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Abstract Sediment cores collected from intertidal mudflats of
Vaitarna estuary were investigated for distributions of sediment
components, organic carbon, metals (iron, manganese,
aluminum, copper, zinc, cobalt, nickel, and lead) in bulk
sediments, as well as clay-sized fraction (<2 um). Sorting of
grain size under the influence of varying hydrodynamic energy
conditions within Vaitarna estuary was discussed. Index of
geoaccumulation indicated different levels of contamination
for the studied metals at three locations. Pb and Zn were mainly
found to be associated with clay fraction and showed exclusive
lithogenic origin. While all the other metals showed signatures
of anthropogenic origin in addition to that of lithogenic.

Keywords Bulk - Clay fraction - Estuary - Metals - Mudflat -
Organic carbon

Introduction

Intertidal mudflat sedimentary environments within estuaries are
depositing sites for the material brought from different sources,
viz. terrestrial, marine, and atmospheric, and received from both
natural and anthropogenic processes. The material includes
sediment particles, organic matter, and associated metals.
Metallic ions or ionic species accumulate through adsorption
onto organic or mineral substrate, form organo-metallic
complexes, and precipitate as (iron-) sulphides and/or insoluble
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oxy-hydroxides (Tribovillard et al. 2006). Within mudflats,
layers of sediments get deposited over a period of time. Thus,
surface sediments represent recent inputs while the layers below
are older deposits reflecting changes in environmental
conditions from past to present in a sequence. These deposited
sediments can also act as source of heavy metals to the overlying
waters due to changes in pH and redox condition.
Postdepositional processes such as early diagenesis may play a
significant role in metal remobilization, preservation, and
enrichment within these sediments. Thus, elevated
concentrations of metals within mudflat sediments may be the
result of large input from natural/anthropogenic sources or due
to diagenetic processes. The role of postdepositional processes
in controlling the mobilization and vertical redistribution of
accumulated metals in sediments were studied earlier by
Skowronek et al. (1994), Singh and Nayak (2009), and
Sundararajan and Natesn (2011). Concentration and vertical
distribution of trace metals in sediments are controlled by factors
such as particle size, mineral composition of sediments, carrier
substances (e.g., hydroxides, carbonates, sulfides), sediment
surface area, organic matter content, and effect of pH and Eh
(Williams et al. 1994; Kljakovi¢-Gaspic et al. 2009; Attia et al.
2012). Sediment grain size is one of the significant factors in
influencing the concentration of heavy metals in estuarine
sediments with metal concentrations normally enriched in fine-
grained sediments (Nobi et al. 2010). Less mobilization of
metals within fine-grained (<2 pm) sediments is stated to be
due to sorption properties which depend on sediment
characteristics (Matini et al. 2011; Rajkumar et al. 2012).
However, metals are also known to accumulate in coarser
sediments of the marine coastal environment (Aloupi and
Angelidis 2002). The ability of heavy metals for mobilization
depends on properties of the clay fraction of sediments. Thus,
the study of metals associated with clay fraction is important to
understand the role and ability of clay fraction to fix metals
within the mudflat sediments. The present study has been carried
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out with the aim to understand the depositional processes within
the mudflat sediments of Vaitarna estuary. Attempt has also been
made to study the distribution and association of metals within
clay fraction and bulk sediment.

Study area

Vaitarna estuary is situated along northern coast of
Maharashtra, India (Fig. 1). Both tide and wind dominate the
regime, leading to well-mixed conditions almost throughout
the year (Swamy 1994). Vaitarna estuary provides macrotidal
environments. The river is one of the longest along Konkan
coast with 154 km length. It has a drainage area of 3,647 km®
that practically covers the entire northern sections of the
Thane district with a number of tributaries, the most important
being Pinjal, Surya, and Tansa. The Western Ghats in the
region slope towards the west (Rastogi et al. 1997), leading
Vaitarna and its tributaries to flow westwards. Vaitarna, Tansa,
and Surya rivers are dammed towards their upper reaches to
develop water reservoirs for power generation, irrigation, and
water supply purposes. The tidal influence is observed up to
50 km from the mouth (Gazetteer 1982).

Geology of the study area

The study area is the part of the Deccan volcanic province (DVP)
also known as Deccan Trap. The basaltic terrain has an
undulating topography with landforms typical of the DVP
(Shankar and Mohan 2006). The Deccan Trap basalts have

uniform tholeiitic composition and are dark green to black
volcanic rocks with a wide variety of textural character
(Wensink 1973). In the Northwestern part, these tholeiitic basalts
show notable picritic and alkali occurrences. They are largely
microporphyritic with phenocrysts of plagioclase, subordinate
augite, and rare olivine (Sano et al. 2001; Sen 2001).

