute toxicity tests
determine the dose of a particular chemical that will elicit a
specific response or measurable end point from a test organism
in a relatively short period of time, while chronic toxicity
tests investigate the exposure of the organism to a chemical
over a prolonged period (van Leeuwen, 1988). Environmental
exposure assessment is quantified in terms of its potential



environmental distribution (PED) and potential environmental
concentration (PEC), which involve the assessment of
environmental fate and transport, identification of exposed
populations and environments as well as estimation of expected

levels in the environment (Klein et a1., 1988).

Of the two hazard evaluation criteria discussed above,
toxicity tests have gained wider acceptance in view of their
experimental simplicity and have been the subject of several
monographs (Philips, 1980; Bayne, 1985; Rand and Petrocelli,
1985). However, its inherent limitations severely restrict the
applicability of the laboratory results in predicting the
biological impact of the aquatic environment which is
distinctly different from that in the laboratory experiments.
Environmental exposure assessment, though involving rigorous
experimental designs, provides a more realistic assessment of
the pollutant's fate in the aquatic environment.

Precise information on the nature of distribution,
bioavailability and exchange of trace metals among the
different environmental as well as biological compartments of
an aquatic ecosystem is essential in evaluating their
hazardousness. The present investigation relates to the
distribution of trace metals among the different compartments
of the Cochin estuary.



The term "trace metal"/"trace element“ is used in current
literature to designate those elements which occur in small
concentrations in natural systems. For all practical purposes,
the terms such as "trace metals", "trace inorganics", "heavy
metals", "micro elements“ and "micro nutrients" are treated as
synonymous with the term "trace elements" (Wittmann, 1983).
Metals such as Fe, Zn, Cu, Mo, Cr, Co and Mn are essential for
life but can be toxic when present at higher levels.

The Cochin estuary has been the subject of several studies,
most of which have centered around biological assessment of
toxicities of trace metals to estuarine or marine organisms
(Lakshmanan, 1982; Sivadasan, 1987; Baby, 1987; Latha
Thampuran 1986; Prabhudeva, 1988; Krishnakumar, 1987). Lethal

and sublethal effects of trace metal pollutants on biochemical
constituents as well as on accumulation and depuration rates
have also been documented (Lakshmanan and Nambisan, 1985; 1989;

Abraham et a1., 1986; Prabhudeva and Menon, 1988; Sathyanathan

et a1., 1988; Krishnakumar et. a1., 1990). Other investigations
pertaining to the Cochin estuary relate mainly to studies on
nutrients and organic compounds (Sankaranarayanan and Rosamma

Stephen, 1978; Murty and Veerayya 1981; Ramani et a1., 1981;
Venugopal et. a1.,1982; Paul and Pillai, 1983 a and b;
Sankaranarayanan et. a1., 1986; Lakshmanan et a1., 1987; Shibu

et a1., 1990, Nair et. a1., 1990, Nair et. a1., 1991, Ouseph,
1987; 1990).



Stop: of the present stnhy

The present study is a marked deviation from conventional
toxicity assessments and attempts to initiate investigations
in an entirely new perspective - environmental exposure
assessment. A pollutant upon release into the aquatic system
is carried away from the source by the medium and distributed
in due course among the various compartments of the system. A
knowledge of the processes that govern the partitioning of the
toxicant from the primarily loaded compartment to the adjacent
compartments, the factors controlling the equilibria, the
sediment-water exchange processes, the inter-compartmental mass

transfer rates, etc. define the potential risks of the toxicant
to aquatic organisms (van de Meent, 1988).

A scheme of study encompassing all these aspects provides
the frame work for the present investigation. Two clams
Villorita cyprinoides var.cochinensis (Hanley) and Meretrix
casta (Chemnitz) were taken as representative bivalves.
Considering the relevance and significance of shells in
revealing past environmental history, the bivalves were
analysed for trace metal concentrations in soft tissues as well
as in shells. Water samples were analysed for trace metal
concentrations in both dissolved and particulate phases.
Sediment samples were sequentially extracted to separately
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analyse the different chemically extractable chemical species
present in them. Correlations were struck between various
combinations of biological factors and environmental variables.
The equilibria existing between the different environmental and
biological compartments were evaluated and a mathematical
"shell-model" was developed to predict the environmental levels

of trace metals from a knowledge of the trace metal
concentrations in the shells.

The objectives of the present study were three fold:
(i) to establish the significance of shells in the assessment
of aquatic metal pollution levels
(ii) to quantify trace metal bioavailability in terms of the
various biological and environmental variables
(iii) to develop a mathematical model for predicting the trace
metal concentrations in the various environmental compartments.

In tune with these objectives, the thesis has been divided
into six chapters. Chapter 1 gives a general introduction to
the subject and highlights the importance of hazard evaluation,
risk assessment and management of toxic chemicals and the
necessity for evironmental monitoring and pollution abatement
activities. Earlier reports on the distribution of trace
metals in the aquatic biosphere with special reference to the
Cochin estuary are also highlighted.
Chapter 2 describes the location of the study area. Details of
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procedures adopted for sampling, processing and analyses in
respect of the investigations carried out in Chapters 3, 4 and
5 are also presented here.
Chapter 3 details the studies carried out on the shells of
bivalves with a View to highlighting its significance in
environmental stress assessment. Spectroscopic data (IR and
EPR) have been used to address the question of influence of
mineralogy trace metal enrichment.

Chapter 4 deals with the bioavailability of the trace metals,
copper, cadmium, zinc, lead, and nickel to the bivalve V.
cyprinoides.var.Cochinensis (Hanley) which has been assessed in
terms bf the relationships between the biological factors and
the environmental variables (sediment—related as well as
water-related). Chapter 5 describes the various equilibria
existing between the environmental and the biological
compartments of the estuarine ecosystem. The transfer of
toxicants from the environmental to the biological system is
discussed and a mathematical model has been proposed to aid in
the evaluation of environmental stress.

Chapter 6 summarizes the salient results of the present
investigation.



Chapter 2

MATERIALS and METHODS



A brief description of the Cochin estuarine system and the
various methods employed in the present study are given in this
chapter.

(E112 siuhg area

The Cochin estuary located along the south west coast of
India extends between 9'40’N and 10'12'N and 76'l0'E and
76'30'E. It has a length of about 70 km and a width which
varies between a few hundred meters to about 6 km and covers

an area of about 250 kmz. The Cochin estuarine system is
connected to the sea through a permanent opening, the Cochin
barmouth, which is about 450 m wide and 10 to 13 m deep. Here
the depth is maintained by dredging as this opening is used for
navigational activities. This barmouthijs also responsiblefor
the tidal flux of the Cochin estuary. Though less important,
two other openings also exist, which are only seasonal in
nature, one at Azhikode (northern region) and the other one at
Andhakaranazhi (southern region).
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Two major rivers discharge freshwater into this estuarine
system; the river Periyar and the river Muvattupuzha joining
the northern and the southern parts of this estuary
respectively. A multitude of industrial concerns punctuate
the banks of the estuary. Saline water intrusion to southern
parts of the estuary is regulated by the Thanneermukkam bund,
a salt water barrier commissioned in 1975. The depth of the
estuary varies moderately around 3m except for the shipping
channel which is dredged periodically to a depth of about
13m. The tides are of semi-diurnal type with an average range
of about 90cm.

The study area and the location of the sampling sites are
depicted in Fig.1. The stations selected were clam habitats
located in diverse environmental characteristics. The
hydrographical parameters (pH, temperature, salinity, dissolved
oxygen and suspended solids) determined by standard methods
(Grasshoff, 1983 a and b) are presented in Table 1.pH was
determined by using a Philips portable pH meter (model PP 
9046 with a glass electrode).

Sampling prnrehure

Monthly field collections spread over a period of 15 months
(from October 1988 to December 1989) were carried out at all

stations except Station 5 and 6 (located at the northern end of



I. Hydrographical parameters of the sampling sites

Table

STATIONS

31.2 1.1

-33.0

0.7
31.0

30.1

1.3
33.0

30.2

1 1.3 - 32.0

29.8

1 1.3 -32.0

29.5

1 1.2 - 31.5

29.4

Temperature °C

30.0

29.5

28.5

27.5

27.5

28.0

4.2 0.0

1 4.3

23.0 1 11.3

1.7 5.3

2.0 0.0

4.7
12.8

-H

5.4 0.0

1 7.4 - 18.9

8.6 0.2

6.6
17.6

7.2

96 o

Salinity

9.9

32.0

3.8

0.0

14

4.8 1 0.6 4.1 5.6

0.6 5.1

4.2 3.5

1.0 7.3

+11

4.9 3.7

1.6 8.7

+1

4.9 3.2

1.3 6.8

3.8 1.3

1 0.5 - 4.0

3.2 2.4

1

Dissolved Oxygen _

ml 1

7.0 1 0.0

0.4

7.3

0.2

7.0

0.2

+1

7.0 6.7

7.0 1 0.2

0.2

7.0 6.7

pH

7.2

6.9

7.8

6.9

7.3

6.6

7.5

7.3

6.7

7.5

12.8 14.8 1 7.9 43.1

23.8

1 8.9

36.4

14.5

1 7.0

27.4

16.1

24.0 114.2

-56.4

1 9.0

36.1

23.7

Suspended Solids

6.1 -34.3

11.3

5.0

4.2

5.2

10.4

mg]
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the estuary), where, owing to practical difficulties, only six
monthly collections (between November 1988 and September 1989)

were carried out. While Villorita cyprinoides var. cochinensis
(Hanley) was sampled from all the stations except Station 5,
Meritrix casta (Chemnitz) was the species sampled from
Station 5. The clams were collected from the beds using a van
Veen grab and were washed free of epiphytes and adhering
sediments and were transported to the laboratory. Bottom water
samples were collected from these stations using a pre-cleaned
teflon Hytech water sampler and stored in pre-cleaned,
acid-washed polyethylene bottles. A stainless steel,
plastic-lined van Veen grab was used to collect sediment
samples and aliquots were carefully transferred to polyethylene
bags which were stored at -5'C till analyses were performed.

Qlhrmiral analysts

All glassware used for the analyses were soaked in SN
nitric acid and thoroughly washed with distilled water before
use. All the reagents used were of BDH-AnalaR grade, unless
otherwise specified.
Deionised, double-distilled water was used for the chemical
analyses.

Water

The water samples were filtered using acid washed, 0.45 pm
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Whatman membrane filters. The filtrate was used for the
analyses of dissolved metals while the residue was used to
estimate the particulate metal concentrations.

The dissolved metal concentration was estimated by the
method described by Danielsson et a1.(1978; 1982). The filtered
water samples were subjected to solvent extraction using
ammonium- lépyrrolidine dithiocarbamate / diethylammonium
diethyl dithiocarbamate / chloroform (APDC / DDDC / Chloroform)
mixture. The extract was acidified with concentrated nitric
acid and the metals (copper, cadmium, zinc, lead, and nickel)
were brought into the aqueous phase by equilibration with a
definite volume of water and then analysed on an atomic
absorption spectrophotometer.

The particulate matter separated above was digested
according to the APHA (1985) procedure. The dry residue in
the membrane filter was leached with 10 ml of an acid solution

(HCIO HN03 and HCl in the ratio 1:1:3) at 90°C for 6 hours.4!

The resultant solution was centrifuged and then made upto
10 ml with 0.1N HCl for analysis on the AAS.

Sediment

Trace metals in the sediment were extracted according to
the scheme depicted in the Fig.2. The extractants, the sequence
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and the procedure followed were adapted from methods employed

by Tessier et a1. (1979; 1984) and Nair et a1. (1991). The
different metal species studied are:

Fraction 1 - Exchangeable cation fraction
Fraction 2 Carbonate bound fraction

Fraction 3 Easily reducible fraction ( metals combined
with Fe/Mn oxides)

Fraction 4 - Organically bound fraction
Fraction 5 - Residual fraction

Eight to ten gram aliquots of the wet sediment samples were

weighed out into 250ml Erlenmeyer flasks and allowed to
equilibrate with 50 ml of the extractant. The phases were
separated by centrifugation. The supernatant liquid separated
was analysed for trace metals (by AAS), whereas the residue was
carefully washed back into the flask with the next extractant
of the sequence and the operation repeated. The percentage of
moisture in the samples were determined separately and were
used to recalculate and express the metal concentrations
obtained above on a dry weight basis. The total metal
concentrations referred to (in Chapters 4 and 5) are the
summation of the metal concentrations in the sequentially
extracted fractions.



18

Bivalves

Sample pre-treatment

The individual clam collected from each of the Stations was

washed free of attached epiphytes and adhering sediments and
their dimensions noted. The shells were then opened and the
soft tissue was separated from the shell and the shell-weight

(W8) recorded. Each shell was heated to 110°C overnight and
the final weights were noted (Wsf).

Analyses of shells

The analyses of shells were carried out according to two
schemes explained below:

(i) For the first part of the studies reported in Chapter 3
(pages 28 ix) 32) viz. attempts to ascertain the relationship
between the metal concentration in shells and their respective
shell weights, shells were analysed individually. The
individual shell was warmed at 60°C for one hour in a 40%
solution of 30 v/v hydrogen peroxide (Glaxo) so as to
completely dissolve away the periostracum and any other
attached organic matter. They were then washed well with
distilled water and allowed to remain in 0.05M HCl for 2 
3hr to strip off any surface adsorbed elements, periostracum
residue or any surface contamination. They were then dried to
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constant weight at 110°C.

Each of these shells was dissolved in the minimum amount of

0.5 M HCl added drop-wise. Any excess acid present was
evaporated off and the residue redissolved and made up to a
definite volume (dependent on the weight of the shell) in
deionised, double-distilled water for subsequent metal
analyses.

(ii) When the results of the above individual shell analyses
revealed that the trace metal concentrations of bivalve shells
were totally independent of shell-weights, it was decided that,
henceforth, all shell analyses be carried out on four composite
samples of shells, each sample being a powdered mixture of a
minimum of four individual shells of varying weights. The
values of metal concentrations reported in the latter half of
Chapter 3 (i.e. for intercomparison of metal concentrations 
Table 10) as well as in Chapters 4 and 5, are the mean of the
concentrations of the four composite samples. For metal
analyses, 0.5 g of each of these composite samples was
dissolved in the minimum amount of 0.5M HCl added drop wise.

The excess acid was evaporated off and the residue redissolved
and made up to 25ml in deionised, double- distilled water.

Determination of valve thickness

The valve thicknesses of the shells were determined by the
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method of Goldberg et a1. (1978). An aluminum foil of uniform
thickness and known weight per unit area was pressed over the
shells and cut carefully along the edges of the shells. The
aluminium foil was then weighed and the effective shell area
calculated. The shell thickness was obtained as the ratio
between the weight of the shell and the shell area.

Infrared spectra

Infrared spectra of the shell samples were recorded
as KBr pellets on a Perkin-Elmer (model-183) infra-red
spectrophotmeter.

Electron paramagnetic resonance spectra

The Q- band EPR spectra of powdered shell samples were
recorded at 35.5 GHz, at room temperature (RT) and at liquid
nitrogen temperatures (LNT) using a Varian E112 X/Q band EPR
Spectrometer. The spectra were calibrated using diphenylpicryl
hydrazide as the field marker.

Analysis of soft tissue

The soft tissue of each composite sample (obtained as
described on page 19) were dried at - 80'C for 24 hrs. (For
the investigations in Chapter 3 alone, the soft tissues were
grouped according to weights of the bivalve shells for reasons
indicated on page330. The dried tissues were powdered and a
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definite weight digested in a Kjeldahl's flask (Martincic et
a1., 1984). To about 0.1 - 1.0 g of sample, 5 - 10 ml of conc.

HNO3 and 0.5 - 1.0 ml of conc. HCIO4 were added. After
pre-heating, the samples were digested for about 3 - 6 hrs. The
solutions were cooled and made up to a specific volume for
analyses on the AAS.

Analysis nf trarr mrials using AA?)

A Perkin Elmer Atomic Absorption Spectrophotometer (model

2380) was used for the analyses of the trace metals. The
sample solutions were directly aspirated into the flame (Air 
Acetylene) and the concentration in the digest was measured.
For the analysis of shells, the standards were prepared in
approximately 2% solution of CaCO3 (BDH - ARISTAR) dissolved in
0.5M HCl. Blanks were also prepared and read wherever
necessary.

Analysis of beds

All data were statistically processed wherever necessary.
Regression analyses were performed between various bio
logical factors and the environmental variables referred to in
Chapter 4. In Chapter 5, Chi-square analysis was done to find
out the level of significance between the observed and expected
environmental concentrations of the trace metals.



Chapter 3

METAL ENRICHMENTS IN
BIVALVE SHELLS



Zntrnbnriinn

The biogeochemical cycling of many elements on this planet
has a very strong anthropogenic influence. Rapid indu
strialization and agricultural professionalization have led to
the generation of enormous quantities of untreated waste
materials which have not been attended to with the priority
they warrant eventhough the treatment and disposal of waste
products have been recognised problems of prime concern from a
socio-ecological view point.The aquatic environment, which
receives most of such waste materials disposed off with scant
regard to the environmental safe guards, is consequently
getting polluted at an alarmingly increasing rate. The elevated
concentrations of such pollutants in the water body makes it
unfit for industrial and biological consumption. The
deterioration of water quality influences not only the aquatic
biotic processes, but the terrestrial life activities also. As
the rural/urban agglomerations are often traversed by rivers/
estuaries, the impact of a polluted aquatic environment poses
severe health hazards even to human life. Proper assessment
and monitoring activities have to be carried out periodically
in order to find out the nature and extent of pollution and to
devise effective risk management programmes.
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Bivalves and other aquatic organisms have been extensively
used to quantify chemotoxicity and bioaccumulation of
pollutants and the results have been of much significance in
establishing methods for environmental hazard assessment
(Phillips, 1976; Goldberg et a1., 1978; Zaroogian, 1980).
Studies on the use of aquatic organisms for mapping pollutant

levels in the aquatic system have centered around two major
foci: (i) for periodic monitoring purposes and (ii) as
biological indicators.

Monitoring studies primarily quantify pollutant levels in
the different aquatic organisms. Indicator/sentinel organism
studies involve comparison of pollutant levels in a single
species distributed on a geographical basis and this has a
built-in frame work for environmental hazard assessment.
Gastropods and bivalves have widely been used as indicators of
aquatic pollutants. By virtue of their sedentary and filter
feeding nature, bivalves can reflect even minute changes in the
surrounding environment. They have a remarkable ability to
accumulate and concentrate substances from the ambient medium

to much higher levels in their tissues (Goldberg, 1975; 1980;
1986; Goldberg et a1., 1978; Boyden, 1977; Ireland and Wootton,

1977; Phillips, 1980; Marigomez and Ireland, 1989).

Although earlier studies on shells of aquatic organisms had
focussed on the influence of environmental parameters like
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salinity, temperature etc. on the formation, growth and
mineralogy of shells (Pilkey and Hower, 1960; Dodd,1965; Segar

et a1., 1971; Bertine and Goldberg, 1972; Compere and Bates,
1973; Sturesson, 1976; 1978 and others), most of the recent
investigations emphasised the importance of shells in pollution
monitoring (Phillips, 1980; Hubbard et a1., 1981; Koide et a1.,
1982; Al—Dabbas et a1., 1984; Sturesson, 1984; Szefer, 1986;
Szefer and Wenne, 1987; Carrel et a1., 1987; Bourgoin, 1988;
1990; Bourgoin and Risk, 1987). Shells have some very pertinent

advantages over soft tissues, viz. much better ease of
handling, negligible rate depuration and a much less
variability in the results vis-a-vis those obtained from soft
tissues. These features make them a convenient and spectacular
record of environmental history (Carrel et a1., 1987).

The shell is a three layered structure consisting of an
outer periostracum, an inner nacreous layer and a middle
prismatic layer. While the periostracum is formed of an organic
material called conchiolin, the prismatic layer consists of
crystals of calcium carbonate separated by thin layers of
conchiolin. The inner nacreous layer is a thin array of
calcium carbonate crystals. The newly formed shell layers are
added onto the nacreous layer.

Depuration of metals trapped inside the inter- crystalline
matrix of the shells can occur only through a very slow process
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of solid state diffusion. The average life time of the bivalve
would be insignificant in relation to the time span required
for this diffusion process. Hence the outflow of materials from
the shells is almost negligible and consequently the shells are
able to integrate metal concentrations over the years and
preserve them even after the death of the organisms. Bourgoin
and Risk (1987) analyzed lead in recent and fossil shells of
Mya truncata and observed a five-fold enrichment in the recent
samples. This increased higher accumulation in the recent shell
sample was indicative of the present day anthropogenic input of
lead to the environment. Deep inroads into the history of
industrial pollution, of nuclear activities, of weapon tests
etc. could, thus, be made by such analyses (Carrel et a1.,
1987).

The influence of salinity on the strontium, copper and
magnesium contents in the shells of Macoma balthica was
reported by Sturesson and Reyment (1971). Koide et a1.,(1982)
analyzed the trace metal and trans-uranic metal contents in
the shells, byssal threads and soft tissues of M. edulis and
obtained stronger correlations between the different metal
levels in the shells than those in the soft tissues. The
enhanced concentrations of actinides in the byssal threads and
relative behaviour of plutonium and americium in their
accumulation were also investigated»
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Bourgoin (1990) reported that the relationship between lead
concentration in the suspended matter of the aqueous phase and
that in the nacreous layer of the shell were very similar to
that exhibited between lead concentration in the suspended
matter and that in the soft tissue. It was even suggested that
shell could therefore replace soft tissues in its function as
bioindicators. Szefer and Wenne (1987) reported on the species
and the region-dependent variations of uranium and thorium in
molluscs of the Gdansk Bay. The concentrations of uranium
showed species variation while those of thorium showed both
species as well as spatial variations.

