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Abstract Four sediment cores representing adjacent
mudflat and mangrove sub-environments of middle estuary
(Shastri) were analyzed for sand, silt, clay, and organic
carbon. Total metal concentration of iron (Fe), manganese
(Mn), nickel (Ni), zinc (Zn), chromium (Cr), copper (Cu),
cobalt (Co), and lead (Pb) and chemical speciation of Fe,
Mn, and Co on selected samples was also carried out on
mudflat cores. The sediments in the upper middle estuary
were found to be deposited under highly varying hydro-
dynamic energy conditions; whereas lower middle estuary
experienced relatively stable hydrodynamic energy condi-
tions with time. The tributary joining the river near the
upper middle estuary is found to be responsible for the
addition of enhanced organic carbon and metal concen-
trations. Speciation study indicated Fe and Co are from
natural lithogenic origin while Mn is derived from
anthropogenic sources. Higher Mn and Co than apparent
effects threshold can pose a high risk of toxicity to
organisms associated with these sediments.
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Introduction

Estuaries, the transition zones between marine and terrestrial
environments, are classified into three distinct zones: inner
river-dominated zone, central zone where river flow is
countered by flood-tidal energy and outer marine zone which
is dominated by waves and/or tides (Dalrymple et al. 1992).
The boundaries between the three transition zones vary with
tides, season, and weather (Fairbridge 1980). Estuary
receives sediments from different sources which include
fluvial, marine, atmosphere, and mixtures (Wu et al. 2011).
In general, sediments within outer zone represent developing
of tidal bar-channel complexes, tidal flats, lagoons, and salt
marshes (Dalrymple et al. 1992). Low-energy central zone
facilitates deposition of large quantity of finer sediments
(Dalrymple et al. 1992). Mudflats and mangroves are adja-
cent sub-environments along estuarine tidal flats in tropical
region (Harbison 1986; Wells and Coleman 1981). Mudflats
cover large nonvegetated areas that are exposed during low
tide and submerged during high tide (Reineek 1972). Man-
groves, on the other hand, are salt-tolerant shrubs and trees
associated with a unique horizontal root network (Soto-
Jime’nez and Pa’ez-Osuna 2001; Kumaran et al. 2004). They
primarily consist of fine sediment deposits (<63 pm) and are
influenced by tides, waves and fluvial processes (Lesueur
et al. 2003; Dalrymple et al. 1992; Allen and Posamentier
1993). Along with finer sediments, these sub-environments
favor deposition of higher organic matter. These fine cohe-
sive sediments favor the accumulation of metals (Cundy and
Croudace 1995; Spencer et al. 2003; Szefer et al. 1995;
Delacerd 1983). Metals have great ecological significance
because of their toxicity, persistence and bioaccumulation
capacity (Klavins et al. 2000; Tam and Wong 2000). Metals
cannot be biologically or chemically degraded (Marchand
et al. 2006). Understanding abundance and distribution of
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metals in mudflats and mangroves sediments is, therefore,
important as they are key habitats for a number of macro-
faunal species and act as important food sources or nursery
grounds for fish communities (Boyes and Allen 2007) and
also has potential to harm human health via the food chain
(Huetal. 2013). Mudflats and mangroves are extensive along
central west coast of India. Attempts have been made to
understand these depositional environments and metal dis-
tribution in recent years by number of researchers (Singh and
Nayak 2009; Fernandes and Nayak 2009, 2012a, b; Siraswar
and Nayak 2011; Fernandes et al. 2011; Pande and Nayak
2013a, b; Volvoikar and Nayak 2013a, b, c; Singh et al. 2012,
2013). However, these studies are mainly based on total
metal concentration and do not reflect the mobility and
potential availability for biota. The mobility of metals
associated with different sedimentary fractions is in the
order: exchangeable > carbonate > Fe—-Mn oxide bound
(reducible) > organic and sulfide bound (oxidiz-
able) > residual. Metals bound to different phases respond
differently in the sedimentary and diagenetic environment,
and thus have different potentials for remobilization and for
the uptake by biota (Jones and Turki 1997). The determi-
nation of geochemical associations of metals thus provide
useful information concerning the origin, absolute levels,
mobilization, mode of occurrence and biological availability
of metals (Thomas and Bendell-Young 1998; Almas et al.
2006; Dessai and Nayak 2009). In this paper an attempt is
made to study the distribution and abundance of sediment
components, organic carbon and selected elements in sedi-
ments with time within the middle estuary to understand the
depositional environment, post depositional processes and
bioavailability of metals.