Materials and methods

Three intertidal mudflat sediment cores from Vaitarna estuary
were collected using hand-operated PVC corer. Core S4 of
length 88 cm was collected near the mouth (19°28'56.3"N;
72°46'58.7"), core S9 having length of 52 cm represented lower
middle estuary (19°31'23.9"N; 72°47'11.3"E), while core S7 of
66 cm length was collected from upper middle estuary (19°31’
35.0"N; 72°53'37.5"E). Sampling stations were located using
hand-held GPS. Soon after the collection, sediment core was
sectioned at 2 cm interval with the help of a plastic knife. The
subsamples were sealed in clean plastic bags, labeled, and kept
in ice box. pH of subsamples was noted in the laboratory.
Sediments were oven-dried at 60 °C. Pipette analysis was
carried out following Folk (1968) to obtain sand/silt/clay
components. Part of the dried samples was powdered and
homogenized with the help of an agate mortar and pestle.
Organic carbon (OC) was estimated following Walkey—Black
method as given by Gaudette et al. (1974) using powdered
samples. A known quantity of sediment was digested
completely with HF/HNO3;/HClO4 (7:3:1) acid mixture.
Separated clay fractions from selected samples were also
digested following the same procedure used for bulk sediments.
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Fig. 1 Location of core samples collected from Vaitarna estuary, Maharashtra
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Digested samples were then analyzed for bulk and clay
chemistry, viz. iron (Fe), manganese (Mn), aluminum (Al),
copper (Cu), zinc (Zn), cobalt (Co), nickel (Ni), and lead (Pb)
by aspirating the sample solutions into the flame atomic
absorption spectrophotometer (Varian AA240FS). Repeat
analyses were carried out for all the metals after every ten
samples in order to check the reproducibility of the instrument.
All the reagents used in the present study are of analytical
grade. Due care has been taken to avoid contamination during
the time of sampling, storage, and analyses. The accuracy of the
analytical procedure was assessed using certified reference
standard from the Canadian National Bureau of Standards
(BCSS-1). The recovery was 95 % for Mn and Co; 96 % for
Fe, Cu, Ni, and Al; and 99 % for Zn and Pb. Statistical
correlation analysis was carried out on the three cores using
the STATISTICA software (StatSoft 1999). The ternary
diagram proposed by Pejrup (1988) was used in order to
understand the hydrodynamic condition of depositional
environment under which the sediments of Vaitarna estuary
were deposited. In this diagram, silt/clay axis has been divided
into four parts distinguishing four hydrodynamic groups (I-IV)
between the silt and clay end members. These groups represent
the energy gradient from lower (clay-dominated muds) to
higher (silt-dominated muds) energy levels. The energy also
decreases from sandy end member to muddy end member (A to
D) for the four groups. Geoaccumulation index as proposed by
Miiller (1969) was calculated as:

Iyeo = log,C,/1.5 B,

Where C,, is the concentration of the studied element and
B, is the geochemical background value taken from global
average shale for element n. The background metal
concentration is multiplied with 1.5 to take into account the
natural fluctuation of the element in the background (Haris

and Aris 2012). Modified sequential extraction procedure
(Dessai and Nayak 2009) proposed by Tessier et al. (1979)
was used for a selected subsample of core S7 in order to
understand association of metals with different sedimentary
fractions and to understand their origin.

Results and discussion
Sediment components

In the core collected towards the mouth (S4), sand percentage
was relatively high as compared to the other two locations,
whereas clay and silt percentage was higher in core collected
towards the lower middle estuary (S9) and the upper middle
estuary (S7), respectively (Table 1). The results of one-way
ANOVA indicated significant (p <0.05) difference in sand, silt,
and clay percentages between and within the three cores (p =
0.00). Large variation in the distribution of sand was observed
from bottom to surface in core S4 with overall decreasing trend
(Fig. 2a). The variation in sand percentage was largely
compensated by distribution of clay. Silt also showed opposite
distribution pattern to that of sand especially in the upper 30 cm.
In core S9, sand percentage was almost constant from bottom to
the surface of the core except between 44 and 30 cm wherein
sand increased slightly with a small peak at 38 cm depth and with
relatively lower values above 16 cm (Fig. 2b). Clay percentage
compensated for the variation in silt. Towards the upper middle
estuary (core S7), sand was almost constant from bottom to
surface of the core except between 58 and 42 cm wherein
relatively higher sand percentage with a peak at 50 cm depth
was observed (Fig. 2c). Silt showed opposite trend to that of clay;
large variations from bottom to a depth of around 24 cm were
noted, above which both silt and clay showed almost constant
trend up to surface. The higher average percentage of clay in core

Table 1 Range and average values of studied parameters within bulk sediments

Sand (%) Silt (%) Clay (%) OC (%) Al(%) Fe(%) Mn(ppm) Cu(ppm) Zn(ppm) Co (ppm) Ni(ppm) Pb (ppm)

Core S4

Max 59.3 47.6 55.4 241 12.9 12.5 1,518 141 172 106 169 83
Min 145 11.9 15.8 0.70 7.7 7.4 887 96 123 71 131 29
Avg 393 26.6 34.0 1.38 10.2 9.7 1,115 122 150 92 153 60
Core S9

Max 278 75.4 66.8 5.85 11.2 11.8 1,274 143 170 93 143 143
Min  3.71 26.4 8.44 0.84 5.5 7.9 714 81 118 65 111 58
Avg 115 37.6 50.8 1.70 9.3 10.2 1,100 117 152 80 130 95
Core S7

Max 488 52.0 72.5 2.01 11 11.6 2,264 192 186 101 146 111
Min 242 24.9 16.6 0.89 6.1 6.4 1,256 129 141 65 116 69
Avg 113 39.5 49.2 1.28 9.1 9.4 1,734 148 157 83 130 86
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Fig. 2 Depth distribution of sediment components and organic carbon: a core collected towards the mouth (core S4); b core collected from the lower
middle estuary (core S9); ¢ core collected from the upper middle estuary (core S7)

S9 collected from relatively sheltered region may be attributed to
comparatively low tidal energy regime promoting transport of
mainly fine particulates to this area (O’Reilly et al. 1995). The
higher sand percentage near the bottom and increase in clay
component towards surface in all the three cores reflected
prevailing hydrodynamics. The large variations in grain size
distribution may be because of changes in material supply and
processes involved at the site of deposition. Dredging activities
must have also contributed for the distribution of sediment
components (Huaiyang et al. 2004). It is a known fact that fine-
grained sediments are easily kept in suspension and they need
calm conditions to settle from the water column (Dolch and Hass
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Fig. 3 Temary diagram showing deposition of sand, silt, and clay under
varying hydrodynamic energy conditions after Pejrup (1988). Triangles
represent core collected towards the mouth, squares indicate core

collected from the lower middle estuary, and circles represent core
collected from the upper middle estuary
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2008). Further, the data points on the ternary diagram (Fig. 3)
indicated that the sediments of Vaitarna estuary have deposited
under less violent to relatively violent hydrodynamic conditions.
It also indicated a gradual decrease in grain size from lower
estuary to upper middle estuary, indicating the grain size sorting
in response to changes in hydrodynamic or energy conditions.
Siraswar and Nayak (2011) also observed similar changes in
energy conditions and progressive sorting of sediments by tidal
currents in their study. Zhang et al. (2002) reported that in the
intertidal flats, hydrological dynamics control the grain size
distribution from seaward to landward, and grain size in turn
controls the distribution of the element concentrations. Sediment
grain size has also been found to be one of the main factors

