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Abstract: Three short sediment cores from locations namely Betim representing lower estuarine region; 
Karyabhat- lower middle estuarine region and Ribander- upper middle estuarine region were collected from 
intertidal regions of the Mandovi estuary a|ong west coast of India. The cores were subjected to 
sedimentological and geochemical analyses in order to understand the sediment texture, organic matter 
content and metal distribution (Fe, Mn, Cr, Cu, Co, Ni, Zn, Pb and Al) in the sediments with depth along the 
estuary’. Results indicated that the sediments along the lower estuarine region were mainly composed of 
coarser sediments with less organic matter, whereas in the middle region finer sediments with high organic 
matter were deposited. Isocon diagram clearly indicated that most of the metals were deposited more 
towards the lower middle estuarine region when compared to other two locations. Calm environmental 
conditions must have facilitated deposition of finer sediments associated with high concentration of metals 
at Karyabhat. Ro'e of sediment size, organic matter concentration and Fe -  Mn oxy- hydroxides in distribution 
of trace metals down the core are discussed.
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INTRODUCTION

Estuarine tidal flats are transition zones between 
terrestrial and aquatic ecosystem and thus acts as 
important environmental interfaces (Meade, 1972). Vast 
amount o f  organic matter and metals are introduced into 
the estuarine waters through river run off, in-situ primary 
productiv ity , atm ospheric  deposition , d iagenetic 
remobilization (Libes, 1992) and anthropogenic inputs. 
Source o f  anthropogenic material includes industrial and 
agricultural activities and also urban effluents which 
supply significant loads o f  toxic metals to the estuaries 
(Gavriil and Angelidis, 2005). The metal contaminants 
upon entering into the estuarine regions are partitioned 
to various phases (Prudencio, et al., 2007; Zhang et al., 
2007) due to change in physico-chemical conditions and 
are adsorbed onto suspended particulate matter. The 
suspended particulate m atter, both inorganic and 
organic, slowly gets deposited along with adsorbed 
metals and buried in tidal flats forming organic and metal 
rich sediments (Hegdes and Keil, 1995; Thornton and 
M cM anus, 1994). Thus, tidal flat sedim ents are 
considered as potential reservoir o f  metals (Karbassi 
and Amimezhad, 2004). The role o f organic matter in 
accumulation o f heavy metals was emphasized earlier 
by Wakida et al. (2008). Remobilizations o f trace metals 
are controlled by redox sensitive elements and are 
recycled with changing physicochemical conditions 
through the sediment-water interface (Sakellari et al., 
2011; Graham et al., 2003). The mudflat environment may 
therefore continue to release metals into the water 
column o f  the estuary even after effluent discharge is 
ceased  and hence u n d erstan d in g  the level o f

concen tra tio n  o f  m etals is essen tia l in m udfla t 
environment.

Grain size is directly related to hydrodynamics with 
deposition o f finer sediments towards upper estuarine 
regions and coarse r in lov/er regions. It is well 
documented that due to their greater surface area, fine 
particles have greater efficiency in binding Fe- Mn 
oxyhydroxides and trace metals in association with 
organic matter (Santschi et al., 2001). Organic matter 
generally decreases with increasing grain size (Renjith 
and Chandramohanakumar, 2010). Several researchers 
(Gonzalez et al., 2006 and Kalbitz and Wennrich, 1998) 
have stated that organic matter could act as a sink for 
trace elements due to its strong complexing capacity for 
metal contaminants.

STUDYAREA

Mandovi estuary and its tributaries for most o f their 
lengths pass through regions o f  extensive m ining 
activity. There are 27 major mines within Mandovi River 
basin and annually more than 1.5 million tonnes o f  iron 
and manganese ores are transported along the rivers to 
the nearby Mormugao harbor (Nayak, 2002). Industrial 
and mining activities are at a peak during October-M ay 
at several points along the estuary and discharge 
nutrients, heavy metals, and other pollutants in the form 
of organic and inorganic industrial waste into the estuary 
(Alagarsamy, 2006; Ramaiah et al., 2007). Mandovi 
estuary also receives contaminant inputs from municipal 
waste waters, direct industrial discharges and harbour 
related activities. The estuarine channel o f the Mandovi
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River is also used to transport large quantities o f  iron 
and ferromanganese ores from hinterland to Marmugao 
harbour throughout the year. Considering this, an 
attempt has been made in the present study on mudflats 
o f Mandovi estuary with an aim to understand the 
distribution o f  sediment characteristics and selected 
metals (Fe, Mn, Al, Cr. Cu, Co, Zn, Ni and Pb) in pre - 
monsoon season along the estuary.