Materials and methods
Study area

The Jaigad creek is fed by the Shastri River which origi-
nates in the Western Ghats, follows a meandering course
and opens into the Arabian Sea (Fig. la, b). The total
length of the river is about 64 km. The adjoining prom-
ontory at the mouth has Jaigad Port. For the proximal
26 km the river flows through a steep mountainous region.
There are several small tributaries which join Shastri
estuary namely Gad, Kapshi, and Bav (Fig. 1la). The
catchment area consists of Deccan basalts which are known
to contain higher concentration of elements such as Fe, Co,
Cu, etc. (Rajamanickam and Gujar 1995). The river is
influenced by tides up to 45 km from the mouth (Ach-
uthankutty et al. 1981). Shastri estuary falls under meso-
tidal category (Davies 1964) with the average spring tidal
range of approximately 2.8 m (Singh 2013).
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Sampling and analysis

Four shallow cores were collected from the Shastri estuary
using hand driven PVC coring tube. Two cores represented
mudflats; namely S9 (Guhajan) and S17 (Mendegaon) and
the other two were from the adjacent mangroves viz. S11
(Guhajan) and S22 (Mendegaon), respectively (Fig. 1a).
The core length varied from 44 cm (S17) to 112 cm (S9)
for mudflat core and 40 cm (S22) to 70 cm (S11) for
mangrove core. Core S9 and S11 represented the lower
middle estuarine region whereas S17 and S22 represented
the upper middle estuarine region. In the field, cores were
sub-sampled at 2 cm interval with the help of a plastic
knife, transported to laboratory in ice box, frozen at 4 °C
and later oven-dried at 60° C. Sediment components
(sand:silt:clay) were analyzed by pipette method (Folk
1968). Organic carbon was determined using the Walkey-
Black method (1947), adopted and modified from Jackson
(1958). All the sub-samples of mudflat cores were digested
with HF, HNO3; and HClO,4 acid mixture for total metal
analyses. The metals viz. Fe, Mn, Ni, Cr, Cu, Zn, Co and
Pb were analyzed using Atomic Absorption Spectropho-
tometer (Varian AAS 240FS model). Together with the
samples, certified reference standards from the MAG-1
(Marine mud) and GR-1 (Green River sediment) were
digested and run, to test the analytical and instrument
accuracy of the method. The average recoveries were
around 90-97 %. Suitable internal chemical standards
(Merck Chemicals) were used to calibrate the instrument.
Also recalibration check was performed at regular inter-
vals. The geochemical data of the post archean average
shale given by Turekian and Wedepohl (1961) were used
as the background for the computation of index of geoac-
cumulation (/e,). A modified sequential extraction proce-
dure (Tessier et al. 1979) was employed for the selected
sub-samples of mudflat cores in order to evaluate specia-
tion of metals (Fe, Mn, and Co). The procedure involves
extraction of five phases, viz., exchangeable phase, car-
bonate phase, Fe-Mn oxide phase, organic matter/sulfide
bound phase, and the residual phase. Further, to understand
the potential bioavailability or the risk of toxicity of the
studied metals to the biota, the average concentration of
metals obtained after total acid digestion as well as
sequentially extracted bioavailable fractions (i.e., sum of
exchangeable, carbonate, Fe-Mn oxide and organic bound)
was compared with the sediment quality values (SQV)
following screening quick reference table (SQUIRT).
SQUIRT was developed by NOAA for screening purposes.
Based on SQUIRT, the guideline values are categorized
into five classes following Buchman (1999) which eluci-
date the toxicity level of the metals. The implication of
SQV is to achieve the information on toxicity of metals to
the biota and thus understand the impact on environment
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(Spencer and MacLeod 2002; Attri and Kerkar 2011).
Correlation was obtained between the different parameters
using the computer software STATISTICA (Statsoft 1999).

Results and discussion

Spatial and temporal distribution of sediment
components and organic carbon

In mudflat core S9 (Fig. 2a), sand content varies from 9.18
to 22.95 % whereas silt and clay content varies from 45.37
to 68.59 % and 18.28 to 36.20 %, respectively, with mean
values for sand, 15.47 %; silt, 54.78 % and clay, 29.75 %.
Organic carbon content varies from 1.46 to 3.07 % with its
mean value 1.88 %. In mudflat core S17 (Fig. 3a) sand
varies from 2.90 to 34.33 % whereas silt, clay and organic

T I
73°22'E 73°25'E

carbon vary from 40 to 69.40 %, 11.16 to 41.72 % and
1.37 to 3.32 %, respectively, with mean values of sand,
16.72 %; silt, 54.95 %; clay, 28.33 % and organic carbon,
2.36 %.

In Mangrove core S11 (Fig. 4), sand varies from 9.86 to
19.72 % whereas silt, clay and organic carbon vary from
40.06 to 64.57 %, 21.28 to 45.36 % and 1.15 to 2.35 %,
respectively, with mean values of sand, 14.73 %; silt,
48 %; clay, 38 % and organic carbon, 1.40 %. In Man-
grove core S22 (Fig. 5) sand component ranges from 4.93
to 50.71 % whereas silt, clay and organic carbon range
from 32.97 to 66.27 %, 15.40 to 36.04 % and 0.87 to
2.27 %, respectively, with mean values of sand, 20.98 %;
silt, 52.12 %; clay, 26.91 % and organic carbon, 1.90 %.