Table 2 Result of one-way ANOVA (the mean difference is significant
at the 0.05 level)

Core S4 vs core S9  Core S9 vs core S7  Core S4 vs core S7

Sand * sk sk *
Clay * ok sk *
oC kokok sk sk ok
Al * sk sk *
Fe koK * koksk
Mn kokok * *
Cu Hokok * k
7n kokok skoksk *
Co * skoksk *
Pb * sk sk k

*p<0.05; **p=0.05; ***p>0.05
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Fig. 4 Depth distribution of a
metals a Al, Fe, and Mn; b Cu,

Zn, Co, Ni, and Pb in core

collected towards the mouth.

Al (%)

Filled symbols represent metals in
bulk sediment. Empty symbols
represent metals in clay fraction
of sediment
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controlling the distribution of organic matter (Venkatramanan
et al. 2013).

Organic carbon

OC in core S4 (Fig. 2a) showed fluctuating trend from bottom
to 32 cm, above which it decreased gradually, whereas in core
S7 (Fig. 2c) OC was almost constant from bottom to surface
with few peaks. It is noteworthy to mention here that in core
S9 (Fig. 2b) OC exhibited large variations with much higher
values towards the lower portion, i.e., from bottom to a depth
of 40 cm. The high OC obtained towards the bottom of the
core pointed towards addition of high proportion of terrestrial
organic matter which is known to include a higher proportion
of biologically resistant organic compounds which are less
susceptible to biological degradation leading to a better
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preservation (Alvarez-Iglesias et al. 2006). Above 40 cm,
OC was low and almost constant indicating presence of labile
organic matter of marine origin. The result of one-way
ANOVA however indicated no significant difference between
OC concentrations at the three locations (p =0.08).

Al, Fe, and Mn in bulk sediment

The average percentages of metals in all the three cores when
compared indicated relatively high Al, Fe, and Mn
concentrations in core collected near the mouth (core S4),
lower middle estuary (core S9), and upper middle estuary
(core S7), respectively (Table 1). The results of one-way
ANOVA analysis indicated all the three major elements to
show significant difference in distribution between and within
the three cores. Wherein, Al and Mn showed significant
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difference between cores S4 and S7, while Fe indicated no
significant difference between the two cores. Fe and Mn
showed significant difference between cores S9 and S7
(Table 2), while Al showed no significant difference between
these two cores. However, no significant difference was
observed between cores S9 and S4 for the three metals. Near
the mouth (core S4), Al showed large fluctuating trend
between 68 and 28 cm depth with a lower value at 50 cm
(Fig. 4a). Above 28 cm, Al was relatively lower and showed
an increasing trend towards the surface. At the lower middle
estuary (core S9), Al fluctuated with overall increasing trend
but with relatively lower values below 30 cm depth. Above
30 cm, Al was almost constant except for a large decrease at
22 cm depth (Fig. 5a). Core S7 collected at the upper middle
estuary indicated fluctuations with overall decreasing trend for
Al from bottom to a depth of 18 cm (Fig. 6a). Above 18 cm,

a
AI (%)

sudden and large decrease in Al concentration followed by an
increase towards the surface was noted which is similar to
trend in core S4. Aluminum is a typical lithogenic element and
is considered to be an important erosion indicator suggesting
terrigenous input (Shi et al. 2010) to the sediments. It is
therefore considered to act as a “proxy” for the clay content
(Abrahim and Parker 2008). However in the present study, Al
and clay did not show much similarity in distribution pattern
especially in core S4 and S7, thus indicating association of Al
with other sedimentary components (silt and sand) in addition
to that of clay.

Vertical profile of Fe in core S4 showed an increasing trend
from bottom to a depth of around 32 cm with minor variations
(Fig. 4a). Above 32 cm, Fe maintained an overall high
percentage as compared to the lower depths and showed
decreasing trend from 20 cm to surface. Fe showed similar
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Fig. 5 Depth distribution of metals a Al, Fe, and Mn; b Cu, Zn, Co, Ni, and Pb in core collected from the lower middle estuary
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Fig. 6 Depth distribution of metals a Al, Fe, and Mn; b Cu, Zn, Co, Ni, and Pb in core collected from the upper middle estuary. Filled symbols represent
metals in bulk sediment. Empty symbols represent metals in clay fraction of sediment

distribution pattern to that of Al between 80 and 42 cm. Not
much variation in Mn concentration was noted from bottom to
56 cm except for gradual decrease. Above 56 cm, Mn value
fluctuated with overall increasing trend and a peak at 18 cm
depth. Mn distribution matched Al between 58 and 42 cm. In
core S9, Fe showed larger fluctuations from bottom to 26 cm
depth above which it remained almost constant (Fig. 5a). Mn
also showed fluctuating trend with relatively lower values
from bottom to a depth of 38 cm. Above 38 cm, Mn was
almost constant and showed a slight decrease at 20 cm depth.
Mn distribution indicated similarity with Al from bottom to
44 cm depth. At the upper middle estuary (core S7), Fe
showed large variations from bottom to 52 cm and 42—
30 cm (Fig. 6a). Both Fe and Al showed large increase at
the surface and a sudden decrease at 16 cm depth. Mn showed
an overall increasing trend with large variations between 50
and 30 cm. The similarity in distribution pattern of Fe and Mn
with Al at various depths in these cores represented portion of
alumino-silicate mineral bound fraction and/or weathered