Shells find yet another important application in dating
techniques. Amino acid racemisation dating was effectively
used for estimating the ages more precisely than by
conventional radio-carbon dating methods (Masters and Bada,
1978). Normally the amino acid present in the proteins of
living organisms consists of only the 1-enantiomer. But on
death and decay, the l-amino acids slowly undergo racemisation
to the corresponding d-amino acids. In fossils, both 1- and d
amino acids are present and the d/l amino acid ratio was found
to increase with increasing age of the sample till the
formation of the racemic mixture. Out of the numerous amino

acids, aspartic acid (having half life for racemisation equal
to 15,000 years) was mainly used for the dating studies. Since
the rate of decay is much slower than that of carbon-14, this
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method is useful in dating very old fossils.

Although the reports cited underscored the capability of
molluscan shell to function as unerasable records of trace
metal pollution, no attempt was hitherto made to evaluate the
potential of shells of the organisms of the Cochin estuary.
The only available reports pertaining to studies carried out in
the Cochin estuary relate to those by Sreevalsan (1985) who
analysed the infrared spectra and Ca/Mg levels in the shells of
C. madrasensis, and by Sivadasan (1987) who estimated the trace
metal (copper, mercury and zinc) contents in the exoskeleton of
the crustacean Metapenaeus dobsoni.

This investigation was designed to be a systematic rigorous
attempt at critically evaluating the relevance of shells in the
environmental quality assessment of the Cochin estuary with
special reference to the bivalve V. cyprinoides and the trace
metals, lead, manganese, cobalt, copper, cadmium and zinc.
Details of the sampling sites, of the cleaning procedures and
of the analytical methodologies are presented in Chapter 2.
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Results

(1) Variations of metal concetration in shells

Shell weights (W8 and Wsf), valve thicknesses(Vt) and
concentrations of cadmium, zinc, copper, lead, manganese and
cobalt in the shells of the V. cyprinoides from the Stations 1
to 4 are given in Tables 2-5 respectively. Figures 3-6 depict
the relationships between metal concentrations and shell
weights as well as that between metal concentrations and valve
thicknesses (except Fig. 5 corresponding to bivalves from
Station 3; since all the bivalves sampled from the Station
where small in size and had weights less than 2g, their valve
thicknesses were not ascertained). The nature of the plots
convincingly proclaimed that metal concentrations (excepting
zinc which shows an anomalous behaviour, especially in Station
2 and 3; this anomalous behaviour observed in the case of zinc
could be the effect of a wide spread of the values centered
around a small concentration level e.g. 3.79 pg g-1 at Station
2) in the individual bivalves did not vary to any appreciable
degree as a function of valve weights or valve thicknesses (and
consequently of bivalve ages). A similar result was obtained in
investigations conducted elsewhere on gastropod shells sampled
from various locations on the globe (P. Foster, personal
communication). Hence it was decided that individual sampling
of bivalves was not warranted in studies aimed at analysing the
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metal content of the shells. However to provide for any
statistical variability, the available individual organisms
were pooled in to fourconvenient weight groups (vide infra) for
assessing the inter relationship between metal levels in the
shells and in the soft tissues as described in the following
section (p 38 ). But in all subsequent analyses (for
intercomparison of metalconcentrations, Table 10) reported in
this Chapter as well as for studies reported in Chapters 4 and
5 the shells of all organisms collected from a particular
location were pooled in to four composite samples, each sample
consisting of a minimum of four shells of varying weights.

At all the four Stations studied, cadmium was found to be
the least abundant in the shell followed by zinc, with values
varying from 3.21 pg g-1 to 3.61 pg g-1 and from 3.46 pgg-1 to
4.64 pgg-1 respectively. Cobalt was the most abundant metal in
the shells obtained from Stations 2, 3, and 4, while lead was
the most abundant in those from Station 1. Manganese
concentrations ranged between 20.17 pg g-1 and 35.99 pgg-1
among the different stations. The concentrations of copper did
not show any appreciable spatial variation and generally
exhibited values intermediate between those of manganese and
zinc.
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(ii)Shell-soft tissue metal interrelationships

The available individual organisms from each station were
pooled according to their shell weights into four convenient
weight groups viz. upto 5 9 (GP I), 6-12 g (GP II ), 12-20 g
(GP III) and more than 20 g (GP IV). Groups I and II were
absent at Station 1 while only group I was present at Station
3. Stations 2 and 4 had all the four groups of organisms.
Metal concentrations in the different weight groups of V.
cyprinoides obtained from various Stations are presented in
Tables 6 and 7. The shell metal concentrations given (Tables 6
and 7) are mean values of the respective metal concentrations
of all individual shells falling into one of the above weight
groups. Tissue—metal concentrations given are mean value
obtained for four replicate analyses carried out in each weight
group. The relative abundances of metal concentrations in the
shells and soft tissues in the different weight groups of V.
cyprinoides obtained from the various stations are pictorially
represented in the Fig. 7-10. Data given are the mean values
of the individual analysis of each weight range.

The ratio between metal concentrations in the shells and

that in the soft tissues (denoted as ¢ = Msh/Mst) in each
weight group and the mean value for the different weight groups
of bivalves sampled from each of the Stations are given in
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Tables 8 and 9. For manganese and cobalt the highest ¢ values,
5.35 and 9.57 respectively were observed for shells sampled
from Station 3 whereas the lowest values were for those taken

from Station 2 (1.87 and 6.64 respectively). In contrast lead
recorded maximum and minimum (16.36 and 6.38 respectively) for
shells obtained from Stations 2 and 3. In the case of cadmium ¢
had the highest value (0.59) for shells sampled from at Station
1, and the lowest value (0.37) for those obtained from Station
4. Zinc concentrations also showed a similar pattern with the
highest and lowest ratios being recorded for the shells taken
from Stations 1 and 4 respectively. For copper the ratio was a
maximum for shells sampled from Station 2 and a minimum those

from Station 4. These three metals exhibited higher ratios in
lower weight ranges and lower ratios in higher weight ranges.
Out of the metals studied manganese, cobalt and lead were seen
to be preferentially accumulated in the shells whereas cadmium,
zinc and copper were seen accumulated more in the soft
tissues.

(iii) Infrared spectral analysis

Analysis of the infrared spectrum of powdered V.
cyprinoides shell showed strong absorptions around 710 cm71
(doublet) and around 1070 cmfl, characteristic of an aragonite
lattice structure. These results were compared with spectra of
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other bivalve shells (of P. viridis, M. casta, M. senhousia and
S. scripts). All the shells studied herein showed the similar
spectral bands indicating an aragonite mineralogy.

(iv) Strontium/Magnesium Ratio

Table 11 and 11a gives the concentrations of strontium and
magnesium and their ratios for the different bivalves studied.
Very low values of ratio were observed for M. senhousia and M.
casta, while it was the highest for V. cyprinoides.

(v) EPR Spectra

Q band EPR spectra were recorded at RT/LNT. Although
isotropic spectra with signals characteristics of Mn(II) (d5)
ions were obtained for powdered shells of V. cyprinoides (a
typical spectrum is reproduced in Fig.11), no EPR signals
corresponding Co(II) systems (d7) ions could observed.

Eisrnzsinn

The one question that has often been addressed in studies
involving shells of aquatic organisms is whether or not shells
are better accumulators of metals than soft tissues. In the
absence of any definite answer, there has been a general
disinterest to indulge in detailed investigations on the
shells. Much of the hesitation to use shells stems from an



41

$5 _o.w 3.3 NAN 3.: Rd mwatum .m3.9 8.? fan RA 2} 35 mfisoccmm .23.2 o_.m 3.9. mod «ma $.n m_E.:> .m

w m;

co :2 .5 T cN cu 2U

wfluoam o>_m>E u:u..ofi=u mo wzocm 05 E :O_H.m.5:0UCOU .305. .o_ o3m._.



42

Table 11. Sr, Mg and Sr/Mg levels in the shells of different bivalve species

Sr Mg Sr/Mg
us 3"

P. viridis 1046.80 477.87 2.19
S. scripta l14l+.02 513.53 2.23
M. senhonsia 995.73 484.82 2.05
M. casta 1152.98 559.1l1 2.06

Table Ila. Sr, Mg and Sr/Mg levels in the shells of
V. cyprinoides from Stations 1 to ‘I

Sr Mg Sr/MgStations _f
P8 8

1 1208.27 496.71 2.432 1349.13 516.89 2.62
3 14121.78 517.27 2.77
it 1380.79 495.05 2.80
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unjustified notion that shells are vulnerable to severe
variabilities in their metal content. The apparent
variabilities in shell compositions can be traced to poor and
non-uniform shell cleaning and treatment procedures before
digestion, especially since the periostracum has sometimes been
included as an integral part of the shell matrix. Rosenberg
(1980) has summarized the short comings and pitfalls in the
earlier studies on molluscan shell chemistry. In an effort to
avoid contamination due to adsorbed metals and to estimate only
metals which are incorporated into the shell matrix a cleaning
procedure (P.Foster, Personal communication) was adopted (vide
Chapter 2), which entirely removed the periostracum and thus
eliminated the variability associated with the determination of
adsorbed metals.

The incorporation of metals into shells normally occur via.
two different processes .
(a) A passive enrichment, probably composed of several
processes, mainly adsorptive in character and taking place on
surfaces exposed to the aquatic medium i.e., the periostracum
and the unprotected carbonates (Sturesson, 1976).

(b) An active accumulation of trace metals triggered by
metabolic functions and/or mineralogic considerations which
ultimately results in the integration of metals into the shell
matrix. This occurs in conjuction ‘with shell formation which
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can be considered to happen in two major phases: (1) cellular
processes of ion transport, protein synthesis and secretion and
(2) a series of physico-chemical processes in which crystals

of CaC03 are nucleated, oriented and grown in intimate
association with a secreted organic matrix (Wilbur and
Saleuddin, 1983). Trace metals are either bonded directly with
the various structural components of the shell like conchiolin,
organometallic pigments etc., or alternatively, may be
incorporated within the inorganic lattice (Fox, 1966;
Sturesson, 1976). In the present study, since the periostracum
as well as organic and surface adsorbed materials were
completely removed, the metal concentrations observed in these
shells could have resulted only through physiological or
mineralogical processes. It has been suggested (Phillips,
1980) that wherever adsorption of metals were nonexistent, the
integration of metals into bivalve shells could only occur via
a biological process during their synthesis.

The biogenic carbonates in the shells occur mainly as
calcites and aragonites. The outer mantle epithelium is
responsible for shell secretion. Shell formation occurs within
the extrapallial space into which the mantle epithelium
secretes the extrapallial fluid. It may contain contaminants
like trace metals along with the components for

2+
biomineralization like Ca , HC03r, organic molecules etc.
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During the formation of shells, any trace metal actively
incorporated within the shell matrix, is assimilated by the
organism ( Wilbur and Saleuddin,1983). The incorporation of
different kinds of trace elements into the shell during its
formation is influenced by environmental as well as
physiological processes like concentration of elements in
ambient water, its seasonal and environmental variations, its
salinity, mineralogy of the shell etc. (Pilkey and Goodell,
1963; Dodd, 1965; Pilkey and Harris, 1966; Frazier, 1976;
Buchardt and Prosi, 1978, and others.). Trace or minor
elements are generally incorporated into the shell either as
substituents for calcium or as constituents of separate mineral
phases or organic compounds (Carriker et a1., 1980).

The biogenic carbonates, calcites and aragonites, are easily

identified on the basis of their v1 and v3 stretching
vibrations in their infrared spectra (Chester and Elderfield,
1967). Calcites exhibit only a single peak at “ 710cm-1

1

and do

not show the v‘ peak (” 1070 cmf ). The infrared spectral
bands observed (in V. cyprinoides and other bivalve shells)1 1
"710 cm‘ (12 doublet) and "1070cm' (:21) are clearly3

diagnostic of orthorhombic aragonite mineralogy. Carbonates of
metals having ionic radii larger than Ca2+ are known to give
rise to aragonitic mineralogy while those with ionic radii less
than Ca2+ generally yield calcitic crystal lattices. Therefore
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aragonites could normally be expected to take up metals larger
than Ca2+ while inclusion of metals smaller than Ca2+ could

occur in the case of calcites. The nature of the adsorption
processes, the complexation capacity of shell proteins,the
ionic radii of the metals, genetic variations of the organisms
involved, etc. independently or jointly govern the uptake of
metals into the shells (Carrel et a1., 1987; Chester and
Elderfield, 1967; Segar et a1., 1971; Bertine and Goldberg,
1972; Sturesson, 1978; Carriker et a1., 1980; Al-Dabbas et a1.,
1984).

As reported earlier lead, manganese and cobalt were found
to be preferentially enriched in the shells while copper,
cadmium and zinc were observed to be accumulated in the soft

tissues. Some of causative factors of the preferential
enrichment of the metals (lead, manganese and cobalt) are
discussed below.

The accumulation of lead can take place in two ways i.e.,
either by adsorption on the outer surface or by incorporation
into the shell matrix. Ferrell et a1., (1973) and Sturesson,
(1976), have explained the pathway of the enrichment of lead
due to the surface adsorption. Since the cleaning procedure
employed in the present study ensures stripping of any surface
adsorbed metals, the concentration of lead observed herein
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could have resulted only through a gradual incorporation from
soft tissues during growth.The presence of lead in V.
cyprinoides and other bivalve shells considered here is fully
explainable from mineralogical considerations as well. Pb2+
ions can be expected to substitute some of the Ca2+ ion in the
9-coordinate aragonite lattice because lead carbonate
(cerrusite) and aragonite are isostructural (Chester and
Elderfield, 1967).

Manganese enrichment in the shells is believed to take place
by chemical as well as environmentally significant processes.
Frazier (1975) studied the dynamics of manganese transport in
C. virginica and reported that about 20 pg of manganese were
deposited in their shells each day during shell growth.
Carriker, et a1. (1980) and Phillips (1980) have also reported
enhanced enrichment of manganese in shells. Manganese
enrichment is believed to be facilitated either by the
complexation of manganese with the organic matter of the shell
matrix or by incorporation into the lattice structure of the
carbonates and the oxides (Goldberg, 1957; Fox, 1966; Horiguchi

and Tsujii, 1967; Bourget, 1974). According to Bryan and Uysal
(1978) the incorporation of manganese into shells occurs
largely during shell deposition by the mantle. The
incorporation of manganese into the lattice structure could
take place by two routes. One is the usual substitution in the
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calcite. This is quite possible in view of the identical
crystal structure of calcite and rhodochrosite (manganese
carbonate). The second pathway of manganese incorporation is by
a geologically improbable inclusion of Mn2+ into the aragonite
lattice by biomineralization occurring during shell formation
(Rosenberg, 1980).

Blanchard and Chasteen (1976) reported the occurrence of
manganese in the calcitic shell of.M. edulis. But White et a1.

2+in the aragonitic lattice(1977) reported the presence of Mn
of.M. arenaria. EPR is a sensitive method for detecting
systems with unpaired electrons and hence have been used to
detect the presence of these in molluscan shells. "g" values
provide considerable information about the stereochemistry and
symmetry of the metal ion within the crystal lattice. The
results of the room temperature EPR spectra of powdered V.
cyprinoides shell samples used in the present study, yielded

g and A18 values of about 2.011 and 100G respectively,iso o
which are in excellent agreement with results reported earlier
by White et a1.(1977). These Mn2+ signals indicate an unusual
isomorphous substitution of Ca2+ in the aragonite lattice.

Reports on the enrichment of cobalt in the shells and/or
soft tissues of aquatic organisms are scanty in literature.
Szefer (1986) and Szefer and Szefer (1985) reported on the
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values of cobalt in the soft tissues and shells of organisms
like.M. edulis, C. glaucum, M. arenaria, M. balthica etc., the
levels of cobalt in the shells being considerably less than
that in the soft tissues. In marked contrast, the results of
the present analyses of the shells of V. cyprinoides show
increased accumulation of cobalt in the shells than in the soft
tissues. Cobalt, though an essential element, is not
accumulated in the soft tissues to any appreciable levels. The
increased enrichment of cobalt in the shells, therefore leads
to the conclusion that biological transport of excess amount
of cobalt into the shell structure is an active process

2+ (d7) ion has a 4 T19

ground state with extensive spin orbit coupling, and EPR
prevailing in the body. The C0 (F)

measurements are possible only at low temperatures. Because of
spin relaxation problems, only a single peak is expected with a
g value of 4.33 (Drago, 1977). However, the absence of anyiso
EPRsignal (at room temperature or even at liquid nitrogen
temperatures) in the shells of V. cyprinoides clearly shows
that the cobalt present in the shells (confirmed by atomic

2+ (d7) ion but existsabsorption analyses) do not exist as Co
as the low spin, diamagnetic Co3+ ion. The superior stability
of Co3+ complexes of N-ligands (like amines, proteins etc.)
over those of co2* is well established (Huheey, 1978). Thus the
presence of Co in the V. cyprinoides shells attests the fact
that mineralogical incorporation is not the principal
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enrichment process and that, other factors like genetic/
physiological processes do exert a decisive influence in
regulating metal uptake by shells.

Copper, cadmium and zinc were observed to be
preferentially accumulated in the soft tissues. Lattice
incorporation of these metals is totally unexpected in view of
the incompatibility of their effective ionic radii vis-a-vis
that of Ca2+. Cu2+ ions, due to its significant physiological
function have a distinct affinity for the soft tissues than for
the shells. Zinc is an essential metal in the biological realm
because it is an integral part of a number of metallo-enzymes.
The concentration of Zn2+ can regulate many metabolic processes

through initiation and/or regulation of the activity of these
enzymes (Leland and Kuwabura, 1985). Eisler (1981) observed
that accumulation of zinc is mediated by many factors including
interaction effects with salts of calcium, cobalt, iron,
cadmium and various organic substances. Metallothionein is
believed to play an important role in the enhanced enrichment
of metals like copper, cadmium, mercury, zinc, cobalt etc.
Metallothioneins are low molecular weight cytosolic proteins
rich in cysteine. They are induced by several factors
including exposure to metals such as Cd, Hg, Cu, Zn, Au, Ag

‘etc. Metallothioneins have a high affinity for these metals and
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it is generally accepted that the binding of these metals to
metallothionein constitute a metal detoxifcation (Klerks and
Bartholomew, 1991). Soft tissue concentrations of cadmium were

comparatively lower than those of other metals in the soft
tissues. These results are in agreement with studies on other
clams and gastropods reported by Segar et a1. (1971), Frazier
(1976). Lande (1977) etc. Although cadmium has no known
biological function in molluscan tissues (Eisler, 1981), it is
regarded as a toxic element because of its ability to
substitute Zn2+ (Graham,1972). Cadmium can therefore be
expected to mimic Zn2+ in its behaviour and hence to be
concentrated more in the soft tissues than in the shells. The
observed slight accumulation in the shells might have resulted

2+by the substitution of Ca2+ ions by Cd ions in view of their
comparable ionic radii.

Strontium and magnesium are two other important elements
found strongly associated with shells of bivalves. Even though
the concentrations of these elements are much higher than that
of the other elements studied, the influence of environmental
variables on the enrichment of these elements are not
completely well understood. Rosenberg (1980) has listed the
detailed, but unsuccessful attempts of earlier workers to
correlate strontium/magnesium levels in the shells and
environmental factors such as salinity, temperature etc.
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The concentrations of strontium were generally higher
compared to that of magnesium and variations in V. cyprinoides
were not very significant. The concentrations ranged between

11208.2 pg g-1 to 1421.78 pgg- . The lower values were obtained
from the more saline stations whereas the higher values were
observed in less saline environments. The concentration of
strontium in the estaurine bivalve V. cyprinoides was also
notably greater than that in the other bivalves found in the
region, viz.P. viridis (1046.8 pg g-1
pgg-1) M. senhousia (995.73 pg g-1) and M. casta (1157.98

) S. scripts (1144.02

pgg_1) which had more saline habitat. The Sr/Mg ratio was also
greater in V. cyprinoides than in the other bivalves mentioned
above.

Stronium enrichment in the shell is determined by several
environmental factors and variables such as illumination,
nutrition, water circulation, mussel growth rate, temperature,
salinity, Sr/Ca ratio in the environment etc. (Nelson, 1961;
Muller, 1968, 1978; Gunatilaka, 1975; Crisp, 1975; Lorens and
Bender, 1977).

The mineralogy of the biogenic carbonates also critically
influences the enrichment of strontium. Sr2+ has larger ionic
radius than that of Ca2+ and is known for its preference to be
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included in the more open, octahedral, crystal structure of
aragonite (Rosenberg, 1980; Lorens, 1981). The distribution
coefficient of strontium was reported to be ten times morefor
aragonites than for calcites (Kinsman, 1969; Kitano et
aI.,1971). In view of the aragonitic structure, clearly
evidenced by the infrared spectra of the shells analysed herein
the relative increase in concentration of strontium and the
high values of the Sr/Mg ratio can be fully justified. The
Sr/Mg ratio in V. cyprinoides was also seen to be affected by
the environmental characteristics of the habitats.

The concentration of magnesium does not show any
significant variation. The values ranged between 495.05 pg g-1
and 517.27 pg g'1 for V. cyprinoides sampled from the

different Stations. The level of magnesium is generally lower
in molluscs than in other invertebrates (Lowenstam, 1963; Dodd,

1967; Wyckoff, 1972). Even though magnesium is three times more

abundant than calcium in the sea water, bivalves have developed
a highly enhanced capability for discriminating against
magnesium. (Lowenstam, 1963). Milliman (1974) opined, that the

higher solubility of MgC03 than CaC03 could be a reason for
such an unusual behaviour. Eisma et a1., (1976) compared C.
glaucum, M. balthica, .M. arenaria and M. edulis sampled from
different areas of salinity and found only weak trends between
the magnesium concentrations annd salinity. Moreover, even for
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a single species, the trend was inconclusive. Similar results
were obtained in the present study also as the magnesium
concentrations in the shells of V. cyprinoides obtained from
the different stations as well as that in the different
bivalves did not convey any definite trend. The infrared
spectra of all the shells analysed in the present
investigations indicated a predominant aragonitic lattice which
could be responsible for a low concentration of magnesium.

The present study highlights the use of shells as
bio-indicators. Besides their use in dating techniques,
chemical ontogeny etc. are indeed quite promising. However more

exhaustive studies employing advanced analytical techniques
are needed to fully exploit the potential of shells to be used
as store house of environmental records.