At lower middle estuary, silt was noted to be relatively
higher in mudflat sediments (core S9) while clay was
higher in mangrove sediments (core S11). However, mud
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content (silt + clay) was maintained higher in mangrove
sediments as compared to mudflat. Not much difference in
the distribution of sand and organic carbon was noted
between mudfiat and mangrove sediments at this location.
Towards the upper middle estuary, sand was relatively
higher in mangrove sediments (core S22) as compared to
mudflat (core S17). This may be the result of presence of

Mn (ppm)
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coarse calcareous sand, calcareous muddy gastropods
shells, bivalves, etc. (Welle et al. 2004) which are domi-
nant in mangroves than in mudflats. Lower organic carbon
percentage was observed in mangrove core S22 as com-
pared to mudflat core S17.

Low fluvial discharge and a better mixing of saline and
fresh water are known to facilitate flocculation and settling of
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Fig. 3 a Vertical profile of sediment components and organic carbon with depth in mudflat core S17 (Location: Mendegaon, upper middle
estuary). b Vertical profile of metals viz Fe, Mn, Ni, Zn, Cr, Cu, Co, and Pb in sediment with depth in mudflat core S17

finer particles (Nair et al. 1993). This process, therefore,
explains the deposition of relatively lower sand and higher
mud (i.e., silt + clay) content within mudflat and mangrove
cores (core S9 and S11) collected from lower middle estuary
as compared to cores collected from the upper middle estuary
(core S17 and S22). Organic carbon, however, showed higher
percentage in mudflat and mangrove cores of the upper middle

estuary as compared to the lower middle estuary. The tributary
joining the river little upstream side of the sampling location
of cores S17 and S22 is probably responsible for the deposition
of the observed coarser sediments and higher organic carbon
content within the upper middle estuary.

In mudflat core S9, sand and clay profiles showed a
fluctuating trend along the average line, while silt showed

@ Springer



1866

Environ Earth Sci (2014) 72:1861-1875

sand (%) clay (%)
8 101214161820 10 20 30 40 50
Lol b bl
0 —
5|
10;
15 |
20
25;
g 30;
= 35 |
S 40
45 |
50;
55;
60;
65;
70
[TTTTTT7TTT] [TTTTTT T
40 45 50 55 60 65 081216 2 24

silt (%) organic carbon

(%)
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Fig. 5 Vertical profile of sediment components and organic carbon
with depth in mangrove core S22 (Location: Mendegaon, upper
middle estuary)

almost constant trend (Fig. 2a). However, slightly higher
values for silt were noted towards the bottom and surface
of the core with a peak value at 56 cm depth. Organic
carbon profile also showed a constant trend with a
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prominent peak at 50 cm depth. In mudflat core S17, not
much variation was noted for sand below 20 cm depth
except a high value at 44 cm. Above 20 cm depth sand
showed large fluctuating trend. Silt and clay compensated
for the variation in sand percentage. Similarity in the dis-
tribution pattern of finer sediment components, i.e., silt and
clay were noted above 32 cm depth. The distribution pat-
tern of sediment components within the upper 20 cm may
be due to the variations in fluvial input in recent years. The
distribution of organic carbon showed similarity with silt
and clay components, indicating association of organic
carbon with finer sediment components (Mayer and Xing
2001) and the pH gradually decreases towards the surface
in both the cores.

In mangrove core S11 it is noted that there is an increase
in silt percentage in recent years. Clay shows opposite
distribution pattern to that of silt all along the length of the
core. Organic carbon distribution was similar to that of clay
below 38 cm and to that of silt above 38 cm indicating
their association. In mangrove core S22 large increase in
sand percentage was noted above 8 cm depth. Silt com-
pensated for the variation in sand percentage from bottom
to the surface of the core. Clay percentage decreased
considerably from bottom to surface and showed similarity
in distribution pattern with that of silt. Organic carbon
distribution was similar to that of silt and clay. The higher
concentration of organic carbon towards the bottom of core
S17 and to some extent core S22, corresponding with lower
sand content, suggested deposition of organic matter
together with finer sediments under calm conditions which
were probably prevalent in the past (Francois 1988; Kumar
and Edward 2009).

Hydrodynamics

To understand the hydrodynamic conditions of depositional
environment, ternary diagram proposed by Pejrup (1988) is
plotted. Ternary diagram by Pejrup (1988) modifies and
expands Folk’s diagram (1968) on the basis of hydrody-
namic conditions. The lines separating the four hydrody-
namic groups, being used to highlight the energy gradient
from lower (clay-dominated mud) to higher energy levels
(silt dominated mud) (Fig. 6). Pejrup (1988) has interpreted
that section I indicates very calm hydrodynamic conditions
rarely found in estuaries and sections II to IV indicate
increasingly violent hydrodynamic conditions. Plots
(Fig. 6) reveal that sediments must have deposited under
relatively violent hydrodynamic conditions. However, in
case of core S11 collected from the lower middle estuary,
some points were also observed in group II (C) indicating
that these sediments were deposited under relatively calm
to relatively violent hydrodynamic energy conditions. It is
important to note here that the data plots of mudflat and
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Fig. 6 Triangular diagram for sand—silt—clay with various grades of hydrodynamic condition for core a S9, b S17, ¢ S11, d S22, after Pejrup

(1988)

mangrove cores collected from the upper middle estuarine
region are more spread over indicating larger variation in
energy conditions at this location when compared to the
lower middle estuarine region.