material of terrestrial source rock. Fe and Mn are redox-
sensitive elements and their distribution pattern has been used
previously to understand early diagenetic processes (Cundy
and Croudace 1995; Spencer 2002; Ruiz-Fernandez et al.
2007; Caetano et al. 2009). In the partly reduced sediment
layers, dissolution of Fe-Mn oxyhydroxides takes place
producing Fe™ and Mn™ species. Large increase in Fe and
Mn concentration in core S4 can therefore be attributed to
migration and reprecipitation of Fe'? and Mn'? species as
oxy-hydroxides near the oxic—suboxic interface. While the
presence of distinct Fe and Mn peaks in core S7, i.c., at 54
and 44 cm, respectively, must be the result of their difference
in oxidation. Higher stability of Fe oxyhydroxides under
mildly reducing conditions and faster oxidation kinetics of
Fe™? compared to Mn™> occasionally leads to diagenetic
enrichment of Fe at greater depth as compared to diagenetic
Mn enrichment (Zwolsman et al. 1993). However, additional
peak of Fe at 34 cm depth in this core was probably a result of
repetition of diagenetic reactions (Soto-Jiménez and Paez-
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Table 3 Correlation between sand, silt, clay, organic carbon, and metals in core S4

Sand Silt Clay ocC pH Fe Mn Al Cu Zn Co Ni Pb
Sand 1.00
Silt —-0.55 1.00
Clay -0.74 -0.16 1.00
oC 0.19 0.13 -0.32 1.00
pH —-0.01 -0.09 0.09 -0.24 1.00
Fe -0.35 0.34 0.14 -0.27 -0.07 1.00
Mn —-0.05 —-0.06 0.10 -0.43 0.21 0.31 1.00
Al 0.15 —0.08 —-0.11 0.17 —0.04 -0.50 —-0.20 1.00
Cu -0.47 0.32 0.30 -0.25 0.06 0.66 0.31 -0.32 1.00
Zn —0.30 0.15 0.23 -0.16 -0.34 0.16 0.22 0.15 0.43 1.00
Co 0.18 -0.38 0.09 -0.01 0.06 -0.27 —0.04 0.38 -0.23 0.29 1.00
Ni 0.13 —-0.18 —-0.02 -041 0.07 0.29 0.47 0.04 0.27 047 0.51 1.00
Pb 0.30 -0.28 -0.13 -0.29 0.02 -0.43 0.04 0.26 -0.33 0.02 0.34 0.18 1.00

Values in italics are significant at p <0.05, N=44

Osuna 2008). While in core S9, though the distribution pattern
of Fe and Mn was almost similar, no such maxima or peak
values were noted. The similarity in distribution pattern of Fe
with Mn in core S4 and more precisely in core S9 therefore
indicated association of the geochemical matrix between the
two elements (Jonathan et al. 2010).

Trace metals in bulk sediment

The average concentration of metals indicated variation in the
spatial distribution of metals with relatively high
concentration of Co and Ni towards the mouth (core S4), Pb
in core collected from the lower middle estuary (core S9)
while high concentration of Cu and Zn in upper middle

estuary (core S7). The results of one-way ANOVA analysis
indicated all the studied trace metals to show significant
difference in distribution between and within the three cores;
wherein, all the metals showed significant difference between
cores S4 and S7 (Table 2). Cu showed significant difference
between cores S9 and S7, while all the other metals namely
Zn, Co, Ni, and Pb showed no significant difference between
these two cores. Co, Ni, and Pb showed significant difference
between cores S9 and S4, whereas other metals namely Cu
and Zn indicated no significant difference. Vertical
distribution pattern of Cu indicated an overall increasing trend
with fluctuations from bottom to surface in the core S4
maintaining relatively higher values within upper six
centimeters (Fig. 4b). Zn was almost constant from bottom

Table 4 Correlation between sand, silt, clay, organic carbon, and metals in core S9

Sand Silt Clay oC pH Fe Mn Al Cu Zn Co Ni Pb
Sand 1.00
Silt 0.17 1.00
Clay —-0.59 —0.89 1.00
oC 0.29 -0.01 —-0.13 1.00
pH —0.12 0.02 0.04 —0.24 1.00
Fe 0.34 0.59 —0.64 -0.27 0.10 1.00
Mn —0.00 0.29 -0.23 -0.77 0.02 0.58 1.00
Al —0.54 —0.07 0.30 —0.71 0.08 0.10 0.62 1.00
Cu —-0.45 -0.01 0.22 —0.73 0.05 0.31 0.73 0.83 1.00
Zn —-0.32 0.04 0.12 —0.82 0.08 0.40 0.87 0.79 0.90 1.00
Co 0.54 -0.01 —0.24 —0.14 -0.27 0.57 0.36 -0.16 0.09 0.18 1.00
Ni 0.29 -0.01 -0.13 —0.55 —0.11 0.59 0.67 0.27 0.44 0.54 0.82 1.00
Pb 0.41 —0.02 -0.17 0.40 —0.23 0.01 —0.38 —0.48 —0.66 —0.54 0.26 0.03 1.00

Values in italics are significant at p <0.05, N=26
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Table 5 Correlation between sand, silt, clay, organic carbon, and metals in core S7