Chapter 4

TRACE METALS IN THE COCHIN
ESTUARY - DISTRIBUTION

AND BIOAVAILABILITY



Jntrnbnciinn

The exponential expansion of human activities,
industrialization and exploitation of the available resources
has resulted in an undesirable enrichment of nutrients and
trace metals in the aquatic environment. Municipal, industrial,
urban, agricultural and atmospheric wastes pose a serious
threat, to the integrity and the conservation of the global
aquatic ecosystem. It has, therefore, become necessary to
mobilise a concern for environmental and ecological
sustainability at the global level.

A pollutant on being discharged into the aquatic
environment, is subjected to a series of complex physical,
chemical and biological processes, which ultimately result in
the partitioning of the pollutant into the different phases of
the aquatic system. As a result of various physico-chemical
changes and reactions in the aquatic environment, a major
fraction of the metals introduced into the system will be
associated with the bottom sediment. Hence it has become
necessary to quantify the pollutant distribution profile in the
different segments of the aquatic system (Tessier and Campbell,
1987). Mechanisms of transport and fate of metals in estuaries
have become the focus of attention in attempts to elucidate the
route of metal uptake in biological tissues (Connell et
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a1.,1991). An adequate knowledge of the processes that preside
over the distribution and concentration of the metal in
sediment, biota and overlying water is essential for any
meaningful assessment of water quality.

Studies relating to the distribution of trace metals in
oneorthe other segments of the aquatic systems are numerous.
Forstner (1983 a), Danielsson (1989), Moore (1981), Duinker and
Nolting (1982), Paul and Pillai (1983), Sathyanarayana et a1.,
(1985) Campbell et a1. (1988), Windom et a1. (1989), Forstner
et a1. (1990), Shibu et a1. (1990), Turner and Millward (1990)
and others studied the distribution of trace metals in the
water column. Several authors have reported on the distribution

of trace metals in the sediments (Forstner,1983 b; Moore, 1980;.
Cosma et a1.,1982; Howell, 1985; Morris and Kwain, 1988; Nair

et a1., 1990; Salomons and Eagle, 1990). Trace metal levels in 
biota have been studied extensively (Bertine and Goldberg,
1972, Sturesson 1976; Boyden, 1977; Ireland and Wootton, 1977;

Davenport and Manley, 1978; Goldberg et a1., 1978; Theede et
a1.,1979; Kumaraguru et a1., 1980; Strong and Luoma, 1981;
Lakshmanan and Nambisan, 1983; Prosi, 1983;1983; Al-Dabbas et

a1, 1984; Borchardt et a1., 1985; Brix and Lingby, 1985; Szefer
and Szefer, 1985; Szefer, 1986; Marcovecchio, 1988; Phillips
and Rainbow, 1988; Sivadasan and Nambisan,1988; Mariogomez and

Ireland, 1989). Luoma and Phillips (1988) studied the
distribution, variability and impacts of trace elements in
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water and biota of the San Francisco Bay. However
investigations in which all the three phases of the aquatic
environment were considered are relatively few. Mahajan et a1.
(1987) studied the anthropogenic influence on the enrichment
of trace metals in the sediments and biota in the estuarine
region of Bombay island. Patel and Chandy (1988) also reported
on studies relating to trace metal levels of sediments and
clams of Bombay coast. Ajmal et a1., (1987) had reported on the
relative abundance of heavy metals in water, sediment, fish and
plants. Schirmer (1990) determined metal concentrations in
water (dissolved and particulate), sediment and biota (algae
and crustacea) and attempted to relate the environmental
factors with biological tissue concentrations.

”Ecotoxicology is concerned with the toxic effects of
chemical and physical agents on living organisms especially on
populations and communities, within defined ecosystems; it
includes, the transfer pathways of those agents and their
interactions with their environment” (Butler, 1978). Such
studies attempt at assessing the structure and function of an
ecosystem, in the hope of being able to stumble upon minute,
yet pertinent, fluctuations in both biotic and abiotic factors
(Boudou and Ribeyre, 1989). An understanding of the
distribution of toxic substances in an aquatic system is
therefore central to any ecotoxicological investigation. The
essentiality or toxicity of a chemical is decided by the extent
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of biological requirement necessary for the metabolic processes
being carried out in the organism into which the chemical is
bioaccumulated.

It may be appropriate to explain some of the terms
frequently used in such studies.
Bioavailable:- The fraction of the total chemical in the
surrounding environment, which is available for uptake by the
organisms (Spacie and Hamelink, 1985). is referred to as the
‘bioavailable' fraction.
Bioaccumulation:- It refers to the ability of the organism to
accumulate a chemical from its environment by any means
(Isensee et a1., 1973). It can occur only if the rate of
uptake of a substance in an organism is more than
elimination.
Bioconcentration:- It is the accumulation of chemical residue
in organisms by transportation of the chemical through it
either by gills or other membranes or both.
Biomagnification : It is the process whereby pollutants are
passed from one trophic level to another and exhibit increasing
concentrations in organisms related to their trophic status
(Connell and Miller, 1984).

The static state of bioconcentration is attained by the
dynamic process of bioaccumulation which is accelerated by the
bioavailability of a substance in the environment.
Bioavailability, which enhances bioaccumulation, is influenced
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by the species of the metal bioaccumulated (and not by the
total metal concentration) and the nature of the
bioaccumulating organism and is a property dependent on the
physicochemical, geochemical and physiological processes that
determine the fate of a chemical in the environment.
Bioavailability and hence bioaccumulation are thus influenced
by characteristics of the interface, reactivity of the metal
form, presence of other metal ions that enhance or inhibit
metal uptake, variations in temperature, physiological state of
the organism, etc. (Luoma, 1983). As the uptake of a chemical
is effected from the surrounding water, the suspended material
and the sediment, the bioavailability of the chemical from all
these compartments will have to be considered for appreciating
the process in its totality.

Bioaccumulation of metals occurs mainly by diffusion,
transport and adsorption. Diffusion can occur across any
barrier that is semipermeable to the chemical and across which
a concentration gradient exists, (e.g., gills, lining of the
mouth gastrointestinal tract etc.). While the lipid bilayer of
simple biological membranes permit rapid diffusion of non-polar

molecules, proteinaceous pores present in the membrane allow
the passage of essential polar molecules. This semipermeable
character may be altered by salinity and/or physiology of the
organism (Spacie and Hamelink, 1985). The transport mechanism

operates through carrier molecules and includes: (i) transport



60

via. carriers specific for nutritionally essential cations
(e.g. Ca, Mo, Zn etc.) (ii) nonspecific complexation of metal
forms with carrier molecules, which could result in either
"accidental" transport across the interface or immobilization
at the external interface (iii) transport of metals complexed
with essential nutrients (e.g. amino acids or proteins) on
carriers specific for the nutrient and (iv) transport of
nutritionally essential metal complexes (Luoma, 1983).
Adsorption can be effected by binding the chemical to the
surface by covalent, electrostatic or molecular forces. It is
important as the initial step in the accumulation process and
is mainly operative in micro organisms which have extremely
high surface to volume ratio (Spacie and Hamelink, 1985).

Although several attempts have been made to unravel the
complexities and ascertain the mechanisms of bioaccumulation,
very little is yet known of the behaviour of the metals (or of
any other substances) in the aquatic environment to be sure of
the factors that regulate bioavailability. Most of the studies
were'performed in simulated conditions and reported on the
enrichment of trace metals in the tissues resulting from an
applied concentration (Denton and Burden-Jones, 1981;
Ahsanullah et a1.,198l; Davenport and Redpath, 1984;
Amiard-Triquet et a1., 1986; Wolmarans and Van aardt, 1986;

Sivadasan, 1987; Neimann and Mitg, 1988; Lakshmanan and
Nambisan, 1989; Marigomez and Ireland, 1989; Krishnakumar et
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a1., 1990). Zamuda and Sunda (1982) have, however studied on

the bioavailability of dissolved copper to the oyster
Crassostrea virginica.

The influence of the physico-chemical characteristics of
the aqueous phase (such as salinity, hardness of water, pH
etc.) on bioaccumulation. were probed into by Sivadasan (1987),
Wright and Zamuda (1987) Sprague (1985) and others. Sivadasan

(1987) and Wright and Zamuda (1987) observed an inversely
proportional relationship between salinity and accumulation of
trace metals. Variations in salinity determine the nature of
metal species and thus regulate the bioavailability of the
metal. Dilution of water which resulted in low salinity
facilitated the formation of an increased proportion of free
metal ions which were more readily bioavailable than any other
metal species. Hardness of water has also been reported to
have an inverse effect on trace metal accumulation (Miller and

Mackay, 1980). The enhanced concentration of calcium and
magnesium ions probably inhibits the smaller ions from forming
complexes with organic molecules. Also, the higher levels of
calcium in the tissues make the cell membranes in the gills
less permeable, thwarting any attempts of metals to enter the
tissues (Sprague, 1985). The influence of pH on trace metal
accumulation and toxicity is related to the maintenance of
ionic species concentration in the aqueous medium.
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From the aqueous phase, metals ‘are accumulated into the
tissues both, from the dissolved and from the particulate
forms. Even though ionic species are the preferred form for
uptake by the organisms, their concentrations in the water
medium is very low as they get complexed with ligands and get
adsorbed onto the surface of suspended particles. Metal uptake

from solution is enhanced by diffusion (both active and
passive), transport (active and facilitated transport),
adsorption to the binding sites, concentration of free metal
ions in the medium etc. (Luoma, 1983; Spacie and Hamelink,
1985). On the other hand, environmental processes like
adsorption to suspended solids, to sediments, to humic acids
and to macromolecules, formation of colloidal suspensions,
chelation, complexation etc. reduce the amount of ionic species
in solution and consequently decrease its bioavailability from
water (Spacie and Hamelink, 1985). The particulate matter
ingested by the organisms are solubilized by the acidic juices
in the gut, thereby rendering the metals contained therein
bioavailable (Waldichuk, 1985).

The characteristics of the sediment phase also play a
dominant role in determining the bioavailability of the metal.
Detritus feeding organisms, being directly exposed to the
sediment bound metals, have been widely used in studying the

bioavailability from sediments (Luoma, 1983). The attributes
of the sediment that influence metal bioavailability include
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the nature of donor ligands and competing cations, the redox
potential, the ionic strength, the adsorptive power etc.
(Luoma, 1983; Campbell and Tessier, 1989).

Since sediments represent the phase with maximum trace
metal concentration in the aqueous system, several workers have

attempted to elucidate and predict the availability of metals
from the sediment phase both by conventional and sequential
extraction techniques (Luoma and Jenne, 1976; Bryan and
Hummerstone, 1978; Luoma and Bryan, 1979; Luoma ,1983; 1989;

Tessier and Campbell, 1984; 1987; Campbell and Tessier,1989;
Gunn et a1., 1989).

Distribution of trace metals in the waters of Cochin
estuary has been studied by several authors. Sankaranarayanan
and Rosamma Stephen (1978) reported on the particulate Fe, Mn,
Cu and Zn in Cochin backwaters. Paul and Pillai (1983 a & b)

have studied the distribution, speciation and biological
transfer of trace metals in the Periyar river. Trace metal
levels in the various aquatic organisms of this region have
been studied and reported by various authors (Sankaranarayanan
et a1., 1978; Lakshmanan, 1982; Krishnakumar, 1987; Sivadasan
and Nambisan,1988). Metal levels in the sediments of Vembanad

lake have been studied by Murty and Veerayya (1981), Venugopal

et a1., (1982), Ouseph (1987, 1990), Nair et a1.,(1990) and
others. Nair et a1., (1991) have carried out chemical
partitioning studies on sediments of Cochin estuary. Ouseph
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(1990) has reported on the distribution of mercury in the
sediment, the particulate and the dissolved phases of the
estuarine environment.

Although various speciation/fractionation schemes have been

developed for assessing the metal partitioning in the aqueous
phase no attempts have been made to compare or relate their
results to the metal concentration present in the biota. Any
rigorous assessment of metal bioavailability in an aquatic
environment would, obviously,need to consider the contributions

from all the constituent phases.

Results anh Discussion

In the present study metal concentrations in the different
phases - sediment, particulate matter of the aqueous phase as
well as soft tissues of organisms - have been separately
identified and are normalized with respect to the dissolved
metal concentrations. The results of trace metal concentrations

in the sediment, water (dissolved and particulate) and bivalves
(V. cyprinoides var. cochinensis from stations except 5, and.M.
casta from station 5) are analysed and the trace metals are
given in this chapter. Metals under consideration are copper,
cadmium, zinc, Nickel and lead.

The relationship between metal levels in the bivalves
(both shell and tissues) were determined along with the metal
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concentrations in water and sediment. Since dissolved metal
concentration is known to play an important role in regulating
trace metal concentrations in the other phases, the ratio of
metal concentrations in the respective compartments to that
with Correlations were attempted between biological factors,
soft tissue metal levels, BCF, log BCF, BCR, log BCR and BAF on
the one hand and environmental factors such as dissolved metal

concentrations, particulate metal concentration, MPR, GAP,
besides metal concentration in different fractions (viz.
exchangeable, carbonate bound, Fe/Mn oxide bound, organically

bound and residual) obtained by the sequential extraction of
the sediment (vide Chapter-2) as well as total sediment-metal
concentration on the other hand. The trends obtained between
these two sets of factors are discussed below for each of the
metals investigated.

The six sampling sites (Chapter 2) selected were clam habi
tats which represented a reasonably good spatial variation
within the estuary. The present investigation was based on
extensive, monthly, field collections spread over a period of
fifteen months from October 1988 to December, 1989. However,

owing to practical difficulties only six monthly collections
(between November 1988 and September 1989) were carried out at

Stations 5 and 6 located at the northern end of the estuary.
While V. cyprinoides was sampled from all the Stations except
Station5, M. casta, was the only species available at Station5
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For analysis of the metal distribution profile,
calculations of annual mean metal concentrations were limited

to 12 sets of monthly data (December 1988 to Novemeber 1989)
pertaining to Stations 1 to 4 and to the 6 sets of montly data
pertaining to Stations 5 and 6. The annual mean concentrations
(a.m.c.) of the trace metals (copper, cadmium, zinc, lead and
nickel) in the various environmental (sediment, dissolved and
particulate phases of the aquatic environment) as well as
biological (soft tissues and shells) compartments at different
Stations are tabulated metal wise. The highest and lowest
concentrations observed at each station, along with their
respective standard deviations would give an idea about the
temporal as well as the spatial fluctuations in the
concentrations of trace metals.

V. cyprinoides was chosen for the bioavailability studies
in view of its wide distribution and easy availability within
the Cochin estuary. All available monthly sets of data (15
sets pertaining to stations 1 to 4 and 6 sets pertaining
to station 6; M. casta sampled from Station 5 was not
considered) were used in the regression analysis for evaluating
the bioavailability of the trace metals.

Although metal concentrations in both shells and soft
tissues of V. cyprinoides were taken in to account in the
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regression analyses, significant relationships became obvious
only between metal concentrations, in the soft tissue (and
allied ratios- vide infra) on the one hand and that in the
water/ sediment (and related ratios - vide infra) on the
other hand. (The role of shells, however lay in their distinct
ability to be used as a convenient index for evaluating the
metal concentrations present in the other segments of the
aqatic system. This aspect has been dealt with separately in
chapter 5).

Correlations were found out between the different
environmental variables and the biological factors. The degree
of correlation existing between the various environmental
variables and biological factors was taken as the index of
bioavailability.

The various environmental variables and bilogical factors
considered in the regression analysis are explained below.

Environmental variables

Metal concentration in the sediment phase, denoted as X
Metal concentration in dissolved phase, denoted as X1
Metal concentration in particulate phase, denoted as X2
Exchangeable fraction of metal concentration in the
sediment, denoted as X5

Percentage of exchangeable fraction to the total metal
concentration in the sediment, denoted as X6
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Ratios related with Envrionmental Variables

Metal partitioning ratio (MPR) was defined as the ratio
between metal concentration in the particulate phase to that
in the dissolved phase and denoted as X3
X3 = X2/X1

Geoaccumulation factor (GAP) was defined as the ratio
between metal concentration in the sediment to that in the
dissolved phase and denoted as X4
X4 = X/X1

Biological variables
Metal concentration in the soft tissue, denoted as Y1

Ratios related with Biological variable
Bio concentration factor (BCF), was defined as the ratio
between metal concentration in the soft tisse to that in the
ambient water, and was denoted as Y2
Y2 = Y1 (X1 + X2)

Bioconcentration ratio (BCR), was defined as the ratio
between metal concentration in the soft tissue to that in
dissolved phase of water, and was denoted as Y3
Y3 =Y1/X1

Bioaccumulation factor (BAP), was defined as the ratio
between metal concetration in the soft tissues to that in
sediment and was denoted as Y4

Y4 = Y1/X.
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(flapper

The distribution profile of copper in the Cochin estuary is
summarized as follows. Table 12 gives the annual mean,standard
deviation and the lowest and the highest concentrations of
copper in the different compartments observed during a period
of 12 months. The monthly variations are depicted in Figs. 12-14

Dissolved

The highest value of dissolved copper (9.42 pg 1-1
recorded at station 4 and the lowest (1.49 pg 1-1) at Station

) was

2. Station 4 also recorded the maximum a.m.c. (annual mean
concentration) (4.36 pg 1-1

1

); the minimum a.m.c. being observed

at Station 2 (3.34 pg 1- ). In the southern side of the
estuary, the maximum a.m.c. was observed at Station 4 where the
Moovattupuzha river debounches into the estuary. But on the
northern side the a.m.c. was higher at Station 5 (estuarine),
than at the Station 6 (riverine) viz. Manjali.

Particulate

The highest and lowest values of particulate copper for-1 1the whole period of study were 7.97 pg 1 and 0.75 pgl
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respectively recorded at Stations 4 and 6. The a.m.c. varied
1 and 1.61 pgl-1 at Stations 4 and 6between 3.78 pgl

respectively, both of them are riverine in nature. The a.m.c.
at the other estuarine Stations (1,2,3, and 5) varied between
2.22 pgl-1 to 2.30 pg 1‘1.

3Dauh¢6¢uhoa» &n..9Qc&hn4aut

The highest concentration was observed at Station 4 (11.4
1pgg-1) and lowest at station 2 (3.14 pg g- ). The sediment

a.m.c. showed comparatively smaller variation ranging between
1 at Station 1 and 7.72 pgg-1 at Station 4, both5.65 pg g

Stations located in the southern region of the estuary. In the
northern region, maximum a.m.c. of estuarine Station was 6.32-1 . . . pg g and that of riverine station was 6.06 pg g 1.
$.t.6 t. iavfi. ‘

Shells and soft tissues were analysed separately to
ascertain their metal contents. Even though the concentrations
in the shells were comparatively lower than that in the soft
tissues, they assume relevance as they form the major body
weight of the organisms (see also chapter 5).

Shells

Copper concentrations in shells did not show any large
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variation with changes in environmental factors or with
seasons. The highest concentration of copper for V.
cyprinoides was recorded at Station 2 (8.32 pg g-1) and the
lowest value was 4.05 pg g—1 at Station 3. For .M. casta
collectedfrom the estuarine Station in the northern region, the
lowest and the highest values were 4.57 pg g-1 and 5.28 #99_1
with an a.m.c. of 4.93 pg g-1. While the maximum a.m.c. for V.
cyprinoides was 6.22 pg -19 recorded at station 2, the minimum
a.m.c. was observed at Station 6 (5.13 pg g-1 ). The Stations 2
and 3 which showed the highest and the lowest concentrations of
copper in V. cyprinoides were adjacent ones in the southern
region.

Soft tissues

Soft tissue concentrations of metals are often very
sensitive in reflecting changes in the ambient environment and
hence important in assessing the environmental quality. Copper
concentrations observed in the soft tissues, exhibited wide
variations with respect to the sampling sites. Generally, high
concentrations of copper were observed at all Stations during
the monsoon months (June to September) and in October 1989,
which incidentally. had all the monsoonal characteristics.

The highest concentration of copper (42.74 pg g-1)was
observed at Station 4 and the lowest concentration (9.29 pgg-1)
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at Station 1. The a.m.c. of V. cyprinoides varied between
17.01 pg g-1 and 26.97 pgg-1 and were observed at the riverine
stations 6 and 4 respectively. For M. casta, the a.m.c.
obtained was 25.11 pg g-1 with the lowest value of 18.42 pg g-1
and the highest concentration of 30.98 pg g-1. In the southern
region of the estuary,the a.m.c. decreased gradually from
riverine to estuarine Stations. Seasonal variations in the
metal concentrations within the Stations were prominent except
at the northern riverine Station, probably due to its
unpolluted environment.

3. .5 W
The different correlation coefficient between the various

biological factors and environmental variables are given in
Table 13. The soft tissue concentration (Y1) was seen to be
positively well correlated with the dissolved metal con
centration (X1), the particulate metal concentration (X2) and
their ratio, MPR (X3) (p(0.001, in all the cases). The BCF (Y2)
and log BCF were negatively correlated with X1 (p<0.001) while

no significant correlations were obtained with any other
environmental variables..The BCR (Y3) and log BCR were
correlated, negatively with X1_ and positively with X3
(p<0.001), BAF (Y4) reflected good relationship (p<0.001) with
particulate metal concentration (X2).
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Table I3. Correlation coefficients between Environmental
variables and Biological factors (Copper)

S.tissue BCF log BCF BCR log BCR BAFYI Y2 log Y2 Y3 log Y3 Y4!
Dissol.
XI 0.539** -0.#2** —0.398** -0.462** -0.46I** 0.347*

Part.
X2 0.72l4** -0.129 -0.123 0.329* 0.3#2* 0.5l+3**

MPR
X3 0.38 I ** 0. I 92 0.172 0.732** O.709** 0.342*

GAF
X4 -O.383** 0.351 * 0.343* 0.405** 0.4 I 2** -0.576**

Exch.X5 O.326* 0.006 0.020 0.185 0.171 0.233
Exch %X6 0.224 0.1 I 5 0. I OI 0.2145 0.207 0.636**

n = 66 * p < 0.01 ** p < 0.001
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The strongest correlation observed between the biological
factors (the dependent variables) and environmental variables
pertaining to the aqueous phase, was that relating Y3 to X3,
represented by the equations,

Y3 4083 X3 + 2098.67 (r 0.73, p<0.001)
logY3 0.274 X3 + 3.54 (r = 0.71, p<0.001)

and Figs. 15 a and b.