Metal geochemistry
Distribution of iron and manganese

In core S9 (Fig. 2b), Fe varies from 21.00 to 37.00 % (avg.
27 %) and Mn ranges from 1,133 to 2,824 ppm (avg.
1,778 ppm). Fe showed almost constant trend from bottom
up to 100 cm depth. This is followed by a fluctuating
increasing trend up to 80 cm and a decreasing trend up to
76 cm depth. Above 76 cm Fe maintained constant trend
up to 66 cm. Increase in Fe concentration was observed
between 66 and 52 cm depth. Between 52 and 26 cm depth
Fe showed fluctuating increasing trend with a peak value at

26 cm. A gradual decrease in Fe concentration up to 16 cm
depth was noted, this is followed by a slight increasing
trend up to the surface of the core. Mn showed almost
constant trend from bottom to 38 cm. Between 36 and
4 cm a gradual decrease in Mn concentration is noted
except a higher peak value of 2,824 ppm at 20 cm depth.
At the surface slight increase in Mn concentration similar
to that Fe is noted. When the distribution patterns of Fe and
Mn were compared, both the metals showed a decrease in
concentration within the upper 22 cm. The presence of
strong Fe and Mn peaks at 26 and 20 cm depth indicated
redox mobilization and re-precipitation of these metals in
the form of oxides and hydroxides (McCaffrey and
Thomson 1980; Zwolsman et al. 1993). Under oxidizing
conditions insoluble Fe and Mn oxides are formed. Under
suboxic conditions, the degradation of sedimentary organic
matter involves the use of Fe and Mn as secondary oxi-
dants. The reduction of Fe and Mn results in their
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Table 1 Correlation between sand, silt, clay, organic carbon (OC), metals, and pH of (a) core S9 and (b) core S17

Sand Silt Clay oC Fe Mn Ni Zn Cr Cu Co Pb pH
Core S9 (a)
Sand 1.00
Silt -0.35 1.00
Clay -0.53 —0.61 1.00
oC —0.07 0.12  —-0.05 1.00
Fe 022 —0.26 0.05 —0.53 1.00
Mn —0.07 0.02 0.04 0.15 —0.03 1.00
Ni -039 —-0.03 035 —0.12 —0.09 0.33 1.00
Zn 0.14 —0.24 0.10 -—0.35 0.24  —0.05 0.23 1.00
Cr —-0.06 —0.31 033 —0.17 0.24 0.29 0.48 0.33 1.00
Cu —-0.02 -021 021 —0.32 0.36 0.09 0.38 0.35 0.68 1.00
Co —-0.05 -0.28 030 —0.21 039 -0.02 0.17 0.22 0.55 0.52 1.00
Pb —-0.20 —-0.06 0.22 0.01 0.10 —0.13 0.19 0.03 0.01 0.00 0.24 1.00
pH —0.24 024 —-0.01 036 —0.39 0.46 049 -020 0.07 -0.13 —-047 —-0.05 1.00
Core S17 (b)
Sand 1.00
Silt —0.61 1.00
Clay -0.70 —0.13 1.00
oC —-045 0.24 0.34 1.00
Fe 0.15 —-0.05 -0.15 —-0.39 1.00
Mn —0.13 0.05 0.12 0.01 0.76 1.00
Ni —-0.15 —-0.13 0.30  —0.09 0.82 0.85 1.00
Zn 0.16 —0.26 0.02 —-0.29 0.88 0.80 0.91 1.00
Cr 0.10 —0.33 0.16 —0.19 0.82 0.80 0.92 0.91 1.00
Cu —-0.08 —0.19 027 —0.12 0.83 0.82 0.99 0.93 0.94 1.00
Co —-0.13  —-0.28 040 —0.02 0.72 0.81 0.97 0.88 0.91 0.98 1.00
Pb —-034 -0.13 0.55 0.05 0.28 0.38 0.57 0.43 0.40 0.61 0.68 1.00
pH -0.17  -0.03 0.24 034 -031 -0.11 -034 -032 -023 -030 —-022 —0.01 1.00

Numbers marked in bold are significant at p < 0.05

mobilization and upward diffusion to oxic surface sedi-
ments where they are reprecipitated either as oxides, or
occasionally as carbonates (Farmer and Lovell 1984). The
difference in peak depths further reflected the difference in
oxidation kinetics of Fe*? and Mn™ (Zwolsman et al.
1993). However, Fe and Mn did not show significant
positive correlation with each other in this core (Table 1a).
In core S17 (Fig. 3b) Fe concentration varies from 16.00
to 38.00 % (avg. 20) and Mn varies from 1,207 to
5,397 ppm (avg. 2,245). Not much variation in Fe and Mn
concentration was noted from bottom to surface of the core
except a prominent peak at 22 cm depth. Slightly higher
values were also noted between 20 to 14 cm and 8 to 2 cm
for Fe, while Mn showed an increase at the surface. The
two metals showed large similarity in their distribution
pattern between 36 and 6 cm depths. Unlike core SO,
strong positive correlation (Table 1b) was noted between
Fe and Mn indicating their association with each other in
this core probably in the form of Fe—-Mn oxyhydroxides.