Sand Silt Clay ocC pH Fe Mn Al Cu Zn Co Ni Pb
Sand 1.00
Silt 0.26 1.00
Clay -0.88 -0.69 1.00
oC -0.15 -0.08 0.15 1.00
pH 0.16 0.03 -0.13 =0.11 1.00
Fe 0.16 0.44 -0.34 0.03 0.04 1.00
Mn 0.09 —-0.01 -0.06 -0.18 -0.35 -0.09 1.00
Al 0.15 -0.21 —-0.01 —-0.06 0.59 -0.02 -0.21 1.00
Cu —0.18 -0.32 0.29 0.32 —0.38 0.13 —0.03 -0.27 1.00
Zn 0.11 —0.02 -0.07 -0.32 —-0.09 0.11 0.12 0.29 0.11 1.00
Co 0.13 0.23 -0.21 —-0.00 -0.29 0.43 0.10 —-0.18 0.16 031 1.00
Ni 0.39 -0.13 -0.23 0.15 0.39 0.15 0.15 0.28 —0.09 0.07 -0.20 1.00
Pb 0.37 -0.19 -0.19 -0.21 0.48 0.00 -0.02 0.69 -0.05 0.38 -0.37 0.56 1.00

Values in italics are significant at p <0.05, N=33

to 58 cm, above which it showed fluctuating trend up to the
surface. Co maintained relatively higher values above 12 cm
depth. It also showed similar point to point variation pattern to
that of Zn from bottom to 12 cm depth. Similarly, the variation
in distribution pattern of Ni was almost the same as that of Co.
All the metals except Pb showed a prominent decrease at
56 cm depth. Pb had its maximum concentration at the bottom
and varied with fluctuating trend up to 26 cm depth, followed
by a gradual increase towards the surface. Pb exhibited inverse
relationship with Fe, whereas most of the other metals showed
similarity with Fe and Mn at various depths.

In core S9 collected from the lower middle estuary, all the
metals except Pb showed similar distribution pattern especially
Zn, Ni, and Cu to that of Mn and Al, while Co showed similarity
with Fe (Fig. 5b). Pb showed higher values towards the bottom
of the core similar to that of OC. In core S7 collected at the upper
middle estuary, fluctuating trend of Cu was noted up to 32 cm
depth with a peak at 36 cm which is similar to OC (Fig. 6b).
Above 32 cm, Cu increased gradually towards the surface of the
core. Zn decreased gradually from bottom to 32 cm depth
followed by an increase up to 28 cm and a decreasing trend till
6 cm depth. Above this, Zn showed a large increase towards the
surface. Less fluctuation in Co concentration was observed from
bottom to 8 cm depth, except between 46 and 28 cm where Co
showed relatively larger variations. Large increase in Co
concentration was observed above 8 cm depth. The point to
point variation pattern in Co concentration agreed with that of
Fe below 28 cm depth, it also showed similarity with Cu and Zn
at some depths. Pb was almost constant from bottom to surface
of the core and exhibited maximum concentration at 52 cm
depth. Ni showed a gradual decreasing trend from bottom to
surface with peak value at 50 cm, corresponding to a similar
increase in Cu and sand percentage at this depth. The variation in
distribution pattern of Ni matched Co below 16 cm depth.

The inter-element relationships observed on the basis of
vertical distribution of metals in cores S4, S9, and S7 suggested
that they are derived from the same source and/or have
undergone similar postdepositional changes (Zwolsman et al.
1996; Sullivan and Taylor 2003; Wang and Zhai 2008). Lack
of significant differences in distribution of most of the metals
between cores S9 and S7 and between core S9 and S4 further
provided support for their similar source of input. Thus to
establish interrelationships between the studied parameters and
to identify their sources, correlation coefficients were further
determined (Mukherjee et al. 2009). Correlation analysis
indicated Cu to show strong positive association with Fe, Mn,
and Zn in core collected towards the mouth (core S4) (Table 3).
Ni was found to be associated with Mn, Zn, and Co; Co in turn
was found to be associated with Pb. Whereas, in core collected
towards the lower middle estuary (core S9), most of the metals
were strongly positively correlated with Fe and Mn (Table 4)
except for Pb, indicating Fe-Mn oxyhydroxide to be the major
phase controlling the distribution of metals within this core. Also,
association of Cu, Zn, and Mn with Al probably indicated their
terrestrial origin. While towards the upper middle estuary (core
S7), only one metal, i.e., Co, showed good correlation with Fe
(Table 5) indicating association of Co with ferric hydroxides.
Lack of significant correlations among concentrations of most of
the trace metals and Fe and Mn in core S7 confirmed that their
distribution in this core was not dependent on redox conditions
(Ruiz-Fernandez et al. 2009). Fe-Mn oxyhydroxide, however,
was one of the major controlling factors for the
distribution of most of the metals within cores S9 and
to some extent in S4 of Vaitarna estuary. In case of core
S4 collected towards the mouth where sand percentage
was relatively higher, infiltration of oxygenated water
through the sandy sediments must have exerted a
significant control over the development of diagenetic
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Fig. 7 R-mode factor analysis for da
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Fe phases (Ohmsen et al. 1995). Also, most of the metals did
not show good correlation with clay and OC (Tables 3, 4, and
5) indicating their less association. Fe and Pb showed strong
positive correlation with silt and sand, respectively, at all the
three stations. Co and Ni were also associated with sand
fraction in core S9 and S7, respectively, indicating role of
coarser fraction in distribution of these metals.
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Factor analysis was also carried out on the studied
parameters to understand the sources of metals in sediments
of Vaitarna estuary. The three factors drawn account for 62,
85, and 57 % total variance for core S4, S9, and S7,
respectively. Factor loadings with varimax rotation, having
eigen values greater than one, are shown in Fig. 7a—. The
results of factor analyses were in good agreement with that of
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Fig. 8 Rainfall data of last 100 years for three different stations in Thane district

correlation analyses. For core collected towards the mouth
(core S4), the positive loadings of Al, Co, Pb, and sand
together with minor loadings of Zn and Ni in factor 1 indicated
association of these metals with coarser size fraction. Silt, Fe,
and Cu were negatively loaded and therefore indicated
association of Fe with silt and adsorption of Cu onto Fe-
oxide precipitate. In factor 2, positive loadings of Fe, Mn,
Cu, Zn, and Ni indicated adsorption of these metals onto Fe-
Mn oxy-hydroxide precipitate. However, negative loading of
OC further supported the negligible influence of organic
matter on metal distribution. Metals showed some association
with clay in factor 3.