The bioavailability of metals from the sediment was
characterised on the basis of correlation between the
biological factors (Y1 to Y4) and environmental factors
pertaining to the sediment (X4, X5 and X6). BCR (Y3) was found
to be well correlated (p<0.001) with GAF (X4); (Y4) showed
strong negative correlation with GAF and good positive
correlation with percentage of exchangeable fraction (X6) of
the sediment (p<0.001 in all the cases). The other biological
factors (Y1 and Y2) showed only less significant (p<0.01)
relationship with the sediment parameters. The significant
regression lines were defined by the following equations and
depicted in Figs. 16 a and b.

Y3 1.15 X4 + 3746.25 ( r 0.41, p<0.001)
Y4 1.07 X6 + 1.043 ( r 0.64, p<0.001)

Copper is an essential trace element necessary for many
metabolic processes. It is a transition metal with three
oxidation states, Cuqcul. Cull. Despite being an essential
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element copper could prove to be toxic at elevated
concentrations. For a better understanding of the toxicity
threshold of copper, a deeper insight into the mechanisms of
copper uptake from the environment is essential (Flemming and
Trevors, 1989).

In the present study environmental factors like copper
concentrations in water and sediment phases have been
determined and compared with the metal concentration in the
clam Villorita cyprinoides var. cochinensis. The results of the
study showed that copper concentration in the soft tissues of
the clam correlated well with the dissolved, the particulate
copper concentrations as well as with the MPR (in all cases
p<0.001).The BCF, however showed only a negative relationship
with the dissolved copper (and no relationship with the
particulate copper) and hence it cannot be considered as a
factor for predicting copper bioavailability from water. But
BCR showed a good relationship with environmental factors like
particulate concentrations and MPR (p<0.01 and p<0.001
respectively), whereas with dissolved metal concentrations, it
showed only a negative relationship. Out of all the biological
and environmental factors considered, BCR showed a maximum

correlation with MPR (r= 0.732, p<0.001); soft tissue
concentration exhibited a fairly good correlation with
particulate metal (r = 0.724 p<o.ool) and with dissolved metal
(r = 0.537, p<0.001) levels in water. Among the five metals
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studied, only in the case of copper there was a positive
correlation between soft tissue concentration and dissolved
copper concentration.

Although accumulation of copper had been studied by several

authors ( Phillips, 1976; Ahsanullah et a1., 1981; Amiard 
Triquet et a1., 1986; Sivadasan, 1987; Lakshmanan and Nambisan,

1989; Marigomez and Ireland, 1989), no attempt has been made to

comment on the bioavailability of copper to the organisms.
Zamuda and Sunda (1982) and Wright and Zamuda (1987) carried

out studies on the bioavailability of copper by simulating
different cupric ion activities and changes in salinity and
reported that the free cupric ion was more available to the
organism and that the bioaccumulation was significantly
influenced by changes in salinity.

Copper is more readily bioaccumulated when present as the
free cupric ion. Although the dissolved phase of water may
contain an appreciable concentration of the free ions,
considerably larger proportion of the labile ions exists in the
particulate phase being adsorbed onto them. On ingestion by
the organism, these adsorbed metal ions are solubilized by the
acidic nature of the gastric juice and thus rendered
bioavailable. This explains the significant correlation
observed between metal concentrations in the soft tissues and
in the aqueous particulate form.
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The increased correlation observed between BCR and MPR may

be due to the effect of normalization with respect to an
environmental factor (dissolved metal concentration), which
governs the bioaccumulative processes. The soft tissue
concentrations of metals have comparatively higher values in
monsoon periods than during other seasons. The weak-acid
exchangeable fraction whflfiis greater during the monsoon period
outweighs any other environmental factor.

Sediment bioavailability was studied in which the sediment
was chemically partitioned by a sequential extraction scheme.
Correlations were better for the relatively easily extractable
metals than for the more tightly bound fractions or for the
total trace metal concentration indicating that the
availability of particular metalis inversely related to
itsbinding strength to the various substrates in the sediment.
Correlations, if any, were struck between the various sediment
fractions and the biological factors. Soft tissue
concentrations were seen to be correlated (p<0.001) to the
exchangeable metal concentrations (XS), BCR to GAP (X4)
(p<0.001) and BAF (Y4) to‘the percentage exchangeable fraction
X6) (p<0.001).

The strong relationship between metal concentrations in the
soft tissues and that in the exchangeable fraction in the
sediment was a reflection of the weakly bound labile ions
attached to the substrate, being released by the nature of the
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extractant and conditions of the extraction process. Gunn et
a1., (1989) have reported a good correlation between copper
concentration in tubificid worms and that in the exchangeable
fraction in the sediment. Tessier et a1., (1984) partitioned
the surficial sediments sampled from the habitat of the
organism, Elliptic complanata, by a sequential extraction
scheme similar to the one employed in this study and compared
the soft tissue concentrations of copper, lead and zinc to
their respective concentrations in the sediment fractions.
Their results were quantified in terms of the ratio of the
total metal concentrations present in the exchangeable, the
carbonate bound and the Fe/Mn oxide bound fractions considered

together to the concentration of iron in Fe/Mn oxide bound
fraction. The copper concentration in the soft tissue of the
organism was found to be well correlated with this ratio.

Salinity and run off have been suggested to be relevant in
regulating metal bioavailability (Cossa and Rondeau, 1985;
Nugegondaand Rainbow, 1989). However, Cain and Luoma (1990)

reported that neither of these factors could be clearly related
to fluctuations in copper and silver content of M. balthica in
San Francisco Bay. Thus, metal bioavailability is a complex
phenomenon influenced by a wide range of geochemical,
hydrological and biological features..

From the present investigations it is seen that the best
correlation available for metal bioavailability from aqueous
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phase was that between BCR and MPR. In the sediment phase, BAF

and percentage of metal concentration in the exchangeable
sediment fraction revealed a close inter-relationship.

(flahntium

Concentrations of cadmium in the different compartments of

the aqueous environment in the study area are given below.
Table 14 gives the annual mean concentration, standard
deviation and the range of values recorded at each station.
Figs. 17 - 19 depict the monthly variations.

m.t...1...z....- - - mwafw

Dissolved

The highest concentration of cadmium observed was 2.15 pg
1-1 at Station 5 and the lowest was 0.28 pg 1- at Stations 3l

and 4. The maximum a.m.c. was observed at Station 5 (1.04 pg
-11 ) and the minimum at Station 3 (0.45 pg 1-1), both stations

representing estuarine characters. Stations 4 and 6, the
riverine stations in the southern and northern regions’1 1respectively, had a.m.c. 0.46 pg 1- and 0.53 pg 1- .
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Particulate
Like dissolved cadmium, concentrations of particulate

cadmium was also low in concentration. The highest con
centration of 1.74 pg 1-1 was recorded at Station 1 and the
lowest concentration of 0.21 was observed at three stations,
viz. Stations 1, 5 and 6 .The a.m.c. ranged between a minimum
of 0.40 pg 1-1 at Station 5 and maximum of 0.69 pg 1-1 at
Station 3, being just reverse of the trend in dissolved
cadmium values. Not much variation was seen either among the
stations or within the stations.° ‘ '

The concentration of cadmium in the sediment did not vary
appreciably. The highest concentrations ( 1.53 pg g—1 and the
lowest concentration of 0.48 pg g-1 were recorded at station 2
and 4 respectively. The a.m.c. values ranged between 0.58 pg/g
and 0.73 pg/g (station 1 and station 4 respectively). Out of
all the stations, maximum variation was also observed at
station 2.

$.61‘. “pg. ‘
Cadmium is sequestered in the shells and soft tissues of V.

cypriniodes and M.casta. Different mechanisms and environmental

factors involved in sequestration are responsible for the
differences in cadmium content of these two compartments.
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Shells

Concentrations of cadmium in the shells of V.cyprinoides
remained more or less the same at all Stations. The highest
concetration (6.57 pg g-1) was observed at Station 3 and the

1lowest (3.03 pg g- ) at Station 6. These two Stations are far
apart on the southern and northern regions of the estuary. The

1a.m.c. in V. cyprinoides shells varied between 4.03 pg g- and
4.41 pg g_1 observed at Stations 1 and 4 respectively, whereas
that in M. casta the a.m.c. was 3.91 pg g-1. Station 6, which
is riverine in the northern region, had a.m.c. 4.12 pg g-1,

1 and 5.96 pg 9'1.with the values ranging between 3.03 pg g

Except on one occasion, concentrations of cadmium in the shells
were generally greater than that in the soft tissues at this
Station. In the southern region, there is a gradual decrease
in a.m.c. corresponding to a change from riverine to estuarine
character

Soft tissues

Cadmium concentrations in the soft tissues showed more
fluctuations with respect to environmental parameters. The
highest concentration of cadmium for V. cyprinoides was seen at

1) and the lowest (2.14 pg g-1) at
1

Station 1 (16.73 pg g
station 6. The maximum and minimum a.m.c. were 9.10 pg g_ (at
Station 1) and 3.09 pg g_1 (at Station 6). M. casta recorded
an a.m.c. of 5.29 pg g_1 with values ranging between 3.16 pg



84— -1g 1 and 11.87 pg g .
the bivalves, V. cyprinoides
nature. There were
values obtained from the riverine

northern regions.
while, the latter had a value of 3.09 pg g- .

3. ., W

The seasonal trends

and

considerable

The former had

exhibited by both
.M. casta were similar in
differences in the a.m.c.

and
1

Stations of the southern

concentration of 8.60 pg g
1

The important correlation coefficients obtained between the
different biological factors and
given in Table 15. The environmental factors such as
(X1) and particulate (X2) metal
were seen to be correlated with
soft tissue concentration (Y1)

correlated with the particulate
(p<0.001) and to the MPR ( r = 0.45, p<0.001).

environmental variables are

dissolved

concentrations and the MPR (X3)

the biological factors. The
of cadmium was significantly
metal concentration (r = 0.49

The BCF and log

BCF were strongly and negatively correlated (p<0.001) with the
dissolved metal concentration.
observed between the BCR and the MPR (r =

The strongest relationship was
0.65, p<0.001) and

consequently BCR and dissolved metal concentration exhibited a

strong negative correlation.
observed between of theany

environmental variables. The

regression lines are given below and are
Figs. 20 a and b, and 21 a.

No significant relationship was
other biological factors and
equations of the significant

also represented in



Table I5.
variables and Biological factors (Cadmium)
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Correlation coefficients between Environmental

S.tissue BCF log BCF BCR log BCR BAFY1 Y2 log Y2 Y3 log Y3 Y4
Dissol.
XI 0.058 -0.41 2** -0.489** -0.464** -0.576** 0.018

Part.X2 0.492** -0.128 -0.121 0.242 0.183 0.35l*
MPR
X3 0.454** 0.192 0.225 0.646** 0.608** 0.278

GAFX4 -0.049 0.240 0.325* 0.459** 0.489** -0.232
Exch.X5 -0.23 0 -0.141 -0.098 -0.103 -0.086 -0.330*
ExchX6 -0. I 94 0.006 0.025 -0.006 -0.072

n : 66 * p< 0.01 ** p < 0.001
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Y1 = 5.5 x2 + 3.35 < r = 0.49, p<0.001)
23 = 9135.54 x3 +3941.49 ( r = 0.65 p<0.001)

Log Y3 = 0.288 x3 + 3.747 < r = 0.60, p<0.001)

The BCR was seen to maintain a significant relationship with
GAF values as represented by the equation and Fig. 21b.

Y3 = 6.63 X4 + 4431.56 ( r = 0.46, p<0.001)
However, BAP showed only negative relationships with GAP
(p<0.05) and with the exchangeable metal fraction, X5,
(p<0.001). Weak correlations were observed between BAF and
percentage distribution of carbonate bound fraction as well as
with organically bound sediment fraction. Soft tissue metal
levels were also seen to be negatively correlated with the
exchangeable metal; however BCF exhibited only a poor
relationship with GAP (P<0.05).

Cadmium is a highly toxic non-essential metal. Its
chemical similarity to zinc, enables it to mimic the essential
element zinc in its metabolic functions. Although its
concentrations in the aqueous environment, both in water and in
sediment are low, several fold enrichment is observed in the
bivalves. Eventhough several studies have been carried out on
the accumulation of cadmium by the organisms (Denton and
Burden Jones, 1981; Ahsanullah et a1., 1981; Amiard-Triquet et
a1 ., 1986; Amiard et a1., 1987;- Chan, 1988; Giles, 1988;
Marigomez and Ireland, 1989), only scanty attempts were made to
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assess the metal bioavailability. The present attempt to
quantify bioaccumulation indicated that BCR and MPR values
exposed a strong correlation. This result is indicative of the
increased labile ion concentration in the particulate phase (as
compared to the dissolved phase) which predominantly
influences the metal bioavailability. Lacerda et a1.(1987) also
reported the availability of particulate bound metals to the
organisms.The absence of any significant relationship with
metal concentration in the soft tissues and that in the aqueous
phase, in studies carried out by Gunn et a1., (1989), lends
credence to the above observation.

During the monsoon period cadmium concentrations are seen
to be comparatively higher within the soft tissues. Cadmium is
known to form fairly stable chloro-complexes. When the
salinity is appreciable, cadmium ions will form chloro
complexes (Stumm and Brauner,1975) and hence the free cadmium

ion (the aqueous ion) concentrations are very much reduced and
result in low bioavailable levels of cadmium. Ionic species
have become recognized as the prefered form of metal uptake by
biological organisms (Zamuda ad Sunda 1982). Conversely, during

the monsoon period, much higher levels of ‘free’ cadmium ions
are available for uptake by the organism. In the present
study, during the monsoon _period (June to October,1989)
salinity was found to be less than 1%.. Ingestion of complexes
of cadmium with low molecular weight molecules present in the
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aqueous phase is yet another route of metal uptake by organism
(Luoma, 1983).

Several authors have attempted to study the availability
ofcadmium from the sediment (Luoma and Jenne, 1976; Bryan and

Hummerstone,1978; Ward and Young, 1984; Gunn et a1., 1989).
While Luoma and Jenne (1976) extracted the available metal
fractions from different sediment samples using different
chemical extractants, sequential extractions of the same
sediment sample with different chemical extractants were
carried out by Gunn et a1., (1989) who found that the
exchangeable fraction of the sediment correlated well with the
metal content of tubificid worms.

In the present study it was seen that none of the
sequentially extracted sediment fractions correlated
significantly with any of the biological factors. However, a
positive relationship (p<0.05) was found between BAF and
percentage distribution of concentration of organically bound
fraction of cadmium. Luoma and Jenne (1976) obtained a high
correlation (p<0.05) between cadmium concentration in the soft
tissues of M. balthica and that in ethyl alcohol extract of
the sediment. The ethyl alcohol has obviously extracted
organically bound cadmium and this observation therefore
support the present investigation.

Studies on cadmium speciation in the aqueous/sediment
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phases held in conjunction with bioavailability are onlv
scantly reported in literature. The low distribution levels 0
cadmium in the environment could be one of the reasons for this

lack of emphasis. Results of the present study clearly point to
MPR as the environmental factor and BCR as the biological
factor that could be a predictive tool in the assessment of
aqueous bioavailability. GAF and BCR respectively could be used

for quantifying sediment bioavailability. Luoma (1989) has
corroborated the use of such enrichment factors in
bioavailability prediction programmes, as they can reflect the
enhanced or reduced vulnerability of biota to metal
contamination by exposing the differences in the
bioavailability.

Zia:

Intercompartmental partitionig of zinc in the Cochin estuary
are given below. Table 16 illustrates the annual mean
concetration, standard deviation and the range of values in
each compartment. Figures 22 - 24 depict the monthly variations
for one year. Correlation coefficients between environmental
variables and biological factors are given in Table 17.
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:12..t..o..t....- - - Dnwabm
Dissolved

The concentration of dissolved zinc varied widely in the
different Stations in the estuary. The highest value of 214 pg-1 -11 was reported in Station 1 and lowest value of 7.89 pg 1
at Station 3. The maximum and minimum a.m.c. were seen at
Station 1 (80.17 pg 1‘1> and Station 3 (13.34 pg 1'1)
respectively. Station 5, the estuarine one in the northern
region had a comparatively higher concentration, with an a.m.c.
of 45.67 pg 1‘1, and with the values ranging from 26.4 pg 1‘1
to 67.74 pg 1-1. The riverine Station of northern side showed
an a.m.c. of 20.02 pg 1-1 with concentrations varying between
13.38 pg 1-1 and 26.48 pg 1-1. Station 4, the riverine one in
the southern region had only an a.m.c. of 16.23 pg 1-1 and the1 1values ranged between 9.05 pg 1- and 25.13 pg 1- .

Particulate

The values of particulate zincgfrom all over the estuary
showed a trend similar to that of’ dissolved fraction. The

1highest and lowest values of 79.32.pg 1- and 4.71 pg 1-1 were
seen at Stations 1 and 3 respectively. Station 1 showed
maximum a.m.c. of (37.51 pg 1-1) varying between 14.3 pg 1
and 79.32 pg l-1.Minimum a.m.c. (12.29 pg 1-1) was obtained at
Station 3. Station 5, which is an estuarine one in the
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northern region showed fairly high values of a.m.c. (26.81 pg1 11-1) varying from 12.13 pg 1- to 36.35 pg 1- and the riverine
Station of the same region had only 13.42 pg 1-1 as a.m.c..
Fairly high variations were obtained in the values and they do
influence the distribution of the metal in the biological
system.

The concentrations of zinc in the sediments were fairly
high compared to copper and cadmium concentrations. The highest

value of 46.68 pg g-1 was observed in Station 4 and the lowest
value of 14.21 pg g_1 was present at Station 1. Seasonal
variations did exist within the Stations. Station 4 and 6, the
two riverine Stations in the southern and northern arms of the

estuary respectively recorded the maximum value (28.42 pg g-1 )

and the minimum (19.08 pg g-1) a.m.c.s respectively. All other
estuarine Stations also showed fairly high concentrations

1having a.m.c. between 21.15 pg g- to 25.97 pg g_1. Stations 3,
5 and 6 showed values without much significant variation.

,7).-.t...Aut.m' ° izru Sewalow

The concentrations of zinc in the bivalves were fairly high
in the soft tissues. The shells had the least values among all
the metals studied. Unlike copper and cadmium, zinc is a very
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essential trace element and hence its distribution studies are
also important.

Shells

Compared to the concentrations of zinc in the soft tissues,
concentrations in the shells were insignificant. But on account
of the contribution of shells in the total body weight of the
organism, the metals in the shells also need to be considered.
The highest concentration (5.0 pg g-1) among all the stations
for the whole period of study was recorded in Station 2 for V.
cyprinoides . The a.m.c. of shells of V. cyprinoides varied

1 at Station 3 to 3.77 pg g-1 at Station 2. .M.from 3.16 pg g

casta collected from Station 5 also presented a comparable
value of 2.87 pg g-1 as a.m.c.

Soft tissues

The highest and lowest recorded values for V. cyprinoides
were 324.50 pg g-1 and 56.25 pg g-1 obtained at the same
station, (Station 1). The a.m.c. varied from 142.69 pg g-1 to
181.06 pg g-1 as represented in Stations 2 and 4 respectively.
In M. casta collected from Station 5, the a.m.c. was 101.69 pg
g_1, with the seasonal values varying between 59.48 pg g-1 and
140.51 pg g-1. The concentration of zinc in V. cyprinoides
obtained from the Station 6 in the northern region was more
than that in M. casta from Station 5.
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53.-aw...-z.1.az.-t.,

Soft tissue concentrations of V. cyprinoides correlated
well (p<0.01) with particulate metal concentration and much
better with MPR (p<0.001). But it was weakly and negatively
correlated (p<0.05) with dissolved metal concentration in
water. The BCF and log BCF are significantly and negatively
correlated (p<0.001) with dissolved and particulate metal
concentration. But MPR showed a positive but feeble
relationship (0.02>p<0.05) with BCF and a significant one
(p<0.01) with log BCF. The BCR is negatively (p<0.001)
correlated with dissolved metal concentration and positively
with the MPR (P<0.00l). The BAP values exhibited a weak
negative relationship with dissolved metal concentration but
fairly significant positive correlation (P<0.001) with
particulate metal concentration and the MPR. Although most
of the relationships are well correlated, the strongest
relationship is between the BCR and the MPR (Fig.25 a and b ).
The equations of significant regression lines are

Y1 49.32 x3 + 114.737 ‘ (r 0.49; p < 0.001)
Y3 5543.24 X3 + 3490.42 (r = 0.62; p < 0.001)
The GAF generally showed better relationship with

biological factors than other sediment fractions. Soft tissue
concentrations showed only a weak relationship (p<0.05) with
exchangeable metal concentration, whereas with the other
sediment parameters it did not have any worthy relationship.
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variables and Biological factors (Zinc)
Correlation coefficients between Environmental

S.tissue BCF log BCF BCR log BCR BAFY1 Y2 log Y2 Y3 log Y3 Y4
Dissol.
XI -0.223 -0.608** -0.850** -0.569** -0.8#l** -0.2014

Part.
X2 0.325* -0.458** -0.499** -0.192 -0.3l0* O.382**

MPR
X3 0.490** 0.2#0 0.3l0* O.673** 0.5#3** 0.48l+**

GAF
Xi! -0.007 0.450** 0.4#0** 0.444** 0.444** -0.300

Exch.X5 0.239 0.015 0.002 0.053 0.038 0.006
Exch%X6 0.102 -0. I #0 -0.056 -0.53 0.005 0.l+70**

n : 66 * p < 0.01 ** p < 0.001
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The BCF and log BCF were strongly related with GAF values
(p<0.001); The BCR and its log value showed good relationship
with the GAP (p<0.001). The BAP showed a negative
relationship (p<0.001) with GAP and a highly significant
(p<0.001) relationship with the percentage distribution of
exchangeable metal concentrations.The significant regression
lines are given below along with the plot of lines (Figs
25 c; 26 a and b).