@ Springer

Distribution of trace metals

In core S9 (Fig. 2b) the geochemical data shows a range of
216-267 ppm Ni (avg. 243), 208460 ppm Zn (avg. 253),
198-320 ppm Cr (avg. 271), 308-422 ppm Cu (avg. 359),
91-149 ppm Co (avg. 111), 35-295 ppm Pb (avg. 67).
Whereas, in core S17 (Fig. 3b) the geochemical data shows
a range of 184-498 ppm Ni (avg. 217 ppm), 209-521 ppm
Zn (avg. 253 ppm), 135-636 ppm Cr (avg. 271 ppm),
345-935 ppm Cu (avg. 403 ppm), 86-278 ppm Co (avg.
121 ppm), 17-128 ppm Pb (avg. 67 ppm). The elemental
distribution within cores collected from the lower (core S9)
and upper portions (core S17) of the middle estuary when
compared showed less difference in their average concen-
trations. However, the range was observed to be wide in
core S17 as compared to core S9 for Mn, Ni, Zn, and Cr.

In core S9, trace elements namely Zn, Cr, Cu, Co, and
Pb showed an increasing trend from bottom up to 20 cm
depth (Fig. 2b). This is followed by a decreasing trend till
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4 cm and a slight increase towards the surface. While Ni
showed higher values between 108 and 66 cm depth.
Above 64 cm Ni showed an increasing trend up to 26 cm
depth, this is followed by a decreasing trend towards the
surface. The peak value obtained at 20 cm depth for Cr,
Cu, and Co coincided with that of Mn, clay and organic
carbon also. Similarly Ni, Cu, and Co peak at 26 cm and
peak value of Ni and Pb at 98 cm coincided with that of Fe
and organic carbon. Among trace elements, Ni, Zn, Cr, Cu,
and Co showed a peak value at 68 cm depth. Correlation
analyses indicated association of Ni, Cr, and Co with clay,
while organic carbon also controlled the distribution of Ni,
thus indicating the role of organic carbon and finer sedi-
ments in the distribution of some of the trace elements (De
Groot et al. 1976; Salomons and Forstner 1984; Fletcher
et al. 1994; Williams et al. 1994) in this core. Distribution
of Cu and Co is similar to that of Fe, whereas Ni and Cr are
associated with Mn and pH. Further, trace metals namely
Ni, Zn, Cr, Cu, Co showed some correlation (Table 1a).
The observed similarity in distribution trends of trace
metals with that of Fe and Mn especially in the upper few
centimeters, together with results of correlation matrix
indicated association of trace metals with Fe—-Mn oxyhy-
droxides in addition to clay and organic carbon as freshly
formed Fe and Mn oxides are very efficient at scavenging a
variety of heavy metals (Y-wu et al. 2010).

In core S17, all the analyzed trace elements showed
similar trend to that of Fe and Mn (Fig. 3b). Metals main-
tained almost constant trend from bottom till the surface of
the core except a prominent peak at 22 cm depth. Replicate
analysis of the same sample to confirm the values gave
similar readings. Slight increase in trace metal viz. Zn, Cr,
and Co concentration at the surface similar to that of Mn
was also evident, while a small peak value at 16 cm for Zn,
Cu, and Co coincided with that of Fe and sand. Large
similarity in distribution pattern of trace elements with that
of Fe and Mn together with strong positive correlation
between Fe, Mn, and all the studied trace metals except Pb
indicated (Table 1b) that the distribution of heavy metals in
this core was mainly controlled by the redox cycle of Fe and
Mn (Chen et al. 2001). The distribution pattern pointed
towards the co-precipitation of trace elements with Fe and
Mn oxides. Further, the peak value obtained for all the
elements at 22 cm depth coincided with that of clay. It is a
known fact that the fine sediments associated with Fe/Mn
oxyhydroxides together with organic coatings provide
reactive sites for metal sorption (Grant and Middleton 1990;
Cundy and Croudace 1995). However, among metals Pb
showed strong positive correlation with clay, indicating
difference in its distribution behavior and association.