For the core collected from lower middle estuary (core S9),
first factor showed positive loadings of Mn, Al, Cu, Zn, and to
a lesser extent Fe and Ni. This indicated association of metals
with Fe-Mn oxy-hydroxide precipitate. While negative
loadings of OC, Pb and sand indicated their different source.
Factor 2 showed positive loadings of Co and Ni which were
found to be associated with Fe, Mn, and sand. Factor 3
indicated positive loadings of silt and Fe and minor loadings
of sand and Mn.

For core collected towards the upper middle estuary (core
S7), factor 1 showed positive loadings of sand, silt, and Fe.
Whereas clay and Cu were negatively loaded, indicating
difference in metal associations. Factor 2 indicated positive
loadings of Al, Zn, Ni, Pb, and sand, pointing towards metals
derived from land source. While silt and OC were found to
control the distribution of Co. Factor 3 indicated positive
loadings of Fe, Zn, Co, and Cu.

Enrichment of metals towards the surface of all the three
cores indicated either additional input during recent years or

diagenetic remobilization. It is known that reductive
dissolution of Fe-Mn hydroxides in the lower suboxic zone
releases dissolved Mn(I) and Fe(Il), and associated trace
metals to pore waters (Koretsky et al. 2007). The Mn(II) and
Fe(I) together with other metals must have diffused and
redistributed within the upper sediments and re-precipitated
within the oxic zone thus scavenging porewater trace metals
towards the surface of the cores. However, in core S7, metals
did not show much similarity with the distribution pattern of
Fe and Mn. Also, in all the three studied cores, metals did not
show sharp peak values corresponding to Fe and Mn.
Koschinsky (2001) stated that solid element distribution does
not always correspond exactly to the present redox zonation.
Some metals may not follow the strict pattern of redox
zonation, as they may have several reactions characteristics
and/or only a small fraction may be diagenetically reactive.
Higher average concentration and enrichment of Co and Ni in
core S4 and Cu, Zn, and Co in core S7 within upper few
centimeters must therefore have reflected enhanced

Table 6 /., class showing sediment quality (Miiller 1969)

Tgeo I geo classes Sediment quality

<0 0 Unpolluted

0—<1 1 Unpolluted and moderately polluted
1-2 2 Moderately polluted

2-3 3 Moderately to highly polluted

34 4 Highly polluted

4-5 5 Highly to very highly polluted

>5 6 Very highly polluted
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Table 7 Average values of /., in cores collected from Vaitarna estuary

Avg. I, valuesin  Sediment quality Avg. I 4, values in

Sediment quality Avg. I, valuesin  Sediment quality

core S4 core S9 core S7
Fe 1.6 Moderately polluted 1.7 Moderately polluted 1.6 Moderately polluted
Mn 1 Moderately polluted 0.9 Unpolluted to moderately 1.6 Moderately polluted
polluted
Cu 2 Moderately polluted 1.9 Moderately polluted 23 Moderately to highly
polluted
Zn 1.2 Moderately polluted 1.3 Moderately polluted 1.3 Moderately polluted
Co 28 Moderately to highly 2.7 Moderately to highly 2.7 Moderately to highly
polluted polluted polluted
Ni 1.7 Moderately polluted 1.5 Moderately polluted 1.5 Moderately polluted
Pb 2.1 Moderately to highly 2.8 Moderately to highly 2.7 Moderately to highly
polluted polluted polluted

anthropogenic addition in recent years as well. Among
the studied metals, Zn was noticed to show an increase
in concentration (Table 1) from mouth to upper middle
estuary (i.e., core S4<core S9<core S7). Thus in the
present study, Zn concentration seems to have been
controlled by grain size which in turn was controlled
by hydrodynamic processes. As shown in Fig. 1, core
S4 was collected from a narrow subchannel near the
mouth of Vaitarna esuary and was affected mainly by
marine processes. However, this channel further extends
southwards into a populated and urbanized region. Core
S7 was collected from a region which is directly
connected to major rivers on its upper reaches. While
no major tributaries/rivers join the creek of Vaitarna
estuary from which core S9 has been collected. The
surrounding region of this creek is mainly comprised
of agricultural land and village areas with less
population. Thus, the higher average concentration of
Pb noticed in core S9 (Table 1) as compared to cores
S4 and S7 does not represent anthropogenic input. This
is also supported by depth-wise distribution pattern
which showed a decreasing trend towards the surface.
Higher concentration of metals at the other two
locations however reflected additional input in recent

years probably of anthropogenic origin brought in by
tributaries.

The protected area of core S9 must have facilitated the
deposition of sediments under relatively less dynamic
environment systematically recording changes in metal input.
Thus, observed gradual increasing trends of Cu and Zn similar
to that of Al and Mn and opposite to that of organic carbon
suggested gradual change in depositional conditions facilitating
enrichment of these metals at this location from past to present.
Reduced freshwater inflow over a period of time is known to be
one of the factors which may contribute to the gradual
accumulation of metals within an estuary (Ruiz and Saiz-
Salinas 2000). However, as discussed earlier, this portion of
the estuary does not receive freshwater from major rivers, and
sediment deposition seems to be mainly controlled by tidal
processes at this location. Also as this portion of the estuary
falls mainly under pristine region, increased anthropogenic
activities does not justify for gradual metal enrichment though
there can be some input from agriculture. Correlation and factor
analysis also have identified source of these metals (Cu, Zn,
Mn, and Al) in this core to be natural. Gradual increase in Cu,
Zn, Mn, and Al concentration towards the surface along with
lower organic carbon percentage therefore strongly suggested
increase in marine inundation in recent years at this location.