Y2 = 0.734 X4 + 3176.37 (r = 0.45 p<0.001)
Y3 = 1.621 X4 + 5725.45 (r = 0.44 p<0.001)
Y4 = 7.135 X6 + 2.44 (r = 0.47 P<0.001).

Zinc is an essential trace element in living systems for
normal cell differentiation and growth. It forms an integral
part of a number of metallo-enzymes and a co-factor for
regulating the activity of zinc specific enzymes (Leland and
Kuwabara, 1985). It acts also as a structural component in
many enzymes taking part in the energy metabolism. Deficiency
of zinc can result in severe growth depression, skin lesions
and,sexual immaturity (Kiekens, 1990). But prolonged exposure
to sublethal concentrations of zinc could cause extensive edema

and necrosis of liver tissues (Leland and Kuwabara, 1985).
Thus studies on the distribution and bioavailability of zinc is
important as the environmental levels can play a great role in
determining the concentrations in the living organisms. The
various aspects of zinc bioaccumulation were investigated
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by several authors (Styron et a1., 1976; Zingde et a1. 1976;
Ahsanullah et a1., 1981; Amiard-Triquet et a1., 1986; Amiard et
a1., 1987; Memmert, 1987; Sivadasan, 1987; Chan, 1988; Neiman

and Mitz, 1988; Kelly and Whitton, 1989; Lakshmanan and
Nambisan, 1989). Though accumulation studies are well
documented, bioavailability studies and speciation studies have
not received any appreciable attention. Although the studies
conducted in the laboratory under simulated conditions are
useful, the environmental effects can truly be gauged, only if
such studies are translated to the field conditions The
observed highly significant correlation between MPR and soft
tissue metal concentration as well as the absence of any
positive correlation between dissolved zinc levels and any
biological factors, suggests that the role of dissolved zinc is
in regulating the uptake and not in actually getting
accumulated.

The results of the sediment bioavailability studies
indicate that zinc concentrations in the soft tissue bear, a
weak relationship (P<0.05) with that in the exchangeable
fraction. The best correlation obtained was between BAF and

percentage distribution of zinc in the exchangeable fraction.
Luoma and Bryan (1979) reported that the partitioning in
sediments will vary with changes in the relative abundance of
substrates which bind zinc. Since the bioavailability of zinc
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to the organism varies with the nature of substrates, the
change in the relative abundance of the substrate concentration
should correlate with the changes in the biological
availability of the metal to the organisms, whose burden is
controlled by the sediments. The biological availability of the
sediment bound zinc was, thus, defined as the concentration in
the organism relative to that in the sediment (BAF).
Laundrunl (1989) also used the BAP concept to estimate
bioavailability. In the present study also, the strongest
correlation was obtained between BAF and the percentage
distribution of exchangeable metal concentration. The
protective influence of iron, can be a factor that reduce, the
availability of zinc as well. This was evidenced from the
studies of Tessier et a1., (1984) which showed a more
significant correlation between zinc concentration in tissues
of Elliptic complanata and the sum of exchangeable, carbonate
bound and Fe/Mn-oxide bound fractions normalized to the iron in

the Fe/Mn-oxide fraction. But a more conclusive and more
predictive result was obtained by using the ratio of
organically bound zinc to that with the iron in the
Fe/Mn-oxide bound fraction. Out of the various chemically
extractable fractions, exchangeable fraction (extracted with

NH4OAc) had correlation (p<0.05) with the soft tissue zinc
concentration. A similar result was also reported by Luoma and
Jenne (1976), using different extractants from different types

of sediments. It was observed that NH4OAc is the best
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extractant for bioavailable zinc. In another, report by Luoma
and Bryan (1979), the BAP values of zinc with the ratio of iron
extracted from the sediment by hydroxyl ammonium hydrochloride

to manganese extracted with NH4OAc was found to have good
correlation. These factors corresponds to the control of
substrate availability of zinc and protective action of iron
and manganese on the uptake of zinc.

From the present study, it is found that BCR and MPR, (the
biological factor and environmental variable) could be used as
a predictive tool for assessing zinc bioavailability from the
aqueous phase. For sediment bioavailability, BAF and
percentage distribution of exchangeable fraction,
correspondingly could be used as the predictive tools.

As the shells have been subjected to a rigorous cleaning
process (vide Chapter - 2 ) which removes all the adsorbed
metals, the metal concentrations observed in the shells have
resulted through a process of biomineralization and/or bio
logical transport. Zinc being an essential element will be
transported from the soft tissue over to the shell only if a
sufficiently excess gets accumulated in the soft tissues. Zinc
concentrations in the shells were seen to decrease with
increase in shell weight, probably a consequence of the
decreased transport rate of zinc in older organisms.
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The annual mean concentrations of lead observed during a

period of one year in the selected six stations in Cochin
estuary with standard deviations and the lowest and highest
values at each station are given in Table 18. The monthly
variations are given in Figs. 27 - 29.

flatazbufimm ‘M/atom

Dissolved

The concentrations of dissolved lead in the environment
varied widely depending on the various environmental
conditions. Variations were visible both among the Stations and
within the Stations. The highest concentration obtained was
16.8 pg 1-1 (Station 5) and lowest value was 1.2 pg 1-1
(Station 2).The maximum a.m.c. of 11.23 pg 1-1 was recorded in
the estuarine Station of northern region and the minimum at
Station 2 (2.10 pg 1-1) which was also estuarine in nature. The
riverine Station in the northern region (Station 6) had an
a.m.c. of 3.94 pgl-1 while riverine Station in the southern
side had 5.51pgl_1. High variations were observed at Station1 15 and the values ranged from 5.14 pg 1- to 16.8 pgl- .
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Particulate

Concentrations of particulate lead did not vary much like
that of dissolved species. The highest concentration of 9.71
pg 1-1 was obtained in monsoon period at Station 2 and the
lowest concentration of 0.6 pg 1-1 was obtained in pre-monsoon
period at Station 3. The maximum and minimum a.m.c.were 4.09 pg

-11 and 1.35 pg 1-1 observed at Stations 2 and 3 respectively.
Except for Station 3, estuarine stations were having higher
conilcentrations than the riverine stations. Variations were
maximum at Station 2 where the a.m.c. of 4.09 pg 1-1 varied

1 to 9.71 pgl-1.$.t.6t.  tbetween 1.75 pg 1

The concentrations of lead among the Stations were fairly
steady. The highest and lowest concentrations (20.25 pg g-1
and 4.73 pg g-1 respectivey) were obtained at Station 2. The
maximum and minimum values of a.m.c. were 10.66 pg g-1 (Station

5) and 7.64 pg g-1(Station 4). It was noted that the estuarine
Stations had more lead concentrations in the sediment than the

riverine Stations. Variability within the Station was also
maximum at Station 2, followed by Station 1 with the values
ranging between 6.37 pg g‘1 and 15.26 pgg-1. All other
Stations irrespective of being estuarine or riverine, did not
show much variations seasonally within them.
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Lead is a non essential trace element to the living
organisms. But accumulation of lead into the living system
occurs quite often as evidenced by the presence of lead in soft
tissues and shells of organisms. It has been pointed out that
if the diet did not contain the necessary requirements of
calcium, lead storage occurs within the tissues.

Shells

Out of the trace metals studied, lead was having maximum
concentration in the shells. The highest concentration of
53.13 pg g-1 was obtained at Station 6 and the lowest
concentration of 34.00 pg g-1 at Station 4, in the case of
V.cyprinoides. Generally higher concentrations were observed
in monsoon months. The maximum and minimum a.m.c. recorded

were 43.37 pg g-1 at Station 6 and 40.6 pgg—1 at Station 1
respectively. Shells of M. casta from station 5 also presented
a comparable value with that of V. cyprinoides obtained from
all other Stations. The a.m.c. in M. casta was 41.32 pg g-1
varying between 33.5 pg g-1 and 54.35 pgg-1.

Soft tissues

Concentrations of lead in the soft tissues were low
compared to the concentration in the shells. The highest
concentration of 16.66 pg g-1 was observed at Station 4 and the
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lowest concentration of 3.38 pg g-1, at Station 1 in the case
of V. cyprinoides. These variations occurring within the
Stations seasonally indicate the influence of environmental
factors on the accumulation/depuration and distribution of. the
metal within the body. Slight, but conspicuous variations were
observed in all the Stations studied, of which the maximum was

in Station 1. The maximum and minimum a.m.c. of V. cyprinoides
were obtained at Stations 3 and 6 respectively (10.11 pg g-1
and 6.03 pg g—1 being the respective values). Both V.
cyprinoides and M. casta were having comparable concentration
values. .M. casta was having a.m.c. of 9.21 pg g-1 varying
between 5.67 pg g-1 and 13.23 pg g-1.

33. .5 5.”.
Correlation coefficients been the various environmental

variables and biological factors are presented in Table 19. The
BCR was found to be significantly correlated both with
particulate metal concentration and MPR (p<0.001 in both
cases). The BCF and BCR (as well as their log values) were
strongly correlated, negatively to the dissolved metal
concentration, X1. BCF also showed a less significant negative
correlation with the particulate metal concentration. Soft
.tissue concentrations as well as the BAF did not exhibit any

significant relationship with either of the environmental
factors. X1, X2 or X3. The equations for important lines of
significant regression are as follows and are represented
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Table Correlation coefficients between Environmental
variables and Biological factors (Lead)

S.tissue BCF log BCF BCR log BCR BAFYI Y2 log Y2 Y3 log Y3 Yl+
Dissol.

XI -0.030 —0.503** -0.60** —0.647** -0.82 I ** -0.050
Part.
X2 -0.026 —0.342* -0.324* 0.lI06** 0.293 0.023

MPR
X3 0.008 -0. I 23 -0.092 0.640** 0.51 5** 0.049

GAF
X4 -0.098 0.303* 0.323* 0.63 I ** 0.62 I ** -0.3 I 4*Exch. _X5 0.2% 0.062 0.00! -0. I OI -0.136 -0.420

Exch%X6 0.037 0. I 48 0. I 07 0.096 -0.09 0 0. I 98

n = 66 * p <0.0I ** p <0.00I
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pictorially in Figs. 30 a, b and 31 a.
Y3 379.26 X2 + 1724.38 (r 0.41 p(0.00l)
Y3 772.97 X3 + 1928.78 (r 0.64 p<0.001)
logY3 = 0.107 X3 + 3.2145 (r 0.52 p<0.001)

Despite the presence of appreciable levels of lead in the
sediment, there did not seem to exist any significant
relationship between the. biological factors and lead
concentrations in the sediment fractions, albeit, the GAP
portrayed a strong correlation with BCR (p<0.001), defined by
the equation,

Y3 = 0.497 X4 + 1243.8 (r = 0.63 p<0.001),
illustrated in Fig. 31 b. Soft tissue metal concentration
showed a relationship (p<0.05) with the metal concentration in
the exchangeable fraction of the sediment.

Lead is reported to have been used by man as early as 7000
B.C. Aquatic pollution of lead can be mostly traced to its use
in gasoline, in smelting, in refining, in recycling etc. It is
a non essential trace element whose presence even at low
concentrations in the biological systems is extremely harmful.
Toxicity of lead is mainly due to its chemical nature, which
makes it difficult to be removed, once it enters the system.

The accumulation and distribution of lead in the aquatic
environment have been widely studied (Denton and Burdon-Jones,

1981; Lakshmanan, 1982; Ajmal et a1., 1987; Lacerda et a1.
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1988; Malm et a1., 1988; Chan, 1988; Kelly and Whitton, 1989;
Lakshmanan and Nambisan, 1989). From the present study it is
seen that the absolute values of metal concentration in soft
tissues do not have any relationship with the environmental
variables. Laboratory studies spread over a period of 6 days,
carried out by Lakshmanan and Nambisan (1989) indicated that
lead was accumulated in the soft tissues in a much higher level
than other metals like copper, mercury, zinc etc. The results
of the present investigation revealed that the lead
concentration in the soft tissues was much less than that of
other metals; between soft tissue and shell, lead was seen to
concentrate to a less extent in the soft tissues. This
observed higher concentration of lead in the shells could
possibly be the result of a biological transport mechanism
that governs the partitioning of the lead between the shell and
the soft tissues.

Amiard et a1.(1987) studied the accumulation of lead and

found that the concentration of lead in the organism and in the
environment can be defined by the power equation Y = axb, where

x is the concentration in the organism and Y is the
environmental concentration. The relationship between lead in
the sediment and lead in the soft tissues of organisms has been
studied fairly extensively (Bryan and Hummerstone, 1973; 1978;
Luoma and Bryan, 1978; Tessier et a1., 1984; ward and Young,
1984; Gunn et a1.,1989; Prosi, 1989). Luoma and Bryan (1978)
have reported a significant correlation between lead in the
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soft tissue of S. plana and ratio of lead to iron (1N HCl
extractable fraction) in the sediment. Tessier et a1., (1984)
on the other hand observed a similar significant relation
between lead in the soft tissues and the ratio of the
concentration of lead in the sum of the mobile fraction to that
of iron in the Fe/Mn-oxide bound fraction.( i.e. Pb soft tissue
Vs Pb (exch + carbo + Fe/Mn-oxide) /Fe (Fe/Mn-oxide). The
above observations emphasize the role of iron in the
bioavailability of lead . Iron could be thought to play a
protective role in reducing the uptake of lead both inside the
digestive system (by complexing with the binding sites) and
outside the external medium (by inducing sites for lead ions to
get adsorbed on particles)

Gunn et a1., (1989) obtained a good relationship between
soft tissue concentrations of lead in tubificid worms and that
in the exchangeable fraction of the sediment. The present
study also has revealed the existence of a similar correlation
(p<0.05) between lead concentration in soft tissues and that in
the exchangeable fraction of sediments. The interstitial water
in sediments is known to play an important role in regulating
the accumulation of metals in the top layers of sediments
(Prosi, 1989). Heavy metals are found to be concentrated to
much higher levels in interstitial water than in the overlying
water. As a result, sediment dwelling fauna (like. bivalves)
are subjected to a much higher exposure to the pore water than
epifauna, and hence to possibilities of higher metal
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accumulation by the organisms. The extraction of the
exchangeable fraction of lead from the sediment includes metals
in the interstitial water as well. Therefore the observed
correlation between lead concentration in the soft tissue and
that in the exchangeable fraction of the sediment is only a
natural consequence of the benthic nature of the organism.

Lead present in the particulate form in the aqueous phase
is more bioavailable to the organisms than that in the
dissolved form. The existence of strong positive correlations
between BCR and MPR, BCR and particulate lead concentration

and strong negative correlation between BCR and dissolved lead
concentration is illustrative of the above fact. Luoma and
Bryan (1978) compared the concentration of lead in the organism

S. plana and sea weed Fucus vesiculosus from the same
location and found no significant correlation between the lead
concentrations in the soft tissues of the organism and that in
the sea weed. Since the metal concentration in the sea weed is
taken as an indicative of the dissolved metal concentration
(Bryan and Hummerstone, 1973), the above result suggests that
soft tissue concentrations does not bear any.positive relation
ship with the dissolved metal concentration.

Since lead is precipitated as PbCl2 at the normal pH of sea
water, the concentration of dissolved lead in sea water is low
(Byrne and, Miller, 1984). The -precipitation leads to an
enhancement of the lead concentration in bottom sediments as
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well as in particulates. The higher adsorption rate of lead
over that of other metals like cadmium also facilitates a
quicker adsorption of lead onto the particulate phase. Lead is
rendered more bioavailable from the particulate phase by the
mechanisms discussed earlier.

Bioaccumulation of lead is influenced by the blend of
several phenomena like capacity of the organism to store lead,
the pore water concentration, the availability of binding
sites, partioning of lead in the aqueous phase etc. BCR and
MPR appear to be the biological and environmental parameters
best suited to predict the bioavailabilty from the aqueous
phase. From the sediment phase,the BCR and GAF are seen to be
the most useful, in bioavailability assessments.
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Data on the annual mean concentration, standard deviation
and the ranges of nickel determined in the different
compartments of the system is furnished in Table 20. The trends
in monthly variations are depicted in Figs. 32-34.

Dissolved

The highest concentration of 5.27 pg 1-1 and lowest value
of 1.08 pg 1-1 were observed at Stations 1 and 5 respectively.
The maximum and minimum a.m.c. recorded were 2.67 pg 1-1

1

and

1.66 pg 1- at Stations 1 and 5 respectively. _Both were
estuarine stations, but situated on the southern and northern
arms of the estuary.

Particulate

Nickel in the particulate form at the different Stations
were more abundant than dissolved nickel. The highest (10.66 pg
‘l) and lowest (2.41 pg l-1) concentrations were observed at1

Station 1. The maximum and minimum a.m.c. were recorded at

Stations 2 and 6 (6.45 pg 1-1 and 3354 pg 1-1). The variability
was more between Stations 5 and 6 in the northern region than
between the Stations 1 to 4 in the southern region. At the same
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Stations, the particulate nickel concentration was higher than
that of dissolved nickel.

jD.l6.6 ‘. ihb Jr L. t

Nickel concentrations in the sediment were higher than
those of copper and.cadmium, but less than that of zinc. The
highest and lowest overall concentrations were observed at
Station 2 (34.53 pg g‘1 and 3.51 pg g‘1). It varies from 14.76
pg g-1 at Station 1 to 19.56 pg g-1 at Station 3, both being
Stations in the southern region. In the northern region, the
estuarine Station 5 showed a higher concentration (17.36 pg
g_1) than the riverine Station 6 (15.11 pg g-1 ). Of these
Stations, Station 2 and 4 exhibited appreciable seasonal
variations. At Station 4 also appreciable variation was present1 1seasonally ranging from 11.68 pg g- to 28.92 pg g- . At other
Stations, monthly variations were not conspicous.

Nickel is an essential element required only in trace
quantities for the living organisms. But the levels observed
in the soft tissues were less than that observed in the
shells. It may be assumed that the metal present in excess of
that required for the normal metabolic functioning of the body

may be transported to the nonliving shell material, thereby
causing an increase in nickel content in the shells.
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Shells

Nickel concentrations in M. casta from (Station 5) and V.
cyprinoides (from all other Stations) reflected comparable
levels. The highest and lowest concentrations of nickel in the
shells of V. cyprinoides were recorded at Stations 2 and 1 and
the respective values were 26.78 pg g-1 and 18.72 pg g-1. The
maximum and minimum a.m.c. of 23.53 pg g-1 and 22.42 pg g-1
were obtained for V. cyprinoides at Stations 2 and 6
respectively. .M. casta from Station 5 had an a.m.c. of 21.64
pg g , comparable to that of V. cyprinoides.

Soft tissues

The highest concentration was recorded at Station 4 (10.85
1pg g-1 and lowest value was at Station 3 (2.72 pg g- ).

Eventhough concentrations were low, within the stations, small
1variations did exist. Maximum a.m.c. of 7.84 pg g- at Station

4 and minimum of 4.71 pg g-1 were recorded for V. cyprinoides.
For M. casta, the a.m.c. was 8.31 pg g-1. The Stations which
showed maximum and minimum a.m.c. were riverine Stations on the

southern and northern regions respectively. The other three
estuarine Stations in the southern region showed fairly

1identical values (5.65 pg g—1, 5.65 pg g-1 and 5.59 pg g- for
Stations 1, 2, and 3 respectivey.
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33. .5. M;
The different biological factors were compared with

environmental variables. The important correlation
coeffiecients obtained between the different biological factors
and environmental variables are given in Table 21.BCR was found

to be signifcantly correlated with MPR (p<0.001) though it was
not correlated to any significant degree with the nickel
concentration in the particulate matter of the aqueous phase.
As expected, BCR was negatively correlated (p<0.001) with the
dissolved metal concentrations. These correlations are
exemplified by the equations given below and the lines in Figs.
35 a and b.

Y3 = -102 X1 + 532.74 (r = -0.54 p<0.001)
Y3 = 47.93 X3 + 171.9 (r = 0.45 p<0.001)

Values of BCR correlated significantly with those of GAP
(p<0.001), while those of BAF were negatively correlated with
GAF (p<0.001). BAF was correlated, though less significantly
(p<0.05) to the various sediment fractions. Thus, eventhough
nickel concentrations were comparatively high in the sediment,
these did not seem to be of much importance in biological
uptake. The most important regression line is represented by

Y3 = 0.016 X4 + 171.71 (r = 0.40 p<0.001)

Being a transition metal, nickel occurs in a number of
oxidation states, of which Nfuis the most common due to its
stability over a wide range of pH. Introduction of nickel by



Table 21.
variables and Biological factors (Nickel)
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Correlation coefficients between Environmental

S.tissue BCF log BCF BCR log BCR BAFY1 Y2 log Y2 Y3 log Y3 Y4
Dissol.
XI 0.019 -0.079 -0.081 -0.54I** -O.597** -0.035

Part.
X2 0.048 -0.489** -0.#75** 0.154; 0.1142 0. I00

MPR
X3 0.007 -0.303* -0.303* 0.453** 0.440** 0.070

GAFX4 -0.013 0.068 0.023 0.403 0.400 -0.399
Exch.X5 -0.3l0* -0.273 -0.3l2* -0.251 -0.228 -0.295
Exch%X6 -0.220 -0.210 -0.199 -0. I 86 -0.159 0.270

n = 66 *p < 0.01 **p < 0.001
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anthropogenic source includes industrial activities such as
mining, steel plant operations, petrochemical industry etc.
Fossil fuel combustion is also known to have introduced
sizeable amount of nickel into the atmosphere, which is
believed to have ended up in the aquatic and terrestrial
biospheres (Nriagu, 1980). The toxic action of nickel is due
to its ability to replace essential metals in the
metallo-enzymes resulting in the disruption of metabolic
pathways (McGroth and Smith, 1990).