Further, isocon plot was used to understand the variation
of sediment components, organic carbon and studied met-
als at the two locations. Isocon plots allow an easy visual

Core 9 visCore 17
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Core 17 (mud flat)

0 500 1000 1500 2000 2500 3000 3500 4000
Core 9 (mud flat)

Fig. 7 Isocon diagram. Individual points represent average value of
sediment component and elements

comparison of the average composition of each parameter
(Grant 1986; Cundy et al. 1997; Rosales-Hoz et al. 2003).
The results of the plotted data (Fig. 7) indicated the values
of all the trace elements fall on the line. Thus, it can be
inferred that there is no much variation in studied ele-
mental average concentration between the two mudflat
cores (S9 and S17). It also indicated less anthropogenic
influence on trace metal distribution within Shastri estuary.
Trace metals seem to be mainly derived from natural
sources. However, Organic carbon and Mn fall towards
core S17 indicating their association, while Fe points
towards core S9 indicating different source for Mn and Fe.

Index of geoaccumulation (I,,,)

To evaluate the degree of pollution in sediments, geoac-
cumulation Index (4,) has been computed using the for-
mula of Muller (1979) given below:

Ioeo = log,(C,/1.5 x By,)

where Iy, is Index of geoaccumulation, C, is measured
concentration of element “n” and B, is element content in
“average shale” (Turekian and Wedepohl 1961) and the
factor 1.5 is used because of possible variation of the
background data due to lithogenic effects. Muller (1979)
classified the level of pollution into seven classes based
upon Index of geoaccumulation (Iy,) values viz “very
strongly polluted” —Ig, class 6 (Ige, > 5); “Strong to very
strong” —l e, class 5 (Igeo 4-5); “Strongly polluted” —/e,
class 4 (Iyeo 3—4); “Moderately to strongly polluted” —Ige,
class 3 (Igeo 2-3); “Moderately polluted” —I e, class 2 (Ige,
1-2); “Unpolluted to moderately polluted”—I, class 1
(Igeo 0-1) and “Unpolluted” —Ige, class 0 (Igeo < 0).
Average Iy, values for Shastri estuary showed different
levels of pollution of metals (Muller 1979) within the
sediments (Table 2, 3). Within sediments of core S9, Zn,
and Mn fall under unpolluted to moderately polluted class.
Fe, Ni, Cr, Co, and Pb represented moderately polluted
class while Cu could be categorized under moderately to
strongly polluted class. Same observation was true for core
S17 except for Mn which fall under moderately polluted
class. When the I,., values of the two cores namely S17
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Table 2 Geoaccumulation index

Pollution intensity Sediment Igeo
accumulation class
Very strongly polluted >5 6
Strongly to very strongly polluted 4-5 5
Strongly polluted 34 4
Moderately to strongly polluted 2-3 3
Moderately polluted 1-2 2
Unpolluted to moderately polluted 0-1 1
Practically unpolluted <0 0

Table 3 Average Iy, values

Core Mn Fe Ni Zn Cr Cu Co Pb

S9 0.9 2.0 1.3 0.8 1.1 2.4 2.0 1.1
S17 1.3 1.5 1.0 0.8 1.1 2.6 2.0 1.1

and S9 were compared, all the metals showed same level of
enrichment within the two cores except Mn. Mn showed
difference in level of pollution at the two locations. Mn
enrichment was one level higher towards the upper middle
estuary indicating enhanced supply of Mn probably from
the catchment area. The additional supply can be due to
change in land use-land cover in the recent years.

Metal speciation in sediments

To know the processes governing metal accumulation and
bioavailability, speciation study was carried on redox
sensitive Fe and Mn together with trace metal Co. The
results are diagrammatically represented in the Fig. 8.

Iron (Fe) Fe in residual fraction ranges from 11.71 to
16.30 % (avg. 15.04) which accounts for 90.14-96.01 %
when recomputed taking all five fractions to 100 in core
S9. In core S17, Fe ranges from 13.45 to 17.59 % (avg.
15.72) and accounts for 91.99-94.14 %. Next to residual
fraction, Fe is mainly bound to Fe-Mn oxides fraction,
which ranges from 4890 to 12,203 ppm (avg. 7,250) and
accounts for 2.88-7.99 % in core S9. In core S17, it ranges
from 7,703 to 11,358 ppm (avg. 9,414) which accounts for
4.39-6.49 %. Iron concentration in exchangeable fraction
ranges from 0.78 to 2.00 ppm (avg. 1.24) in core S9 and
1.00-38.00 ppm (avg. 13.76) in core S17. In Carbonate
bound fraction it varies from 6.00 to 135.00 ppm (avg.
35.02) in core S9 and 11.00-17.00 ppm (avg. 13.75) in
core S17. In the organic bound fraction Fe ranges from
1,110 to 2,645 ppm (avg. 1,900) in core S9 and
1,533-4,830 ppm (avg. 2,586) in core S17.

Fe concentration was very less in the bioavailable pha-
ses, i.e., exchangeable, carbonate bound, Fe—Mn oxide and

@ Springer

organic bound fractions added together. Major quantity of
Fe was found to be associated with the residual fraction in
both the cores (Fig. 8a). Metals in this phase mostly remain
stable and do not react during sedimentation and diagenesis
and, therefore, have less potential bioavailability. There-
fore, this phase was considered as inert phase corre-
sponding to the part of metal that cannot be mobilized
(Tessier et al. 1979).