MATERIAL AND METHODS

Sampling

Three short sediment cores o f 20 cm each were 
collected from tidal flats (Fig. I) during low tide from 
lower (Core A), lower middle (Core B) and upper middle 
(Core C) using hand held PVC corer during pre-monsoon 
season. It is important to mention here that Core B was 
collected from the inner channel o f the lower middle 
estuary. GPS was used to locate the sampling areas. 
Sub-sampling o f  the sediment core was done at every 2 
cm interval and placed in zip lock bags and transferred 
to the laboratory and stored at 4° C. Plastic wares were 
used to avoid metal contamination.

Laboratory Analysis

The sub samples were oven dried at 60° C. Grain 
size analysis w'as performed to obtain percentage o f sand, 
silt and clay (Folk, 1974). Organic carbon within the 
sediment samples was analyzed using procedure given 
by Walkey and Black ( 1934) and Gaudette et al. (1974). 
For metal analysis a small portion o f  finely ground 
sediment samples were digested with H N 0 j-H F-H C104 
(7:3:1) on hot plate at 150°C in Teflon beakers (Jarvis 
and Jarvis, 1985). The digested samples were analysed 
for Al, Fe, Mn, Cu, Pb, Co, Ni, Zn and Cr using Varian 
AA 240 FS - flame Atomic Absorption Spectrometry 
(AAS). Together with the samples, certified reference 
s tandard  from  the C anadian  N ational Bureau of 
Standards (BCSS-1) was digested and run, to test the 
analytical and instrument accuracy. The recoveries were 
between 86 and 91% forFe, Cu, Ni and Al; 87-92% for 
Mn and Co; 80-85% for Pb and Zn; 90-95% forCr, with a 
precision o f±6%.

RESULTS AND DISCUSSION 

Sediment Components

Low er estuary  (Betim - C ore A): Sand, silt, clay 
and organic carbon values range from 94.73 - 97.28% 
(av. 96.25 %); 2.4 - 4.9% (av. 3.4 %); 0 .1 - 0.47% (av. 0.39 
%) and 0.1 - 0.42% (av. 0.23 %) respectively in this core. 
Down core distribution profiles o f sand, silt, clay and 
organic carbon are presented in figure 2 (a). Sand 
percentage decreases from 18 to 8 cm and then increases 
towards surface. It is clearly seen from the distribution

pattern that sand and silt com pensates each other 
throughout the length o f the core. Clay shows almost a 
constant trend from bottom (18 cm) to 8 cm with slight 
decrease between 18 and 14 cm, and with a considerable 
increase between 8 and 6 cm before maintaining a 
constant trend towards the surface. Organic carbon 
shows a fluctuating trend from 18 to 6 cm and decreasing 
values towards surface.

Lower middle estuary (K aryabhat- Core B): The
sediment core collected from tidal flat o f  sub channel o f  
Mandovi estuary is dominated by silt 43 to 60% (av. 
47.50%) and clay 42 to 51% (av. 46.99% ) accompanied 
with lesser proportion o f coarser components (sand) 
which ranges from 4 to 7.2% (av. 5.49%). Sand value 
fluctuate from depth 18 cm up to surface (Fig 3 a). 
Relatively higher sand value is observed at depth o f  18, 
12, 8 and 4 cm acco m p an ied  w ith  le s se r  sand 
concentration in between. Down core profiles o f  both 
s ilt and clay show  op p o site  d is tr ib u tio n  pattern  
throughout the length o f the core. Organic carbon ranges 
from 1.66 to 3.33% (av. 2.31%). High organic carbon 
occurs at 4 cm depth follow ed by 10 and 16 cm. 
Distribution o f Organic carbon values largely agrees 
with that o f  silt between 18 and 14 cm.

Upper middle estuary (R ibander-C ore C): Sand, 
silt and clay varies from 5 to 7.4% (av. 5%); 53 to 6 1.15% 
(av. 54.32%); 35 to 45% (av. 40.66%) in the core collected 
from Ribander. Organic carbon ranges from 1.6 to 2.6% 
(av. 2.14%). The down core plots o f sand, silt, clay and 
organic carbon are shown in figure 4(a). Sand shows 
higher values in lower portion o f  the core i.e. from 16 to 
12 cm and a positive peak at 8 cm and for the remaining 
portion o f  the core comparatively lower values are 
observed. Silt and clay profiles compensate each other 
throughout the length o f the core. Organic carbon values 
fluctuate throughout the length o f  the core. Higher 
organic matter is present in surface sediments i.e. at 6 
cm (2.62%) followed by 10 cm (2.4%) and 14 cm (2.3%) 
and lower values are noted at the lower portion o f  the 
core i.e. at 20 cm (1.6%) depth.