Among the metals studied nickel was less abundant than zinc

in most of the phases. It showed an unusual behaviour in that
there was a significant correlation (p<0.001) between nickel
concentration in the dissolved phase and that in the shell.
Not much interest has been evinced in the studies on nickel in

the aquatic environment, probably because it is not a very
toxic element. Some of the available literature on the
toxicity, bioaccumulation and distribution of nickel were the
studies carried out by Eisler and Henneky (1977), Bryan and
Hummerstone (1978), Petukhov et a1. (1982), Pellenberg (1984),

Bargagli et a1. (1985), Campbell et a1. (1988), Crowder et a1.
(1989), Sadiq (1989)

The main source of nickel input into the aquatic system is
from crude oil and its products. Bargagli et a1. (1985),
analysed the nickel concentration in sediments, molluscs and
reed leaves and pointed out that considerable variation
occurred in molluscs sampled from different stations and in
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reed leaves taken from land-sites close to industrial units.
Tjalve et a1. (1989) studied bioaccumulation of nickel by the
fish (Sa1mo trutta) and reported a considerable increase in the
uptake of nickel caused by external concentrations. Crowder et
a1. (1989) also reported the presence of nickel in the
sediment and biota.

Although nickel was present at comparatively high
concentration in the aquatic environment, the accumulation of
nickel to higher levels in the shells as against that in the
soft tissues signified the existence of a biological transport
mechanism which regulated the transfer of nickel between the
soft tissue and the shell. The observed concentration
indicated that nickel was preferentially ingested by the
organism from the particulate matter of the aqueous phase. A
considerable portion of the nickel ions were reported to exist
in sea water as complexes with chloride and sulphate ions,
leading to depletion of free nickel ions.

Studies aimed at assessing the sediment bioavailability of
nickel have been rare. The observed strong correlation between
BCR and GAF may be due to the effect of normalization of soft

tissue concentrations and sediment nickel concentration by the
dissolved nickel concentration.

From the above studies it was clear that for studying
bioavailability from water, MPR and BCR respectively could be
used as the environmental variable and biological factor.



119

Similarly in sediment bioavailability, BCR and GAP may be used
for quantifying the metal uptake.

The studies reported herein were aimed at assessing the
distribution of copper, cadmium, zinc, lead and nickel in the
aquatic environment and at identifying biological or
environmental parameters that could be used to predict
bioavailability of the metal from both the aqueous as well as
the sediment phases. BCR, an index of the distribution of the
metal between the soft tissue and the dissolved phase, has
emerged as a biological factor, that can be predicted from a
knowledge of either MPR (ratio between particulate metal
concentrations to dissolved metal concentration in the aqueous
phase) or GAF (Ratio between metal concentration in the
sediment and that in dissolved phase). The results also
suggest that between the absolute values of the different
fractions and their corresponding percentages, the latter is to
be preferred for a stronger correlation.

The relative abundance of the metals studied in the
different phases considered are given below.
Shells Pb>Ni>Cu>Cd>Zn.
Soft tissues Zn>Cu>Pb>Cd>Ni.
Sediment Zn>Ni>Pb>Cu>Cd
Dissolved phase Zn>Pb>Cu>Ni>Cd

Particulate Zn>Ni>Pb=Cu>Cd.

In short, the specific processes controlling variations of
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metals in organisms are difficult to be conclusively
demonstrated in nature because of the complex interaction of
uncontrolled and unknown variables. However, there is
sufficient understanding from experimental studies, about the
processes affecting metal dynamics in organisms and to initiate
the application of such studies against field collected data
(Cain and Luoma, 1990).



Chapter 5

SAAMPLE - A PREDICTIVE
MATHEMATICAL MODEL



Zntrnhuciinn

A thorough understanding of the fate of pollutants
discharged into the aquatic system is imperative for any
rigorous assessment of their effects on the biological
organisms. According to Reuber et a1., (1987) the fate and
effects of chemicals in the environment are largely determined
by the rate at which they migrate between environmental
compartments. This inter-compartmental exchange is presided
upon by the interplay of a variety of biogeochemical forces
that operate within the aquatic biosphere. Mathematical models
were conceived to contain and quantify such complex interactive
forces (Mackay and Patterson, 1988).

Several models - from relatively simple ones to complex
ones - were proposed for assessing/interpreting the effects of
pollutants on the different segments of the aquatic system.
Mathematical models, being the derivations of the implications
of understanding, they can be used to summarize factual
information. Bioaccumulation models as well as environmental

fate models are useful in interpreting the fate and effects of
a pollutant in an environmental set up (Burns and Baughman,
1985).
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Environmental modeling (Halfon, 1989) is broadly based on
(i) the dynamic approach, in which the changes of concentration
with time are considered to be of momentous consequence and
(ii) the equilibrium approach, in which the main assumption is
that enough time has elapsed for the pollutant loadings in the
environment to have reached an equilibrium. The equilibrium
models derive their significance from their ability to indicate
the compartment that would be the main recepient of the
pollutant at equilibrium.

Mackay and Paterson (1981) introduced "fugacity" as an
equilibrium criterion and developed a series of evaluative
models to characterize the behaviour of chemicals in the
biosphere (including air, water and solid phases). Fugacity
"can be regarded as the escaping tendency of a chemical from a
phase. It has units of pressure and can be related to
concentration (Mackay and Paterson, 1981). Application of the
fugacity concept to assess pollutant accumulation in a
different environmental sectors led to the evolution of
adaptive refinements of the "fugacity model" (Mackay,
1989; Mackay and Paterson, 1988; 1991; Mackay et a1., 1983;
Rueber et a1., 1987; Paterson and Mackay, 1985).

As fugacity is calculated from vapour phase concentrations,
it cannot be applied to nonvolatile chemicals like metals or
ionic species in the aquatic environment. For metals and other
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ions with zero or negligible vapour pressure, Mackay and
Diamond (1989), defined a new equilibrium criterion,
"aquivalent concentration", for calculating the activities from
an aqueous phase base. The "aquivalent concentration" was the
equilibrium criterion of "equivalent aqueous concentration".
other models such as EXAMS (Burns et a1., 1981), TOXFATE

(Halfon 1996) were useful in analysing exposure as well as fate
of a pollutant in the environment.

Although both environmental and biological effects need to
be quantified in any rigorous scheme aimed at developing a
comprenhensive frame work for describing trace metal effects in

estuarine systems, no reports were available on such a
wholesome approach. The models cited above have, all aimed at
conceptualizing the nature of distribution of the pollutant in
the environment without making adequate provisions for
evaluating the equally relevant bilogical effects stimulated by
the pollutant. On the other hand, models specifically designed
for the appraisal of bioaccumulation and its effcts (Morairty,
1975; Tuey, 1980; Thomann, 1981; 1989) have been totally
oblivious to the environmental distribution effects.

This investigation was therefore an attempt to fill this
void by directing systematic efforts to evolve a comprehensive
model that would conceptually include the influences of both
the segments of the aquatic ecosystem (viz. the environmental
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segment and the biological segment) within its armpit.

The role of bivalves as ideal/sentinel organisms was
established with the introduction of "International Mussel
Watch" (Goldberg, 1975; Goldberg et a1., 1978). By virtue of
the ability of their soft tissues to accumulate trace metals
from the aquatic environment, bivalves could convincingly
function as indicators of "pollution hot spots".

Brurlnpmeni of 111: ilnhrl
The‘She1l — Model.proposed herein has been built-up on the

premise that since metal concentrations in bivalve shells
represented an unerasable record (unlike tissue - levels, which
are intensely stress - dependent) of environmental stress,
they should be the epicentre of any rigorous mathematical
approach aimed at developing a model that could be used for
aquatic pollution assessment. The aquatic environment was
considered as a five compartment dynamic equilibrium system
defined by three environmental compartments (constituting the
environmental system) and two biological compartments
(constituting the biological system). The rate of transfer of
a metal from one compartment to another of this system would,
consequently, be governed by a kinetic law. The environmental
system (comprising of the sediment, the particulate and the
dissolved phases) is capable of independent existence, even in
the absence of the biological system (comprising of the soft
tissue and the shell) as represented by the Fig. 36.
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TERMS

Concentration of trace metal in the sediment

Concentration of trace metal in the particulate phase
Concentration of trace metal in the dissolved phase
Concentration of trace metal in the soft tissue
Concentration of trace metal in the shell

= Rate coefficient of transfer between sediment and
particulate

= Rate coefficient of transfer between sediment and
dissolved phase

= Rate coefficient of transfer between particulate
and dissolved phase

= Rate coefficient of transfer between environmental
system to the soft tissues.

= Rate coefficient of transfer from soft tissue to
shell.

The equilibrium coefficient of transfer between
sediment and particulate.
The equilibrium coefficient of transfer between
sediment and dissolved

The equilibrium coefficient of transfer between
particulate and dissolved
The equilibrium coefficient of transfer betweenenviornment to soft tissue.

The proportionality constant between soft tissue anshell.
The BIOPINDEX (The biological partitioning index)

The ENVOPINDEX (The environmental partitioning index)
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The Environmental System

The three inter-dependant compartments (the sediment, the
dissolved and the particulate phases) together define the
environmental system which would be at equilibrium even in the
absence of any one of the compartments identified above.
The rate of transfer of a metal from the sediment

_ =     oooooooooooooooooooo(].)
However, at any time,

kX3 _ 3 _
E ‘E’ ‘K3 oooooooooooooooooooo(2)

Substituting (2) in (1) for X2
k X3-dxl _ 1 _‘at’ “-16- l‘1"1*“2"3"52"1

1 -2
k_ 1 _‘       oooooooooooooooo(3)

When the system is at equilibrium, §g%— = 0.

k

.10eO‘x3   = ) OOOOOOOOOOOOOOOOO(4)
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Hence

X3 (51 + 52’ 51 + 52——— = = K3 = K3 K1 = K2 .....(5)X1 k k1 + K3 k2
1 + k"K? 2

k +k
on0oo0oooooooooooooooooooooooo(6)
Substituting for X3 in terms of X2-dX1 _ _ _—aE— - kl X2 51 X1 + K3 k2 X2 k2 X1

when the system is at equilibrium, :%%l = 0.

)  ) OOOOOOOOOOOOOOOOOOO(7)

k + k
§% = -1 -2 = K1, from equation (6)

k1 + K3 k2

=:  OOOOOOOOOOOOOOOOOOO(8)

Environment - Biota Equilibrium

For a detritus feeding organism, the concentration of the
metal available for uptake by the organism would have
contributions from the sediment as well as from the particulate
and dissolved phases of the environment. The net concentration,
thus available from the above different segments of the
environment is defined as X, where

X a 2 Xi
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iOeO   OOOOOOOOOOOOOOOOOOOO(9)

where r is defined as the BIOPINDEX (the Biological
Partitioning Index) which is a function of the bioaccumulation
characteristic of the metal concerned.
Then the rate of accumulation

ooooooooooooooooo(l0)o
. .. . dX4_

When the system is at equilibrium, aE— - 0

k + k1.6. X ___-4 -5 _
-if "  ‘  ooooooooooooooooooooo(].].)
r (X1 + X2 + X3)

1.e.  CO..OC.COC.COOOOOCO..(12)
X4

Substituting for X2 and X3 in terms of X1 from equations (8)
and (5) respectively,

X1 + X2 + X3 X1 + K1X1 + K2X1
X1( 1 + K1 + K2)

COCOOOOOOOOOOOOOOOOOO(13)
(  ) 0000OOOOOOOOOOOOOIOOO(14)

A is defined as the ENVOPINDEX (the Environmental Partitioning

Index), which is characteristic of the environmental being
considered.

Similarly, substituting for X1 and X3 in terms of X2 from
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(8) and (2) respectively,
X2

= RI ( 1 + K1 + K1 K3)

_ X2-if (1+K1+K2)
_ X2
‘fi-‘A ooooooooooooooooooooooooo(15)

Again, substituting for X1 and X2 in terms of X3 from (5) and
(2) respectively,

X1 + X2 + X3 = —%%— + —%%— + X3

_ 1 1
- X3 ( K2 + K3 + 1)

X3

X3
: 0000000OOOOOOOOCOOOOOOOO(]-6)

Substituting (13) in (9)
OOOOOOOOOOOOOOOOOOOOOOOOOOO(]-7)

Substituting (15) in (9)
X=Y  A OOOOOOOOOOOOOOOOOOOOOOOO(18)

KI

Substituting (16) in (9)
x=r  A 000000000000OOOOOOOOOOOO(19)

K2
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From equations (12) and (17)
X 7 X1 AW  ‘K4 ooooooooooooooooooo(20)

From equations (12) and (18)
X y X2 AW =   =K4 ooooooooooooooooooo(2].)

From equations (12) and (19)

X y X3 A
-23 = ——R7—§I—— = K4 ....................(22)

or K4 x4 7
X1 = —;—X——

X2 _ K1 K4 X4 r ..................(23)7 A

K2 K4 X4

X3 - r A 4

Biological transport is the governing factor in the
-enrichment of trace metals into the shells. It has been
shown (vide Chapter 3; Szefer, 1986), that the shell metal
concentration and the soft tissue metal concentration
maintain a definite ratio between them.

X4

Hence -35- = K5 , a constant. ......................(24)
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Substituting X4 from (24) in (23)
K4 K5 x5 1

X1 = y A
X2 =     > OOOOOOOOOOOOOI(25)7 A

K2 K4 K5 X5X3 = 7 A ‘
flrsulis anb Biscussian

The model explained above was tested by fitting
experimental data (X1, X2, and X3). The values of X1, X2, and
X3, the concentrations observed at an estuarine and a riverine

station were substituted in the relevant equations to obtain
the values of the constants K1, K2, K3, K4/rA, K1K4/yA,
K2K4/rA and K5 ( Tables 22 & 23). The model was then tested
by using these values of the constants along with those of X5,
the metal concentrations in the shell, to calculate the metal
(Cadmium, copper, nickel and lead) concentrations X1, X2, and
X3 that ought to be present in the environmental compartments.
These results (Tables 24 & 25) amply testify to the
applicability of this model in both riverine and estuarine
stations.

Experimentally determined cadmium concentrations, both
riverine and estuarine stations were, in excellent agreement
with the respective calculated values (>95% significance in all
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cases.) Copper showed very good (>95% significance) agreement
between experimental and calculated values in the estuarine
environment. In the riverine stations metal concentrations in
the sediment and dissolved phases reflected a significance of
70-80% whereas that in the particulate phase compared much
better with the corresponding calculated values (95%
significance). Dissolved nickel concentrations agreed well with
the predicted values in both the environments. The particulate
nickel concentrations showed 90% and >80% significance
respectively in the estuarine and riverine locations. Lead
concentrations in sediment and the dissolved phase of the
estuarine stations significantly tallied with the predicted
values (>80% and >95% respectively); however, there was no
agreement between lead concentrations in the particulate
phases. In marked contrast, while lead concentrations in the
sediment and particulate phases of riverine stations compared
well (>95% and >80% respectively) with the predicted values,
the concentrations of lead in the dissolved phase did not show
any significant agreement.

Mathematical modelling was conceptually designed to predict
the fate and effects of chemicals in the environment. Models
transform a collection of disparate quantities (such as the
partitioning, the reaction, and the transport data) into an
overall behavioural profile that can be mentally assimilated.
In a marked deviation from the use of environmental models as
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mathematical tools for summarizing experimental data, we have
attempted to develop a model characterized by its unique
ability to predict past environmental history. Since metals
incorporated in to the shells of organisms, are not lost even
on death or decay of the organism, the shells provide a
spectacular, one time, non erasable record of the past
environmental conditions.

The Mussel Watch (Goldberg et a1., 1978) was an
environmental monitoring programme launched with the goal of
determining the degree of pollution in coastal marine waters.
Tissues of mussels (preferably of those that remained attached
to objects such as rocks, pilings etc.) were sampled and
analysed to ascertain the level of pollutants, which would be a
function of concentration in waters. Some bivalves like .M.
edulis, P. viridis, V. cyprinoides etc. which are rather widely
distributed in the coastal waters have provided a common
denominator for the study. Tissue analysis of bivalves have
distinguished between the degrees of pollution in some of the
several hundreds of locations sampled around the globe. The
realistic capability of the Mussel Watch has, thus been to
identify zones of high pollutant concentration - pollutant "hot
spots".

Although the Mussel Watch enabled a comparison of the
severity of pollution at various locations, it does notenvisage
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a methodology for translating tissue levels into environmental
levels and, therefore, does not afford a means of assessment of
the actual environmental levels (of the pollutants) present at
those sites.

The shell model fills up this vacuum and, for the first time
provides a model that affords a translation between tissue
levels and environmental levels. This novel predictive,
mathematical tool, SAAMPLE, enables evaluation of metal levels

in the different segments of the environment from a knowledge
of the metal level in the bivalve shell, is based on two
indices - BIOPINDEX and ENVOPINDEX - that reflect the nature of

the metal partitioning in the biological and environmental
segments respectively. These were initially evaluated for each
metal from the values of metal concentrations present in the
different compartments of an estuarine and a riverine station
and were then used in SAAMPLE to compute the metal
concentrations present in the different compartments at the
other estuarine and riverine stations. The excellent agreement
observed between experimental and computed values have amply
proven the worth of the model in the assessment of aquatic
trace metal pollution.

The "shell model" developed in this investigation is thus
unique in that it enables evaluation of the metal levels that
were once (during the life time of the organism) present in the
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three constituent environmental compartments from knowledge of
metal levels in the shells. Since the model is primarily based
on metal concentration in the shell, it has a novel distinction
of being able to reveal their respective environmental
histories. The successful testing of the model in both
estuarine and riverine environments confers on it applicability
for use in fresh water and marine systems alike.



Chapter 6

SUMMARY



The concentrations of pollutants in different
environmental compartments are related to each other through
the action of intercompartment mass transfer processes. Such
mass transfer processes decide the fate of pollutants, both
organic and inorganic. Any environmental exposure analysis
would be meaningful and realistic only if it encapsulates the
contri.bution from the different compartments.The present
investigation involves such a comprehensive approach, in which
the water, the sediment and the biota (represented by bivalves)
of the Cochin estuary have been collected and analysed in a
single study. The salient result obtained from the study are
summarized in the following paragraphs.

The shells of bivalves are important not only as the
protective covering to the organism but also as accumulator of
trace metal pollutants. Nevertheless the potential of the
shells to unravel the complexities of the surrounding
environment has not yet acquired proper momentum.
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The inherent variability associated with the trace
metal concentrations in the periostracum has been the major
deterrent to progress in the systematic studies on shells. The
cleaning procedure used in the present study was designed to
ensure the total removal of the periostracum so that a rigorous
estimate of the amount of trace metals incorporated into (the
matrix of) the shells by biological transport could be made.
Certain metals like lead, manganese and cobalt were observed to
be preferentially accumulated in the shells than in the soft
tissues. This was only to be expected from mineralogical
considerations as well as from the standpoint of bio
mineralization processes. The infrared spectra analysis of the
shells revealed the aragonitic nature of the shells of the
different species of bivalves available in the Cochin estuary.
Electron paramagnetic resonance spectra pointed to a
geologically improbable substitution of Ca2+ ions by Mn2+ ions
as the main pathway for incorporation of Mn2+ ions in the
shells.

The distribution of the trace metals copper, cadmium,
zinc, lead and nickel in the three environmental phases
(sediment, dissolved and particulate) of the aqueous system and
the two biological compartments (soft tissues and shells) was

investigated in detail. The bioavailability of trace metals to
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the bivalve Villorita cyprinoides var. cochinensis (Hanley) was
evaluated by regression analysis of the various environmental
variables and the biological factors. Enrichment factors, which
reflected the enhanced or reduced vulnerability of the biota to
metal concentrations, were made use of in the evaluation
process.

Two new parameters Bio concentration Ratio (BCR) and Metal

partitioning Ratio (MPR) were defined and used to predict metal
bio availability. Out of the different chemically extractable
sequential fractions of the sediment - metal levels, the
exchangeable fraction was found to be more bio available than
metal concentrations in other fractions considered separately
or together.

The study has also enabled the development of a
mathematical model, christened as SAAMPLE (Shellsin the
Assessment of Aquatic Metal Pollution LEvels), for evaluating
the concentrations of trace metal pollutants present in the
different compartments of aqueous environment from a knowledge

of the trace metal concentrations in the (relatively easy to
handle) bivalve shells. The model was tested for estuarine and

riverine locations and the agreement between calculated and
observed values have been excellent.
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The present study has, thus, been an integrated attempt
at comprehending the complexities of metal partitioning among
the different environmental as well as biological compartments
of the aquatic system. Based on the studies on the transfer of
pollutants from the environmental compartments to the
biological compartments and on the dynamics of metals exchange

between two biological compartments, the shells have emerged
out as an excellent tool for evaluating environmental pollution
levels - both past and present.



REFERENCES



Abraham, T.J., Salih, K.Y.M. and Jacob Chacko (1986). Effect of
heavy metals on the filtration rate of bivalve V. cyprinoides
var. cocbinensis (Hanley). Indian J. Mar. Sci., 15: 195 - 196

Ahsanullah, M., Negilski, D.S. and Mobley, M.C. (1981). Toxicity
of zinc, cadmium and copper to the shrimp Callianassa
australiensis. III. Accumulation of metals. Mar. Biol., 64:
311 - 316

Ajmal, M., Raziuddin and Khan, A.U. (1987). Heavy metals in water,
sediments, fish and plants of river Hindon, U. P.,
India. Hydrobiologia, 148: 151 - 157

Al-Dabbas, M.A.M., Hubbard, F.H. and McManus, J. (1984). The shell

of Mytilus as an indicator of zonal variations of water
quality within an estuary. Estuar. Coast. Shelf Sci. 18:
263 - 270

Allan, R.J. (1990). Estuarine and coastal water contamination: an
issue for the 1990s. Sci. Total Environ. 97/98: 1 - 5

Amiard, J.C., Amiard - Triquet, C., Berthet, B and Metayer, C.