Table 8 Range and average

values of studied parameters Al(%) Fe(%) Mn(ppm) Cu(ppm) Zn(ppm) Co(ppm)  Ni(ppm)  Pb (ppm)
within clay fraction of sediments

Core S4

Min 7.1 4.5 288 86.5 140 31 62 45

Max 12 12 857 164 239 91 119 95

Avg 9.3 6.9 576 124 176 48 104 74

Core S7

Min 10.4 5.0 446 113 142 48 113 37

Max 123 6.7 1,556 154 233 75 164 178

Avg 104 5.9 920 135 178 59 138 97
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Table 9 Correlation between metals in separated clay fraction

Al Fe Mn Cu Zn Co Ni Pb
Core S4
Al 1.00
Fe 0.68 1.00
Mn -042 -0.52 1.00

Cu 045 024
Zn 045 033 —0.18 0.6/ 1.00

Co 038 035 —0.03 055 039 1.00

Ni —-0.16 028 003 —-047 -025 -034 1.00

Pb 005 018 017 004 020 —0.18 032 1.00

—0.18  1.00

Core S7

Al 1.00

Fe -0.07 1.00

Mn -0.51 -022 1.00

Cu -0.10 -021 -0.01 1.00

Zn —0.15 -0.19 -0.06 0.40 1.00

Co -0.52 -036 0.61 042 032 1.00

Ni  -0.02 -028 020 033 0.05 0.43 1.00

Pb  —-0.07 -041 0.13 0.47 0.65 048 026 1.00

Marked correlations are significant at p <0.05

While, presence of higher percentage of organic carbon, i.c.,
organic matter of terrestrial origin towards the bottom of core
S9, seems to have diluted the metal concentration at greater
depths. Organic matter of terrestrial origin must have been
received during some flood event occurred in past probably
as a result of heavy rainfall. Rainfall data of last hundred years
was obtained from the Indian Meteorological Department,
Pune. Rainfall data of three different stations of Thane district
have indicated increase in rainfall approximately between years
1954 and 1961 (Fig. 8). Decreasing trend of Pb similar to that of
organic carbon either suggested a common source or trapping
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Fig. 9 Fractionation of metals in surface sediments of core S7

of Pb by organic matter or probably Pb have been introduced
via organic materials (Du et al. 2008).

The higher concentration of Pb towards the bottom
was probably a result of close association of Pb with
humic (terrestrial) organic matter and sulfides (Rimmer
2004). Unlike core S9, cores S4 and S7 did not exhibit
systematic variations, rather showed larger fluctuations
in metal distribution with varying patterns from bottom
to surface of the cores. Thus, indicating a whole range
of processes and sources affecting their distribution
pattern. While significant difference observed for almost
all the metals between cores S4 and S7 was attributed
to the difference in their physical environments.

The result of index of geoaccumulation (Tables 6 and
7) however indicated different levels of contamination
for the studied metals in the sediments of Vaitarna
estuary. All the studied metals seem to have been
affected by anthropogenic activities in this estuary.
Metals namely Pb, Co, followed by Cu showed the
highest enrichment among the studied metals at the
three locations. Among the three cores, core S7 indicated
greater anthropogenic influence. The observed heavy metal
contamination in sediments may therefore affect the water
quality and bioaccumulation of metals in aquatic organisms,
resulting in potential long-term implications on human health
and ecosystem (Venkatramanan et al. 2012)

Bulk sediments represent metals which are associated
with different sedimentary components. Clay-sized
fraction of sediments represents last and stable
weathering product or strong erosion of source rocks
and mainly holds metals within lattice structure of
alumino-silicate minerals. Thus represent metals which
are least affected by anthropogenic processes unless
they are associated with Fe-Mn oxyydroxides or organic
matter which act as binding sites for metals or under
excess metal availability for cation exhange. In the
present study, Fe-Mn oxyydroxides and organic matter
however showed no significant association with clay.
Study of metals associated with clay fraction will
therefore provide more detailed information on metals
deposited within the estuary. Since cores S4 and S7
indicated influence of different sources and processes
on metal distribution unlike in core S9, these two cores
were studied for the clay chemistry to better understand
processes controlling metal distributions.

Metals in clay fraction

When average concentrations of metals in clay fraction
(Table 8) were compared with that in bulk sediments (Table 1),
Zn and Pb were noted to be higher in clay fraction of both the
cores while Cu and Ni were higher in clay fractions of cores
S4 and S7, respectively. Fe, Mn, and Co concentration was
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Table 10 Screening Quick Reference Table (SQUIRT) for metals in marine sediments (Buchman 1999)

Elements Threshold effect level Effects range low Probable effects level Effects range median Apparent effects threshold (AET)
(TEL) (ERL) (PEL) (ERM)

Fe - - - - 22 % (Neanthes)

Mn - - - - 260 (Neanthes)

Cu 18.7 34 108 270 390 (Microtox and Oyster Larvae)

Zn 124 150 271 410 410 (Infaunal community)

Co - - - - 10 (Neanthes)

Ni 15.9 20.9 42.8 51.6 110 (Echinoderm Larvae)