T he d is tr ib u tio n  p a tte rn  o f  the  sed im en t 
components in the sediments o f  the different regions of 
the estuary indicated significant spatial variations. The 
sediment composition in the cores collected within the 
three regions o f the estuary show variable admixture o f 
components viz. sand, silt and clay with overall texture 
ranging from sandy to clayey. The variation can be 
attributed  to p rocesses nam ely estuarine  m ixing, 
su sp e n s io n -re su sp e n sio n  and f lo c c u la tio n -  
deflocculation (Jonathan e t al., 2010; Sarkar and 
Bhattacharya, 2010). Grain- size variation reflects change 
in energy and processes involved in deposition o f 
sediments. The coarser sediment fractions are more 
dominant in the lower region as compared to areas within 
middle estuarine region. The sandy sediments reveal 
the strong hydrodynamic conditions prevailing towards
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violent conditions for sediment deposition. The plots 
in Karyabhat region mostly lie between section IF (D) 
and ill (D) with single point been part o f 111 (D) indicating 
less violent conditions prevailed there facilitating 
deposition o f  finer sediments. In the upper middle 
estuarine region all the points lie in section ill (D) 
indicating less violent conditions.

The concentration o f  metals in sediments o f three 
mudflats (Betim, Karyabhat and Ribander) collected from 
different regions o f  the estuary namely lower, lower 
middle and upper middle are presented graphically in 
figures 2 (b), 3 (b) and 4 (b) respectively.

Lower estuary  (Betim): In the core collected from 
lower estuarine region (Betim) Fe varies from 1.54 -1.9% 
(av. 1.7%),A1 rangesfrom 5,24-7.17% (av.6.3! % ).and 
Mn ranges from 207 -  399 ppm (av. 285 ppm). Vertical 
distribution o f  Fe is characterized by presence o f  
increasing peak at depth of 10 cm followed by decreasing 
concentration towards surface above 10 cm and to some 
extent in lower portion o f  the core. Al values show an 
increasing trend from bottom up to 6 cm and then 
decreases towards the surface. Mn shows markedly 
.increasing pattern throughout the sediment core.

Cr, Cu, Co, Zn, Ni, Pb ranges from 70 -  110 ppm (av. 
84 ppm); 99 -1 1 6  ppm (av. 105.2 ppm); 6 -  10 ppm (av. 
8.2 ppm); 32 - 40 ppm (av.35.35 ppm); 2 8 -3 2  ppm (av. 31 
ppm) and 22 - 32 ppm (av. 28 ppm). Except forCu and Pb 
the average concentrations obtained for metals are lower 
than average crustal concentrations at this location. Cr 
largely shows a decreasing trend from 18 -  14 cm 
thereafter shows an increasing trend up to 10 cm before 
showing decreasing values towards the surface. Cu 
shows a decreasing trend from bottom of the core up to 
10 cm followed by a slight increase between 10 -  6 cm 
before decreasing towards surface. Co maintains, an 
increasing pattern between 18 -  10 cm from where the 
value decreases. Zn values show an increasing trend 
up to 6 crn followed by a decrease towards the surface. 
Ni maintains an increasing trend from 18 - 10 cm and 
show decreasing trend between 10 cm and surface. Pb 
exhibits substantial increase in lower half o f sediment 
core (1 8 -1 0  cm) and maintains almost constant trend in 
the upper portion.

Lower middle estuary (Karyabhat); Fe ranges from 
5.31 to 6.01 % (av. 6%), Al from 8.07 to 8.61 % (av. 8.41 %) 
and Mn ranges from 1983 to 2709 ppm (av. 2483 ppm). Fe 
shows a decreasing trend from bottom up to depth 10 
cm followed by an increase between 10 - 6 cm thereafter 
decrease towards surface. Al values increase from 18 to 
16 cm and then decrease up to 6 cm before showing 
increase towards surface. Mn exhibits slight increase 
from bottom o f the core up to 14 cm followed by

decreasing trend up to 10 cm. Between 10 and 6 cm 
distribution o f  Mn agrees with that o f Fe.