145

(1987). Comparative study of the patterns of bioaccumulation of
essential (Cu, Zn) and non-essential (Cd, Pb) trace metals in
various estuarine and coastal organisms. J. Exp. Mar. Biol.
Eco1., 106: 73 - 89

Amiard-Triquet, C., Berthet, B., Metayer C. and Amiard, J.C.
(1986). Contribution to the ecotoxicological study of cadmium,
copper and zinc in the mussel Mytilus edulis. II.Experimental
study. Mar. Biol., 92: 7 - 13

APHA, (1985). Standard Methods for Examination of Water and Waste

water. American Public Health Association, Washington, D.C.

Baby, K.V. (1987). Combined toxicity of heavy metals and petroleum
hydrocarbons on selected marine organisms. Ph.D. Thesis.
Cochin University of Science and Technology, Cochin.

Bargagli, R., Baldi, F. and Leonzio, C. (1985). Trace metal
assessment in sediment, molluscs and reed leaves in the Bay of
Follonica (Italy). Mar. Environ. Res., 16: 281 - 300

Bayne, B.L., Brown, D.A., Burns, K., Dixon, D.R., Ivanovici, A.,
Livingstone, D.R., Lowe, D.M., Moore, M.N., Stebbing, A.R.D.
and Widdows, J. (1985). The Effects of Stress and Pollution on
Marine Animals, Praeger Publishers, New York.

Bertine, K.K. and Goldberg, E.D. (1972). Trace elements in clams,
mussels and shrimps. Limnol. Oceanogr., 17: 877 - 884



146

Blanchard, S.C. and Chasteen, N.D. (1976). Electron paramagnetic
resonance spectrum of a sea shell, Mytilus edulis. J. Phys.
Chem., 80: 1362 - 1367

Borchardt, T., Burchert, S., Hablizel, H., Karbe, L. and Zeitner, R.
(1988). Trace metal concentrations in mussels: comparison
between estuarine, coastal and offshore regions in the south
eastern North Sea from 1983 to 1986. Mar. Ecol. Prog. Ser., 42:
17 - 31

Boudou, A. and Ribeyre, F. (1989). Fundamental concepts in aquatic
ecotoxicology, In: Boudou, A and Ribeyre, F. (eds.) Aquatic
Ecotoxicology, CRC Press, Inc. Florida, 35 - 75

Bourget, E. (1974). Environmental and structural control of trace
elements in barnacle shells. Mar. Biol., 28: 27 - 36

Bourgoin, B.P. (1988). A rapid and inexpensive technique to separate
the calcite and nacreous layer in Mytilus edulis shells. Mar.
Environ, Res., 25: 125 - 129

Bourgoin, B.P., (1990). Mytilus edulis shell as a bioindicator of
lead pollution: considerations on bioavailability and
variability. Mar. Ecol. Prog. Ser., 61: 253 - 262

Bourgoin, B.P. and Risk, M.J. (1987). Historical changes in lead in
the eastern Canadian Arctic, determined from fossil and modern



147

Mya truncata shells. Sci. Total Environ., 67: 287 -291

Boyden, C.R. (1977). Effect of size upon metal content of shell
fish. J. Mar. Biol. Ass. U. K., 57: 675 - 714

Brix, H. and Lyngby, J.E. (1985). The influence of size upon the
concentrations of Cd, Cr, Cu, Hg, Pb, and Zn in the common
mussel Mytilus edulis. Symposia, Biologica Hungarica, 29:
253-271

Bryan, G.w. and Hummerstone, L.G. (1973). Brown sea weed as an
indicator of heavy metals in estuaries in south west England.
J. Mar. Biol. Ass. U. K., 53: 705 - 720

Bryan, G.W. and Hummerstone, L.G. (1978). Heavy metals in the
burrowing bivalve Scrobicularia plana from contaminated and
uncontaminated estuaries. J. Mar. Biol . Ass. U.K., 58: 401
— 419

Bryan, G.W. and Uysal, H. (1978). Heavy metals in the burrowing
bivalve Scrobicularia plana from the Tamar estuary in relation
to environmental levels, J. Mar. Biol. Ass. U. K., 58: 89 - 108

Buchardt, B. and Prosi, F. (1978). Strontium uptake in shell
aragonite from the fresh water gastropod Limnaea stagnalis.
Science, 199: 291 - 292



148

Burns, L.A. and Baughman, G.L. (1985). Fate modeling. In: Rand,
G.M. and Petrocelli, S.R.(eds.) Fundamentals of Aquatic
Toxicology, Hemisphere Publishing corporation, New York.
558-584.

Burns, L.A., Cline, S.M, and Lassiter, R.R. (1981). Exposure
analysis modeling system (EXAMS), user mannual and system
documentation, U.S. Environmental Protection Agency,
Environmental Research Laboratory. Athens,Ga.

Butler, G.C. (ed.) (1978). Principles of Ecotoxicology, SCOPE 12,
ICSU-SCOPE, John Wiley and Sons, New York.

Byrne, R.H. and Miller, W.L. (1984). Medium composition of
dependence of lead (II) complexation by chloride ion..dm.J.
Sci., 284: 79 - 94

Cain, D.J. and Luoma, S.N. (1990). Influence of seasonal growth, age
and environmental exposure on Cu and Ag in a bivalve indicator,
Macoma balthica, in San Fransisco Bay. Mar. Ecol. Prog. Ser.,
60: 45 - 55

Campbell, J.A., Whitelaw, K., Riley, J.P., Head, P.C. and Jones,
P.D. (1988). Contrasting behaviour of dissolved and particulate
nickel and zinc in a polluted estuary. Sci. Total Environ. 71:
141 - 155



149

Campbell, P.G.C. and Tessier, A. (1989).Geochemistry and bio
availability of trace metals in sediments, In: Boudou, A and
Ribeyre, F. (eds.) Aquatic Ecotoxicology, CRC Press Inc.
Florida, 125 - 148

Carell, B., Forberg, S., Grundelius, E., Henrikson, L., Johnels, A.,
Lindh, U., Mutvei, H., Olsson, M., Svardstrom, K. and
Westermark, T. (1987). Can mussel shells reveal environmental

history? Ambio, 16: 2 - 10

Carriker, M.R., Palmer, R.E., Sick, L.V. and Johnson, C.C. (1980).
Interaction of mineral elements in sea water and shell of
oyster Crassostrea Virginica (Gmelin) cultured in controlled
natural systems. J. Exp. Mar. Biol. Ecol., 46: 279 - 296

Chan, H.M. (1988). Accumulation and tolerance to cadmium, copper,
lead and zinc by the green mussel Perna viridis. Mar. Ecol.
Prog. Ser., 48: 295 - 303

Chester, R. and Elderfield, H. (1967). The application of infra-red
absorption spectroscopy to carbonate mineralogy.
Sedimentology, 9: 5 - 21

Compere Jr., E.L. and Bates, J.M. (1973). Determination of
calcitezaragonite ratios in mollusc shells by infrared spectra.
Limnol. 0ceanogr., 18:326 - 331



150

Connell, D.B., Sanders, J.G., Riedel, G.F. and Abbe, G.R. (1991).
Pathways of silver uptake and trophic transfer in estuarine
organisms. Environ. Sci. Technol., 25: 921 - 924

Connell, D.W., and Miller, G.J. (1984). Chemistry and Eco
toxicology of Pollution, John Wiley and Sons, New York.

Cosma, B., Frache, R., Baffi, F. and Dadone, A. (1982). Trace metals

in sediments from the Ligurian coast, Italy. Mar. Pollut.
Bull., 13: 127 - 132

Cossa, D. and Rondeau, T.G. (1985). Seasonal geographical and size
induced variability in mercury content of Mytilus edulis in an
estuarine environment: a reassessment of mercury pollution
level in the Estuary and Gulf of St. Lawrence. Mar. Biol., 88:
43 - 49

Crisp, E.L. (1975). The skeletal trace element chemistry of
freshwater bivalves. Ph.D. dissertation. University of Indiana,
Bloomington.

Crowder, A., Dushenko, W.T., Greig, J. and Poland, J.S. (1989).
Metal contamination in sediments and biota of the Bay of
Quinte, Lake Ontario, Canada. Hydrobiologia, 188/189: 337 
343

Danielsson, L.G. (1980). Cadmium, cobalt, copper, iron, lead, nickel
and zinc in Indian Ocean water. Mar. Chem., 8: 199 - 215



151

Danielsson, L.G., Magnusson, B. and Westerlund, S. (1978). An
improved metal extraction procedure for the determination of
trace metals in sea water by atomic absorption spectrometry
with electrothermal atomization. Anal. Chim. Acta., 98: 47 
57

Danielsson, L.G., Magnusson, B. and Westerlund, S. (1982). Trace
metal determinations in estuarine waters by electrothermal
atomic absorption spectrometry after extraction of
dithiocarbamate complexes into freon. Anal. Chim. Acta., 144:
183 - 188

Davenport, J. and Manley, A. (1978). The detection of heightened
sea-water copper concentrations by the mussel .Myti1us edulis.Jo    U0 K0;   

Davenport, J. and Redpath, K.J. (1984). Copper and the Mussel
Mytilus edulis. In: Bolis, L., Zadunaisky, J. and Gilles, R.
(eds.) Toxins, Drugs and Pollutants in Marine Animals.
Springer - Verlag, Berlin.176 - 189

Denton, G.R.W. and Burdon-Jones, C. (1981). Influence of temperature

and salinity on the uptake, distribution and depuration of
mercury, cadmium and lead by the black lip oyster Saccostrea
echinata. Mar. Bio1., 64: 317 - 326



152

Diamond, M.L., Mackay, D., Cornett, R.J. and Chant, L.A. (1990). A
model of the exchange of inorganic chemicals between water and
sediments. Environ. Sci. Technol., 24: 713 - 722

Dodd, J.R. (1965). Environmental control of strontium and magnesium
in Mytilus edulis. Geochim. Cosmochim. Acta., 29: 385 - 398

Dodd, J.R. (1967). Magnesium and strontium in calcareous skeletons:
A reveiw. J. Pa1aeonto1., 41: 1313 - 1329

Drago, R.S. (1977). Physical Methods in Chemistry, W.B. Saunders
Co, London.

Duinker, J.C. and Nolting, R.F. (1982). Dissolved copper, zinc and
cadmium in the southern bight of the North Sea. Mar. Pollut.
Bull., 13: 93 - 96

Eisler, R. (1981). Trace metal concentrations in Marine organisms.
Pergamon Press, New York.

2+ 6+Eisler, R. and Henneky, R. (1977). Acute toxicities of Cd Cr ,
Hg2+, Ni2+, and Zn2+ to estuarine macrofauna. Arch. Environ.
Contam. Toxicol., 6: 315

Eisma, D., Mook, W.G. and Das, H.A. (1976). Shell characteristics,
isotopic composition and trace element contents of some
euryhaline molluscs as indicators of salinity. Palaeogeogr.
Palaeoclimatol. Pa1aeoeco1., 19: 39 - 62



153

Fairbridge, R.W.(1980). The estuary: its definition and geodynamic
cycle. In: Olauson, E. and Cato, I. (eds.) Chemistry and
Biogeochemistry of Estuaries. John Wiley and Sons, New York.0

Flemming, C.A. and Trevors, J.T. (1989). Copper toxicity and
chemistry in the environment: A review. Water, Air and Soil
Po1lut., 44: 143 - 158

Ferrell, R.E., Carville, T.E. and Martinez, J.D. (1973). Trace
metals in oyster shells. Environ. Lett., 4: 311 - 316

Forstner, U. (1983 a). Metal concentrations in river, lake and ocean
waters. In: Forstner, U. and Wittmann, G.T.W. (eds.) Heavy
Metal Pollution in the Aquatic Environment. Springer-Verlag,
Berlin. 71 - 109

Forstner, U. (1983 b). Metal pollution assessment from sediment
analysis. In: Forstner, U.and Wittmann, G.T.W. (eds.) Heavy
Metal Pollution in the Aquatic Environment.Springer-Verlag,
Berlin. 110 - 196

Forstner, U., Schoer, J. and Knauth, H.D. (1990). Metal Pollution in
the tidal Elbe river. Sci. Total EnViron., 97/98: 347-368

Forstner, U. and Wittmann, G.T.W. (eds.) (1983). Heavy Metal



154

Pollution in the Aquatic Environment.Springer-Verlag, Berlin.

Fox, D.L. (1966). The pigmentation of molluscs. In: Wilbur, K.M.
and Yonge, C.M. (eds.) Physiology of Mollusca, Vol.2. Academic
Press. New York. 249 -274

Frazier, J.M. (1975). The dynamics of metals in American oyster
Crassostrea virginica, 1. Seasonal effects. Chesapeake Sci.,
16: 162 - 171

Frazier, J.M. (1976). The dynamics of metals in American oyster
Crassostrea virginica, 2. Environmental effects. Chesapeake
Sci., 17: 188 - 197

GESAMP (IMO/FAO/UNESCO/WMO/WHO/IAEA/UN/UNEP. Joint Group of Experts

on the Scientific Aspects of Marine Pollution). (1980). Report
of the Eleventh Session, Dubrovnik, Yugoslavia, 25-29 Feb.
1980. Rep. Stud. GESAMP.

Giles, M.A. (1988). Accumulation of cadmium by rainbow trout Salmo

gairdneri during extended exposure. Can. J. Fish. Aquat. Sci.,
45: 1045 - 1053

Goldberg, E.D. (1957). The biogeochemistry of trace metals. Geol.
Soc. Am. Mem., 67: 345 — 357

Goldberg, E.D. (1975). The mussel watch - a first step in global



155

marine pollution monitoring. Mar. Pollut. Bull., 6: 111

Goldberg, E.D. (1980). The surveillance of coastal marine waters
with bivalves - The Mussel Watch. In: Albaiges, J. (ed.)
Analytical Techniques in Environmental Chemistry. 373 - 386

Goldberg, E.D. (1986). The mussel watch concept: Environ. Monit.
Assess., 7: 91 - 103

Goldberg, E.D., Bowin, V.T., Farrington, J.W., Harvey, G., Martin,
J.H., Parker, P,L., Risebrough, R.W., Robertson, W.M.A.,
Schneider, E. and Gamble, E. (1978). The mussel watch.
Environ. Cons., 5: 101 - 125

Graham, D.L. (1972). Trace metal levels in intertidal mollusks of
California. Ve1iger,14: 365 - 372

Grasshoff, K.(1983 a). Determination of salinity. In: Grasshoff,
K., Ehrhardt, M. and Kremling, K. (eds.) Methods of Seawater
Analysis. Verlag—Chemie, Weinheim. 31 — 59

Grasshoff, K. (1983 b). Determination of oxygen. In: Grasshoff,
K., Ehrhardt, M. and Kremling, K. (eds.) Methods of Seawater
Analysis. Verlag—Chemie, Weinheim. 61 - 72

Gunatilaka, A. (1975). The chemical composition of some carbonate
secreting marine organisms from Connemara. Proc. R. Ir. Acad.
Sect. B., 75: 543 - 556



156

Gunn, A.M., Hunt, D.T.E. and Winnard, D.A. (1989). The effect of
heavy metal speciation in sediment on bioavailability to
tubificid worms. Hydrobiologia, 188/189: 487 - 496

Halfon, E. (1986). Modeling the pathways in the St. Clair Dettroit
river ssystem using the TOXFATE model: the fate of perchloro
ethylene. Water pollut. Res. J. Can., 21: 411

Halfon, E. (1989). Mathematical models for predicting the fate of
contaminants in fresh water ecosystems. In: Boudou, A. and
Ribeyre, F. (eds.) Aquatic Ecotoxiclogy VolII CRC Press Inc.
Florida. 257 - 274

Horiguchi, Y. and Tsujii, T. (1967). Studies on the production of
black pearls by irradiation with radioactive rays. III.
Relationship between coloration obtained by X—ray irradiation
and the manganese contents in the shells of several shell

Howell, R. (1985). The effect of bait-digging on the bioavailability
of heavy metals from surficial intertidal marine sediments.
Mar. Pollut. Bull., 16: 292 - 295

Hubbard, F., McManus, J. and Al-Dabbas, M.A.M. (1981). Environmental

influences on the shell mineralogy of .Myti1us edulis. Geo
Marine Letters 1: 267 - 269



157

Huheey, J.E. (ed.) (1978). Inorganic Chemistry: Principles of
structure and reactivity. Harper and Raw, New York.

Ireland, M.P. and Wootton, R.J. (1977). Distribution of lead, zinc,
copper and manganese in the marine gastropods Thais lapillus
and Littorina Iittorea around the coast of Wales. Environ.
Po11ut., 12: 27 - 41

Isensee, A.R., Kearny, P.C., Woolson, P.C., Jones, G.E. and Williams
V.P. (1973). Distribution of alkyl arsenicals in model
ecosystem. Environ. Sci. Technol., 7: 841

Kelly, M.G. and Whitton, B.A. (1989). Interspecific differences in
Zn, Cd and Pb accumulation by freshwater algae and bryophytes.
Hydrobiologia, 175: 1 - 11

Kiekens, L. (1990). Zinc. In: Alloway, J. B. (ed.) Heavy Metals in
Soils. Blackie and Sons Ltd, London.261 - 279

Kinsman, D.J.J. (1969). Interpretation of Sr2+ concentrations in
carbonate minerals and rocks. J. Sediment. Petrol., 39: 481
- 496

Kitano, Y. Kanomori, N. and Oomori, T. (1971). Measurement of
distribution coefficients of Sr and Ba between carbonate
precipitation and solution : Abnormally high values of
distribution coefficients measured at early stages of carbonate



158

formation. Geochem. J., 4: 183 - 206

Klein, W., Kordel, W., Klein, A.W., Kunhen-Clausen, D. and Weiss, M.

(1988). Systematic approach for environmental hazard ranking
of new chemicals. Chemosphere, 17: 1445 - 1462

Klerks, P.L. and Bartholomew, P.R. (1991). Cadmium accumulation and

detoxification in a Cd-resistant population of the o1igo
chaete Limnodrilus hoffmeisteri. Aquat. Toxicol., 19: 97-112

Koide, M., Lee, D.S. and Goldberg, E.D. (1982). Metal and trans
uranic records in mussel shells, byssal threads and tissues.
Estuar. Coast. Shelf Sci., 15: 679 - 695

Krishnakumar, P.K. (1987). Physiological effects of some heavy
metals on Perna viridis (Linnaeus). Ph. D. Thesis. Cochin
University of Science and Technol09Yo Cochin.

Krishnakumar, P.K., Damodaran, R. and Nambisan, P.N.K. (1990).

Accumulation, distribution and depuration of mercury in the
green mussel Perna viridis (Linnaeus). Proc. Indian Acad. Sci.
(Anim. Sci.), 99: 345 - 352

Kumaraguru, A.K., Selvi, D. and Venugopalan, V.K. (1980) Copper
toxicity to an estuarine clam (Meretrix casta). Bull. Environ.
Contam. Toxicol., 24: 853-857

Lacerda, L.D., Martinelli, L.A., Rezende, C.E., Mozeto, A.A.,



159

Ovalle, A.R.C., Victoria, R.L., Silva, C.A.R. and Nogueira,
F.B., (1988). The fate of trace metals in suspended matter in a
mangrove creek during a tidal cycle. Sci. Total Environ., 75:
169 - 180

Lacerda, L.D., Pfeiffer, W.C. and Fiszman, M. (1987). Heavy metal
distribution, availability and fate in Sepetiba bay, S.E.
Brazil. Sci. Total Environ., 65: 163- 173

Lakshmanan, P.T. (1982). Investigations on the chemical
constituents and trace metal interactions in some bivalve
molluscs of the Cochin backwaters. Ph. D. Thesis. Cochin
University, Cochin.

Lakshmanan, P.T. and Nambisan, P.N.K. (1983). Seasonal variations in

trace metal content in bivalve molluscs Villorita cyprinoides
var. cochinensis, Meretrix casta (Chemnitz) and Perna viridis
(Linnaeus). Indian J. Mar. Sci. 12: 100 - 103

Lakshmanan, P.T. and Nambisan, P.N.K. (1989). Bioaccumulation and

depuration of some trace metals in the mussel, Perna viridis
(Linnaeus). Bull. Environ. Contam. Toxicol. 43: 131 - 138

Lakshmanan, P.T., Shynamma, C.S., Balchand, A.N. and Nambisan,
P.N.K. (1987). Distribution and variability of nutrients in
Cochin backwaters, south west coast of India, Indian J. Mar.



160

Sci., 16: 99 - 102

Lande, E. (1977). Heavy metal pollution in Trondheims fjord, Norway,
and the recorded effects on the fauna and flora. Environ.
Po11ut., 12: 187 - 198

Landrum, P.F. (1989). Bioavailability and toxicokinetics of poly
cyclic aromatic hydrocarbons sorbed to sediments for the
amphipod Pontoporeia hoyi. Environ. Sci. Technol., 23: 588
595

Latha Thampuran., (1986). Physiological effects of Copper (II) on
Sunetta scripta. Ph. D. Thesis. Cochin University, Cochin.