Pb 30.2 46.7 112 218 400 (Bivalve)

however higher in bulk sediments of both the cores as
compared to the clay. Spatially, all the metals in clay fraction
were higher in concentration in core collected towards the
upper middle estuary (core S7) except for Fe. The higher
concentration of Fe above 30 cm within core S4 (Fig. 4a), a
peak value of Fe at 34 cm depth, and enrichment of Mn
between 46 and 38 cm within core S7 (Fig. 6a) agreed with
their similar increase within the bulk sediments and indicated
diagenetic enrichment. Al concentration increased drastically
above 30 and 18 cm depth of cores S4 and S7, respectively,
where corresponding decrease within bulk sediment was
noted. Metals, namely Cu, Zn, and Co in this fraction showed
large increase in concentration above 22 cm depth of core S4
similar to that of Al. Correlation analysis had also shown
strong positive association of these metals with Al (Table 9).
Increase of metals above 22 cm depth in core S4 therefore
suggested greater deposition of clay fraction bound metals in
recent years. While in core S7, Zn, Co, Ni, and Pb showed a
distinct peak at 30 cm depth. Mn also was noted to show slight
enrichment at this depth. Sudden increase in metal
concentration at greater depth strongly pointed towards their
diagenetic enrichment. However, only Co showed strong
positive correlation with Mn among these metals (Table 9).
Cu, Zn, Ni, and Pb showed enrichment towards the surface of
the core. While Zn and Pb showed strong positive association
with each other, thus suggesting a common lithogenic source.

Table 11 Sediment guidelines and terms used in SQUIRT

Sediment guidelines

Maximum concentration at which
no toxic effects are observed

Threshold effect level (TEL)

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

in sensitive species

Lower limit of concentrations at
which toxic effects are observed

Probable effects level (PEL)

Effects range median (ERM)

Apparent effects threshold (AET) Concentration above which adverse
biological impacts are observed

50th percentile value in effects
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Together with anthropogenic additions such as domestic
and agricultural wastes, sediments of Vaitarna estuary must be
receiving abundant immature physically weathered materials
(Jung et al. 2010) comprising of multitude of minerals such as
altered pyroxene, amphiboles, and plagioclase feldspars
containing a whole range of metals (Chang et al. 2007) as
the source area consists largely deccan basalts. Clear
identification of origin of metals whether natural or
anthropogenic is of utmost importance. The observed
variation in metal distribution between the bulk and separated
clay sediment fraction in this study was therefore attributed to
the complexity in the admixture of sediment particles and
nonclastic chemical phases of the estuarine sediments
(Padmalal and Seralathan 1995). According to Roussiez
et al. (2006), all the trace metals may not be necessarily
associated with the fine-grained alumino-silicates, but rather
with the coarser silt fraction. This explains for the higher
concentration of metals (Fe, Mn, and Co in both the cores
and Ni in core S4) in bulk rather than clay fraction. Fe and Mn
hydrous oxides and organic matter play important role in
metal sorption onto the surfaces of clay minerals (Allen
et al. 1990; Zhang et al. 2007; Sondi et al. 2008; Fernandes
and Nayak 2009; Kumar and Edward 2009). The observed
lower average concentrations of these metals within clay
fraction was attributed to lower association of clay fraction
with that of Fe-Mn oxyhydroxides as well as organic carbon.

Table 12 Metal concentration in

bioavailable fraction per element Elements  Metal concentration

in bioavailable
fraction (ppm)

Fe 8,114

Mn 670

Cu 59

Zn 24

Co 21

Ni 29

Pb 23
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On the other hand, bulk sediments represent metals associated
with crystal lattice structure of weathered minerals, as well as
metals incorporated by surface sorption processes. This is
further supported by good correlation observed between
metals and relatively coarser size fractions in bulk sediments
as well as results of speciation analysis (Fig. 9) carried out on
surface sample of core S7 which was found to be most
affected by anthropogenic activities in this estuary. The result
of speciation analysis indicated all the studied metals except
Mn to be mainly associated with residual fraction (Fig. 9), thus
indicating lithogenic source as the main source of metals at
this location. However, Mn and Co showed high
bioavailability followed by risk of toxicity of Cu and Ni to
sediment-dwelling organisms (Tables 10, 11, and 12). Fe
concentration was much lower than AET, while Zn and Pb
were noted to fall under TEL, thus were not harmful to the
organisms. In the sediments of estuarine and near shore
regions, iron oxide (hematite) occurs as a coating of 5—7 um
size around the coarser quartz and feldspar grains (Achyuthan
etal. 2002). Such coatings must have facilitated the adsorption
of metals onto the surfaces of relatively coarser sediments in
the present study. In core S7, peak concentrations of trace
metals at greater depth inferred diagenetic enrichment during
the sediment deposition. The higher average concentration of
Pb and Zn in clay fraction as compared to bulk sediments in
both the cores was probably the result of their high retention
capacity onto clay particles (Covelo et al. 2007; Vega et al.
2006). Smectite is the dominant clay mineral within the
sediments of Vaitarna estuary. The study carried out by
Ghayaza et al. (2011) has shown smectites to have a good
capacity to retain Zn as well as Pb. Thus in the present study,
Pb and Zn must have been competing successfully for the
binding sites of finer particles as compared to the other metals
leading to their observed enrichment within the clay fraction.
Within Vaitarna estuary, the observed enriched concentrations
of Pb and Zn therefore seem to be unaffected/least affected by
anthropogenic activities as compared to other studied metals
which have shown anthropogenic signatures.

Conclusions

Spatial and depth-wise variations in distribution of various
parameters studied indicated variations in hydrodynamic
energy conditions and depositional environments of Vaitarna
estuary. Fe-Mn oxyhydroxide was the major sedimentary
phase controlling the distribution of most of the metals in core
collected towards the lower middle estuary as well as in core
collected near the mouth. Greater deposition of clay fraction-
bound metals in recent years was evident in core collected
towards the mouth and must have been the result of increased
marine inundation causing greater flocculation and deposition
of metals and finer clay particles. Pb and Zn were found to be

mainly associated with clay fraction and least affected by
anthropogenic activities though higher in concentration.
While most of the other metals showed greater enrichment
in bulk sediments, indicating association with coarser particles
and Fe-Mn oxyhydroxides, thus pointing towards their
anthropogenic source in addition to that of lithogenic.
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