Manganese (Mn) Mn ranges from 780 to 1,200 ppm
(avg. 977) in the residual fraction which accounts for
28.94-89.46 % when recomputed taking all five fractions
to 100 in core S9. While in core S17 Mn ranges from 875
to 1,455 ppm (avg. 1,075) which accounts for
23.41-54.79 %. Next to residual fraction, Mn is mainly
bound to carbonate fraction in core S9 and to exchangeable
and Fe—-Mn oxides fractions in core S17. In core S9, Mn in
the carbonate fraction ranges from 14 to 1,816 ppm (avg.
371) which accounts for 1.00-61.34 %. In core S17
exchangeable Mn varies from 251 to 2,678 ppm (avg.
1,234) which accounts for 10.27-71.44 % and Mn in Fe—
Mn oxide fraction varies from 47 to 1,544 ppm (avg. 444)
which accounts for 1.27-45.20 %. Mn concentration (ppm)
in exchangeable, Fe—Mn oxide and organic bound fraction
ranges from 62 to 534 (avg. 273), 2.85 to 118 (avg. 47) and
1.23 to 67 (avg. 17), respectively, in core S9. Whereas in
case of core S17 carbonate bound Mn varies from 1 to
136 ppm (avg. 43) and organic bound Mn it varies from 39
to 106 ppm (avg. 67).

Considerably higher amount of Mn was present in the
bioavailable phases in both the cores (Fig. 8b). The higher
level of Mn in carbonate fraction in core S9 is most likely
due to the similarity in ionic radii of Mn to that of calcium
that allows Mn to substitute for calcium in carbonate phase
(Pederson and Price 1982; Zhang et al. 1988). While the
higher concentration of Mn in exchangeable fraction in
core S17 indicates weakly bound Mn, it is considered to be
the most unstable and reactive phase (Passos et al. 2010).
Further, the mechanism of Mn accumulation within
reducible fraction may be related to precipitation and co-
precipitation with Fe-Mn oxides (Li et al. 2001).

As evident from the Fig. 8b, association of Mn with
sedimentary fractions is different in the two cores. In core
S9, higher percentage of carbonate relative to exchange-
able bound Mn is present at greater depths and vice versa
towards the shallower depths. The loosely bound
exchangeable fraction towards the surface is probably
derived from recent anthropogenic activities. In core S17,
Mn associated with exchangeable fraction decreased and
that associated with residual fraction increased from bot-
tom to 14 cm depth. While towards the surface of the core
increase in Fe—-Mn oxide bound fraction is noted. Both the
cores showed lower residual bound Mn concentration
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towards the greater depths. This distribution pattern prob-
ably indicates dilution of loosely bound labile fractions of
Mn by land-derived terrestrial material in recent past (Qi
et al. 2010). However, increased Mn concentration in
reactive phases at the surface indicates anthropogenic
addition. Normally, “exchangeable and carbonate” bound
fractions are considered to be most labile and metals
associated with these fractions become mobile in the case
of environmental changes (Charriau et al. 2011). Both the
cores have shown higher concentration of bioavailable
fraction towards the bottom. Reductive dissolution of Fe—
Mn hydroxides in the suboxic zone can release dissolved
Mn (IT) and Fe (II) to pore waters, potentially making them
more bioavailable and mobile (Koretsky et al. 2007). It also
suggests a decrease in potential for remobilization of
metals in recent years except at the surface. However, if
sediments are reworked by process of bioturbaton or
human interference like dredging, else a change in pH,
redox conditions or degradation of organic matter can lead
to release of Mn at the sediment water interface that is into
the estuarine environment, causing a potential risk of tox-
icity to the organisms.

Cobalt (Co) The concentration of Co in the residual
fraction ranges from 39.00 to 59.00 ppm (avg. 51.59)
which accounts for 72.89-87.75 % in core S9 (Fig. 8c) and
29.00-52.00 ppm (avg. 41.73) which accounts for
65.89-80.60 % in core S17 when recomputed taking all
five fractions to 100. In core S9, Co ranges from 1.00 to
6.00 ppm (avg. 4.13) in the Fe-Mn oxide fraction and
accounts for 2.23-10.38 %. In core S17, Co varies from
3.00 to 5.00 ppm (avg. 4.03) in Fe—Mn oxide fraction and
accounts to 4.82-9.27 %, in exchangeable fraction Co
varies from 2.00 to 5.00 ppm (avg. 3.81) which accounts
for 4.36-10.29 % and in organic bound fraction it varies
from 1.70 to 6.50 ppm (avg. 3.77) and accounts for
2.96-9.66 %. Co concentration in exchangeable fraction
ranges from 1.00 to 3.50 ppm (avg. 1.86), in carbonate
bound fraction it ranges from 0.60 to 7.00 ppm (avg. 2.89)
and in organic bound fraction it varies from 1.00 to
4.00 ppm (avg. 2.52) in core S9. Whereas in core S17 in
carbonate bound fraction Co varies from 0.70 to 2.50 ppm
(avg. 1.51).