Leland, H.V. and Kuwabara, J.D. (1985). Trace metals. In: Rand, G.M.

and Petrocelli, S.R. (eds.) Fundamentals of Aquatic Toxicology.
Hemisphere Publishing Corporation, Washington. 666

Lorens, R.B. (1981). Sr, Cd, Mn and Co distribution coefficients in
calcite as a function of calcite precipitation rate.
Geochim.Cosmochim. Acta, 45: 553-561

Lorens, R.B. and Bender, M.L. (1977). The Physiological exclusion of
Mg++ from Mytilus edulis calcite. Nature, 269: 793 - 794

Lowenstam, H.A. (1963). Biologic problems relating to the
compositions and diagenesis of sediments. In: Donnelly, T.W.
(ed.) The Earth Sciences. Rice University, Huoston.137-195



161

Luoma, S.N. (1983). Bioavailability of trace metals to aquatic
organisms: a review. Sci. Total Environ., 28: 1 - 22

Luoma, S.N. (1989). Can we determine the biological availability of
sediment bound trace elements?, Hydrobiologia, 176/177: 379 
396

Luoma, S.N. and Bryan, G.W. (1978). Factors controlling the
availability of sediment bound lead to the estuarine bivalve
Scrobicularia plana. J. Mar. Biol. Ass. U. K., 58: 793 - 802

Luoma, S.N. and Bryan, G.W. (1979). Trace metal bioavailability:
modeling chemical and biological interactions in sediment bound
zinc. In: Jenne, E.A. (ed.). Chemical Modeling in Aqueous
Systems. ACS Symp. Ser. 93: 577 - 604

Luoma, S.N. and Jenne, E.A., (1976). Estimating bioavailability of
sediment-bound metals with chemical extractants. In: Hemphill,
D. D. (ed.). Trace Substances in Environmental Health, X.
Univ. Missouri Press, Columbia, Missouri. 343-351

Luoma, S.N. and Phillips, D.J.H. (1988). Distribution, variability
and impacts of trace elements in San Francisco Bay. Mar.
Pollut. Bull., 19: 413 - 425

Mackay, D. (1989). Modeling the long-term behavior of an organic
contaminant in a large lake: Application to PCBs in Lake



162

Ontario. J. Great Lakes Res., 15: 283 - 297

Mackay, D. and Diamond, M. (1989). Application of the QWASI
(Quantitative Water Air Sediment Interaction) fugacity model to
the dynamics of organic and inorganic chemicals in lakes.
Chemosphere, 18: 1343 - 1365

Mackay, D. and Paterson, S., (1981). Calculating fugacity. Environ.
Sci. Technol., 15: 1006 - 1014

Mackay, D. and Paterson, S. (1988). Partitioning Models, In: Travis,
C.C. (ed.). Carcinogen Risk Assessment. Plenum Publishing
Corporation, Washington. 77 - 86

Mackay, D. and Paterson, S. (1991). Evaluating the multimedia fate
of organic chemicals : A level III fugacity model. Environ.
Sci. Technol., 25: 427 - 436

Mackay, D., Paterson, S. and Joy, M. (1983). Application of fugacity
models to the estimation of chemical distribution and
persistence in the environment. In : Swann, R.L. and
Eschenroeder, A. (eds.) Fate of Chemicals in the Environment:

Compartmental and Multimedia Models for Predictions. American
Chemical Society. 175-196

Mahajan, B.A., Srinivasan, M. and Mahapatra, S.P. (1987).
Anthropogenic influence on the metal pollution in the estuarine



163

region of Bomaby island. Proc. Natn. Sem. Estuarine Management,
Trivandrum. 163 - 167

Malm, 0., Pfeiffer, W.C., Fiszman, M. and Azcme, J.M. (1988).
Transport and availability of heavy metals in the Paraiba
Dosul-Guandu river system, Rio de Janeiro state, Brazil.
Sci.Tota1 Environ., 75: 201 - 209

Marcovecchio, J.E., Moreno, V.J. and Perez, A. (1988). Determination

of heavy metal concentrations in biota of Bahia Blanca,
Argentina. Sci. Total Environ., 75: 181 - 190

Marigomez, J.A. and Ireland, M.P. (1989). Accumulation, distribution
and loss of cadmium in the marine prosobranch Littorina
Iittorea . Sci. Total EnViron., 78: 1 - 12

Martincic, D., Nurberg, H.W., Steoppler, M. and Branica, M. (1984).
Bioaccumulation of heavy metals by bivalves from Lim Fjord
(North Adriatic Sea). Mar. Bio1., 81: 177 - 188

Masters, P.M. and Bada. J.L. (1978). Amino acid racemisation dating
of bone and shell. In: Carter, G.F. (ed.) Advances in
Chemistry Series. Archeological Chemistry II, 117 — 138

McGrath, S.P. and Smith, S. (1990). Chromium and nickel. In:
Alloway, B.J. (ed.) Heavy Metals in Soils. Blackie and Son
Ltd., London. 125 - 150



164

Memmert, U. (1987). Bioaccumulation of zinc in two freshwater
organisms (Daphnia magna, Crustacea and Brachydanio rerio,
Pisces). Wat. Res., 21: 99 - 106

Miller, T.G. and Mackay, W. C. (1980). The effect of hardness,
alkalinity and pH of test water on the toxicity of copper to
rainbow trout (Sa1mo gairdneri). Wat. Res. 14: 129 - 133

Milliman,J.D. (1974). Marine Carbonates. Springer-Verlag, Berlin.

Moore, J.W. (1980). Distribution and transport of heavy metals in
the sediments of a small northern eutrophic lake. Bull.
Environ. Contam. Toxicol., 24:828 - 833

Moore, R.M. (1981). Oceanographic distributions of zinc, cadmium,
copper and aluminium in waters of central Arctic. Geochim.
Cosmochim. Acta, 45: 2475 - 2482

Moriarty, F. (ed.) (1975). Organochlorine Insecticides: Persistent
Organic Pollutants. Academic press, London.

Morris, J.R. and Kwain, W. (1988). A study of metal accumulation
trends in sediment cores from the Turkey Lakes (Algoma,
Ontario). Can. J. Fish. Aquat. Sci., 45: 145 - 154

Muller, G. (1968). Exceptionally high strontium concentration in
freshwater onkolites and mollusk shells in Lake Constance. In:

Muller, G., and Friedman, G.M. (eds.) Recent Developments in



165

Carbonate Sedimentology, Central Europe. Springer-verlag,
Berlin. 116-127

Muller, G. (1978). Strontium uptake in shell aragonite from a fresh
water gastropod. Naturwissenschafter, 65: 434

Murty, P.S.N. and Veerayya, M. (1981). Studies on the sediments of
Vembanad lake, Kerala state: Part IV, Distribution of trace
elements. Indian J. Mar. Sci., 10: 165 - 172

Nair, C.K., Balchand, A.N. and Nambisan, P.N.K. (1991). Heavy metal

speciation in sediments of Cochin estuary determined using
chemical extraction techniques. Sci. Total Environ.,
102: 113 - 128

Nair, S.M., Balchand, A.N. and Nambisan, P.N.K. (1990). Metal
concentrations in recently deposited sediments of Cochin
backwaters, India. Sci. Total EnViron., 97/98, 507 - 524

Neiman, M.C. and Mitz, S.V. (1988). Size dependence of zinc
elimination and uptake from water by mosquitofish Gambusia
affinis (Baird and Girard). Aquat. Toxicol., 12: 17 - 32

Nelson, D.J. (1961). The strontium and calcium relationships in
Clinch and Tennessee river mollusks. In: Schultz, V. and
Klement Jr., A. W. (eds.) Radioecology, Reinhold, New York.
203-211



166

Nriagu, J.O. (1980). Nickel in the Environment. John Wiley, New
York.

Nugegonda, D. and Rainbow, P.S. (1989). Effects of salinity changes
on zinc uptake and regulation by the decapod crustaceans
Palaemon elegans and Palaemonetes varians. Mar. Ecol. Prog.
Ser., 51: 57 - 75

Ouseph, P.P. (1987). Heavy metal pollution in the sediments of
Cochin estuarine system. Proc. Natn. Sem. Estuarine Management,
Trivandrum . 123 - 127

Ouseph, P.P. (1990). Dissolved, particulate and sedimentary mercury
in the Cochin estuary, south west coast of India. In:
Michaelis, W. (ed.) Estuarine Water Quality Management,
Springer-Verlag, Berlin. 461 - 465

Patel, B. and Chandy, J.P. (1988). Mercury in the biotic and abiotic
matrices along Bombay coast. Indian J. Mar. Sci., 17: 55 - 58

Paterson, S. and Mackay, D. (1985). The fugacity concept in
environmental modeling In: Hutzinger, 0. (ed.) The Handbook of

Environmental Chemistry. Vol.2/Part C. Springer-Verlag, Berlin.
121-140

Paul, A.C. and Pillai, K.C. (1983 a). Trace metals in a tropical
river environment - Distribution. Water, Air and Soil Po11ut.,
19: 63 - 73



167

Paul, A.C. and Pillai, K.C. (1983 b). Trace metals in a tropical
river environment- speciation and biologic transfer. Water, Air
and Soil Po11ut., 19: 75 - 86

Pellenberg, R.E., (1984). On Spartinia alterniflora litter and the
trace metal biogeochemistry of a salt marsh. Estuar. Coast.
Shelf Sci., 18: 331 - 346

Petukhov, S.A., Morozov, N.P. and Nikonenko, E.M. (1982). On theI I
priority of toxicological hazard of nickel in the sea, Mar.
Pollut. Bull., 13: 426

Phillips, D.J.H. (1976). The common mussel Mytilus edulis as an
indicator of pollution by zinc, cadmium, lead and copper. II.
Relationship of metals in the mussel to those discharged by
industry. Mar. Biol., 38: 71 - 80

Phillips, D.J.H. (1980). The use of shells as indicators. In:
Quantitative Aquatic Biological Indicators. Applied Science
Pubishers Ltd., London. 326 - 361

Phillips. D.J.H. and Rainbow, P.S. (1988). Barnacles and mussels as
biomonitors of trace elements: a comparative study. Mar. Ecol.
Prog. Ser., 49: 83 - 93

Pilkey, O.H. and Goodell, H.G. (1963). Trace elements in recent



168

mollusk shells. Limnol.0ceanogr., 8: 137 - 148

Pilkey, 0.H. and Harris, R.C. (1966). The effect of intertidal
environment on the composition of calcareous skeletal material.
Limnol. 0ceanogr., 11: 381 - 385

Pilkey, 0.H. and Hower, J. (1960). The effect of environment on the
concentration of skeletal magnesium and strontium in
Dendraster. J. Geology, 68: 203 - 216

Prabhudeva, K.N. (1988). Toxicity, accumulation and depuration of
heavy metals in the brown mussel, Perna indica. Ph.D. Thesis.
Cochin University of Science and Technology, Cochin.

Prabhudeva, K.N. and Menon, N.R. (1987). Toxic effects of zinc-oil
mixtures on Perna viridis (L.). Indian J. Mar. Sci. 16: 199
- 200

Prosi, F. (1983). Heavy metals in aquatic organisms In: Forstner, U.
and Wittmann, G.T.W. (eds.) Heavy Metal Pollution in the
Aquatic Environment. Springer—Verlag, Berlin. 271 - 323

Prosi, F. (1989). Factors controlling biological availability and
toxic effects of lead in aquatic organisms. Sci. Total
Environ., 79: 157 - 169

Ramani, K.N., Venugopal, P., Sarala Devi, K. and Unnithan, R.V.



169

(1981). Sediments of a retting yard. Indian. J. Mar. Sci.,
10: 41 - 45

Rand, G.M., Petrocelli, S.R. (eds.) (1985). Fundamentals of Aquatic
Toxicology. Hemisphere Publishing Corporation, Washington.

Reuber, B., Mackay, D., Paterson, S. and Stokes, P. (1987). A
discussion of chemical equilibria and transport at the sediment
water interface. Environ. Toxicol. Chem., 6: 731 - 739

Rosenberg, G.D. (1980). An ontogenetic approach to the environmental

significance of bivalve shell chemistry. In: Rhoads, D.C. and
Lutz, R.A (eds.) Skeletal Growth of Aquatic Organisms. Plemum
Press, New York. 133 -168

Sadiq, M. (1989). Nickel sorption and speciation in a marine
environment. Hydrobiologia, 176/177: 225 — 232

Salomons, W. and Eagle, A.M. (1990). Hydrol09Y~ sedimentology and

the fate and distribution of copper in the mine-related
discharges in the Fly River system, Papua New Guinea. Sci.
Total Environ., 97/98: 315 - 334

Sankaranarayanan, V.N., Purushan, K.S. and Rao, T.S.S. (1978).
Concentration of some heavy metals in the oyster Crassostrea
madrasensis (Preston) from the Cochin region. Indian J. Mar.
Sci., 7: 130 - 131



170

Sankaranarayanan, V.N. and Rosamma Stephen. (1978) Particulate iron,

manganese, copper and zinc in waters of Cochin backwaterlndian
J. Mar. Sci, 7: 201-203

Sankaranarayanan, V.N., Udayavarma, P., Balachandran, K.K., Pylee,
A. and Joseph, T., (1986). Estuarine characterstics of the
lower reaches of the river Periyar (Cochin Backwater). Indian.

Sathyanarayana, D., Rao, I.M. and Prasada Reddy, B.R. (1985).
Chemical oceanography of harbour and coastal environment of
Visakhapatnam (Bay of Bengal): Part 1. Trace metals in water
and particulate matter. Indian J. Mar. Sci., 14: 139-146.

Sathyanathan, B., Muraleedharan Nair, S., Jacob Chacko and
Nambisan, P.N.K. (1988). Sublethal effects of copper and
mercury on some biochemical constituents of the estuarine clam
Villorita cyprinoides var. cochinensis (Hanley). Bull.
Environ. Contam. Toxicol., 40: 510 - 516

Schirmer, M. (1990). Monitoring the bioavailability of heavy metals
in relation to the sediment pollution in the Weser estuary
(FRG). In: Michaelis, W. (ed.) Estuarine Water Quality
Management. Springer-Verlag, Berlin. 377 - 383

Segar, D.A., Collins, J.D. and Riley, J.P. (1971). The distribution
of the major and some minor elements in marine animals. Part



171

II. Molluscs. J. Mar. Biol. Ass. U. K., 51: 131 - 136

Shibu, M.P., Balchand, A.N. and Nambisan, P.N.K. (1990). Trace metal

speciation in a tropical estuary: significance of environmental
factors. Sci. Total EnViron., 97: 267 - 287

Sivadasan, C.R. (1987). Studies on the effects of selected trace
metals on Metapenaeus dobsoni (Miers). Ph. D. Thesis. Cochin
University of Science and Technology, Cochin.

Sivadasan, C.R.and Nambisan, P.N.K. (1988). Seasonal variation of

mercury, copper and zinc in the prawn Metapenaeus dobsoni
(Miers) from Cochin backwaters. Mar. Pollut. Bull.19: 579-580

Spacie, A. and Hamelink, J.L. (1985). Bioccumulation. In: Rand, G.M.

and Petrocelli, S.R. (eds.) Fundamentals of Aquatic Toxicology.
Hemisphere Publishing Corporation, Washington. 495 - 525

Sprague, J.B. (1985). Factors that modify toxicity. In: Rand, G.M.
and Petrocelli, S.R. (eds.) Fundamentals of Aquatic Toxicology,
Hemisphere Publishing Corporation, Washington. 124 - 163

Sreevalsan, S.V.(1985). Studies on the Ca/Mg levels in some bivalve
shells. M. Phil. dissertation. University of Cochin, Cochin.

Strong, C.R. and Luoma, S.N. (1981). Variations in the correlation
of body size with concentrations of Cu and Ag in the bivalve
Macoma balthica. Can. J. Fish. Aquat. Sci., 38: 1059 - 1064



172

Stumm, W., and Brauner, P.A. (1975). Chemical speciation. In:Riley,
J.P. and Skirrow,G. (eds.) Chemical Oceanography Vol.
Academic Press, London. 173 - 239

Sturesson, U. (1976). Lead enrichment in shells of Mytilus edulis.
Ambio, 5: 253 - 256

Sturesson, U. (1978). Cadmium enrichment in shells of Mytilus
edulis. Ambio 7: 122 - 125

Sturesson, U. (1984). In situ studies of copper and zinc enrichment
in shell and soft tissue of.Myti1us edulis. In: Pearsoone,
G., Jaspers, E. and Clans, C. (eds.) Ecotoxicological Testing
for the Marine Environment. Vol.2. 511 - 533

Sturesson, U. and Reyment, R.A. (1971). Some minor chemical
constituents of the shell of Macoma bathica. Oikos, 22:
414 - 416

Styron, C.E., Hagan, T.M., Campbell, D.R., Harvin, J., Whittenburg,
N.K., Baughman, G.A., Bransford, M.E., Saunders, w.H.,
Williams, D.C., Woodle,C., Dixon, N.K. and McNeil,. C.R.
(1976). Effects of temperature and salinity on growth and65 137uptake of Zn and Cs for six marine algae. J. Mar. Biol.
ASS. Us Kc;   "

Szefer. P. (1986). Some metals in benthic invertebrates in Gdansk



173

Bay. Mar. Pollut. Bu11., 17: 503 - 507

Szefer, P. and Szefer, K. (1985). Occurrence of Ten Metals in
Mytilus edulis and Cardium glaucum L. from the Gdansk Bay.
Mar. Pollut. Bu11., 16: 446 - 450

Szefer, P and Wenne, R. (1987). Concentration of uranium and
thorium in molluscs inhabiting Gdansk Bay, Baltic sea. Sci.
Total Environ., 65. 191 - 202

Tessier, A. and Campbell, P.G.C.(1987). Partitioning of trace metals
in sediments: Relationships with bioavailability.
Hydrobiologia, 149: 43 - 52

Tessier, A., Campbell, P.G.C., Auclair, J.C. and Bisson, M. (1984).
Relationships between the partitioning of trace metals in
sediments and their accumulation in the tissues of the
freshwater mollusc Elliptio complanata in a mining area. Can.

Tessier, A., Campbell, P.G.C. and Bisson, M., (1979). Sequential
extraction procedures for the speciation of particulate trace
metals. Anal. Chem., 51: 844 - 851

Theede, H., Andersson, I. and Lehnberg, W. (1979). Cadmium in
Mytilus edulis from German coastal waters. Meeresforsch, 27:
147 - 155



174

Tjalve, H., Gottofrey, J. and Borg, K. (1988). Bioaccumulation,
63Ni2+distribution and retention of in the brown trout (Sa1mo

trutta). Wat. Res., 22: 1129 - 1136

Thomann, R.V., (1981). Equilibrium model of fate of micro
contaminants in diverse aquatic food chains. Can. J. Fish.
Aquat. Sci., 38: 280 - 296

Thomann, R.V., (1989). Bioaccumulation model of organic chemical
distribution in aquatic food chains. Environ. Sci. Techno1.,
23: 699 - 707

Tuey, D.B. (1980). Toxicokinetics. In: Hodgson, E and Guthrie, F.E.
(eds). Introduction to Biochemical Toxicology. Elsevier, New
York. 40 - 66

Turekian, K. and Armstrong, R.L. (1960). Magnesium, strontium and
barium concentrations and calcite -aragonite ratios of some
recent molluscan shells. J. Mar. Res.,18: 133 - 151

Turner, A., Millward, G.E., Karbe, L. and Dembinski, M. (1990). An

intercomparison of particulate trace metals from four large
estuaries. In: Michaelis, W. (ed.) Estuarine Water Quality
Management. Springer - Verlag, Berlin, 455 - 460

van de Meent, D., (1988). Exchange processes. In: de Kruijf, H.A.M.,
de Zwart, D., Ray, P.K. and Viswanathan, P.N. (eds.). Manual on



175

Aquatic Ecotoxicology, Allied Publishers, New Delhi. 48-52

van Leeuwen, C.J. (1988). Short-term toxicity testing. In: de
Kruijf, H.A.M., de Zwart, D., Ray, P.K. and Viswanathan, P.N.
(eds.) Manual on Aquatic Ecotoxicology. Allied Publishers, New
Delhi. 108-112

Venugopal, P., Saraladevi, K., Remani, K.N. and Unnithan, R.V.,
(1982). Trace metal levels in the sediments of the Cochin
backwaters. Mahasagar- Bulletin of National Institute of
Oceanography, 15: 205 - 214

Waldichuk, M.(1985). Biological availability of metals to marine
organisms. ‘Mar. Pollut. Bull., 16: 7 - 11

Ward, T.J. and Young, P.C. (1984). Effects of metals and sediment
particle size on the species composition of the epifauna of
Pinna bicolor near a lead smelter, Spencer Gulf, South
Australia. Estuar. Coast. Shelf Sci., 18: 79 - 95

White, L.K., Szabo, A., Carkner, P. and Chasteen, N.D. (1977). An
electron paramagnetic resonance study of Mn(II) inthe aragonite
lattice of a clam shell, Mya arenaria. J. Phys. Chem., 81:
1420 - 1424

Wilbur, K.M. and Saleuddin, A.S.M. (1983). Shell formation. In: The



176

Mollusca Vol.4 , Physiology Part 1., Academic press, London.
235 - 287

Windom, H.L., Smith, Jr.R.G. and Rawlson, C. (1989). Particulate
trace metal composition and flux across the south eastern U.
S. continental shelf. Mar. Chem., 24: 283 - 292

Wittmann, G.T.W., (1983). Toxic metals. In: Forstner, U .and
Wittman, G.T.M. (eds.)Metals Pollution in the Aquatic
Environment. Springer-Verlag, Berlin.

Wolmarans, C.T. and Van aardt, W.J. (1986). Uptake of copper by the
haemolymph, shell and soft tissue of the snail Bulinus
tropicus. South African J. Sci., 82: 383 - 384

Wright, D.A. and Zamuda, C.D. (1987). Copper accumulation by two
bivalve molluscsz Salinity effect is independent of cupric ion
activity. Mar. Environ. Res., 23: 1 - 14

wyckoff, R.W.G. (1972). The Biochemistry of Animal Fossils,
Scientichnica, Bristol.

Zamuda, C.D. and Sunda, w.G.(1982). Bioavailability of dissolved
copper to the American oyster Crassostrea viriginica.
I.Importance of chemical speciation. Mar. Biol., 66: 77 - 82

Zaroogian. G.E. (1980). Crassostrea virginica as an indicator of
cadmium pollution. Mar. Biol., 58: 275 - 284



177

Zingde, M.D., Singbal, S.Y.S., Moraes, C.F. and Reddy, C.V.G. (1976)

Arsenic, copper, zinc and manganese in the marine flora and
fauna of coastal and estuarine waters around Goa. Indian J.
Mar. Sci., 5: 212-217.


	STUDIES ON THE INTER-COMPARTMENTAL EXCHANGE OF TRACE METALS IN AN ESTUARINE SYSTEM
	CERTIFICATE
	DECLARATI0N
	ACKNOWLEDGEMENT
	Contents
	PREFACE
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	REFERENCES