Highest concentration of Co was found to be associated
with the residual fraction of sediments. Bioavailable frac-
tion of Co showed a decreasing trend while Co associated
with residual fraction showed a general increasing trend

towards the surface of both the cores. Thus, pointing
towards increased addition of Co associated with weath-
ered terrestrial source material which causes reduction in
mobility of Co in recent years.

Risk assessment

When the average total metal concentration in sediments
(Table 4) was compared with SQUIRT’s table (Table 6),
Mn, Co, Ni, and Cr values exceeded the apparent effect
threshold (AET) in both the cores whereas Fe and Cu
concentrations were above AET in core S9 and S17,
respectively. However, in core S9, Cu concentration
exceeded ERM. Zn and Pb concentrations were below PEL
in the two cores. Thus, among the studied metals only Zn
and Pb are relatively less harmful, while all the other
metals indicate high risk of toxicity and adverse effect on
the biota (Buchman 1999). Due to differences in metal
partitioning behavior, considerable percentages of metals
are associated with less reactive residual fraction. There-
fore, even though total metal concentrations are much
higher, the analysis of the total metal data may not reflect,
accurately, potential bioavailability in these sediments.
Thus, concentrations of selected metals (Fe, Mn, and Co)
extracted during stages 1-4 of the sequential extraction
scheme were considered. Here, Mn was found to be mainly
associated with bioavailable fractions (sum of first four
fractions) and, therefore, indicates anthropogenic origin.
Mn in bioavailable fraction (Table 5) exceeded AET,
therefore, suggesting a high risk of toxicity (Tables 6, 7).
Fe and Co were mainly bound to the residual fraction and
represented metals of natural origin. Also, the percentage
of Fe was very low compared to AET indicating no harm.
However, Co associated with bioavailable fractions
exceeded the AET (Tables 4, 5) suggesting risk of toxicity
of Co to organisms associated with the sediments of Shastri
estuary.

Conclusions

The study carried out in the middle estuary revealed that
the sediments of the upper middle estuary show signatures
of variation in hydrodynamic condition and the tributary is
responsible for the addition of higher organic carbon and
metal concentrations. Relatively higher concentration of
Mn in bioavailable phases in the upper middle estuary is

Table 4 Average total

) . Core  Mn (ppm) Fe (%) Ni(ppm) Zn(ppm) Cr(ppm) Cu (ppm) Co (ppm) Pb (ppm)
concentration of metals in the
two mudflat cores S9 1,778 27 243 253 271 359 111 67
S17 2245 20 217 253 271 403 121 67
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Table 5 Total concentration of
metals and bioavailable

Lower middle estuary (S9)

Upper middle estuary (S17)

fractions in the two mudflat Metals Range Total metal Bioavailable fraction Total metal Bioavailable fraction
cores conc. ppm (F1 + F2 + F3 + F4) conc. ppm (F1 + F2 + F3 + F4)
ppm ppm
Fe Min 205,563 6,770 157,098 10,354
Max 370,176 14,803 381,625 13,634
Avg 270,783 9,186 202,924 12,027
Mn Min 1,133 126 1,206 996
Max 2,823 1,947 5,396 2,871
Avg 1,778 707 2,244 1,787
Co Min 90 8.25 86 10.97
Max 149 14.32 278 17.3
Avg 111 11.40 120 13.11
Table 6 Screening quick Elements Threshold effect Effects range  Probable effects Effects range Apparent effects
reference table (SQUIRT) for level (TEL) low (ERL) level (PEL) median (ERM) threshold (AET)
metals in marine sediments
(Buchman 1999) Fe — - - - 22 % (Neanthes)
Mn - - - - 260 (Neanthes)
Ni 159 20.9 42.8 51.6 110 (Echinoderm
larvae)
Zn 124 150 271 410 410 (Infaunal
community)
Cr 52.3 81 160.4 370 62 (Neanthes)
Cu 18.7 34 108.2 270 390 (Microtox and
oyster larvey)
Co - - - - 10 (Neanthes)
Pb 30.24 46.7 112.18 218 400 (Bivalve)
Table 7 Sediment guidelines and terms used in SQUIRT References

Threshold effect level Maximum concentration at which no toxic

(TEL) effects are observed
Effects range low 10th percentile values in effects or toxicity
(ERL) may begin to be observed in sensitive

species

Probable effects level Lower limit of concentrations at which toxic

(PEL) effects are observed
Effects range median  50th percentile value in effects
(ERM)

Concentration above which adverse
biological impacts are observed

Apparent effects
threshold (AET)

related to increased addition of material from anthropo-
genic sources. While the elevated concentration of Fe and
Co in the residual fraction indicated their natural lithogenic
source. Further, Mn and Co exceeded the apparent
threshold level at both the locations indicating their toxicity
to the environment of Shastri estuary.
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