The concentration of Cr, Cu, Co, Zn, N i and Pb varies 
from 104 -113 ppm (av. 107 ppm); 105 -  126 ppm (av. 113 
ppm); 2 6 -2 8  ppm (av. 27.45 ppm); 75 -1 0 5  ppm (av. 82 
ppm); 5 8 -6 8  ppm (av. 65 ppm) and 46 -  52 ppm (av. 49 
ppm). The distribution patterns o f Cr exhibits alternate 
decrease and increase throughout the length o f  the core 
with considerable increase in concentration towards the 
surface. Cu exhibits decreasing trend in lower half o f 
the core and increasing trend in the upper half. Co 
values show an increase between 18 - 14 cm and also 
towards the surface above 10 cm and large decrease 
between 14-10 cm. Zn shows opposite trend to that o f  
Co from 18 to 16 cm and similar trend towards the surface. 
Ni shows overall decrease from bottom to surface. Pb 
shows decrease in concentration between 1 8 -1 4  cm. 
The value increases from 14 to 10 cm and then again 
decreases towards surface.

Upper middle estuary (R ibander): Fe value varies 
between 5.53 - 6.09 % (av. 5.87 %), Al from 6.54 -  8.08 % 
(av. 7.41%) and Mn ranges from 1368-2721  ppm(av. 
1914.4 ppm) in the core. Fe exhibits alternate increasing 
(18- 14cm and 1 0 -6 cn i)anddecreasing (l4 - 10cm and 
6 cm - surface) trend. Al exhibits increasing trend up to 
10 cm followed by a decrease towards the surface. Mn 
also exhibits similar distribution pattern to that o f  Fe 
between 14 cm- surface and in lower portion it decreases 
is between (18- 14 cm).

Trace elements vary between 75 - 84 ppm (Cr); 105 
-138 ppm (Cu); 2 6 -3 0  ppm (Co); 62 -  73 ppm (Zn); 48
55 ppm (Ni)and 5 4 -7 8  ppm (Pb) with average values of 
78.5; 122.3; 28; 66.25; 52.05 and 66.4 respectively. 
Distribution pattern o f Cr shows an increasing trend 
from bottom of the core up to 10 cm followed by decrease 
towards surface, Cu shows a constant trend from 18 -  
14 cm, an increasing trend between 1 4 -  10cm and shows 
decreasing trend towards the surface. Co shows an 
increasing trend from 18 to 6 cm and then decreases 
towards the surface. Zn and Ni show an alternate 
increase and decrease with lower values towards the 
surface. Pb exhibits increase from bottom to top o f the 
core.

Results indicate variation in metal concentration 
from lower estuarine to upper middle estuarine regions. 
The catchment area o f  Mandovi estuary is known for 
considerable anthropogenic activity in the form of open 
cast mining for Fe and Mn ores. All along the banks o f 
Mandovi estuary, ore processing units which enrich the 
percentage o f iron ore are operating and it is expected 
that these industries are forced to release associated 
elements to the waters o f  the estuary which is ultimately 
deposited in sediments. Barges carry the ore from 
loading platforms in the upper estuary to the Murmugao 
harbor located on the southern bank o f  Zuari estuary. 
The concentrations o f  Fe and Mn within the estuarine

Metal Distribution
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T able  1 a. Pearsons correlation between different sediment components (sand, silt, clay and total organic carbon) 
and elements in sediment core (Betim), b. Pearsons correlation between different sediment components 
(sand, silt, clay and total organic carbon) and elements in sediment core (Karyabhat), c. Pearsons 
correlation between different sediment components (sand, silt, clay and total organic carbon) and elements 
in sediment core (Ribander).

a. BETIM PRE MONSOON

SAND SILT CLAY TOC
Mn

(ppm)
Fe

(%)
Ni

(ppm)
Zn

(ppm)
Cr

(ppm)
Cu

(ppm)
Co

(ppm)
Pb

(ppm)
Al
(%)

SAND 1.00
SILT -0.99 1.00
CLAY -0.62 0.48 1.00
TOC 0.07 0.08 -0.72 1.00

Mn (pom) -0.63 0.53 © 3 -0.53 1.00

Fe (%) -0.59 0.70 -0.19 0’40 -0.14 1.00

Ni (ppm) -0.61 i».71 -0.13 0.74 0.07 <«3i 1.00

Zn(ppm) -0.75 0.79 0.22 0.40 0.05 0.65 1.00

Cr(ppm) 0.43 -0.38 -0.44 -0.14 -0.65 0.27 -0.49 -0.28 1.00
Cu (ppm) 0 .1 ' -0.77 -0.57 0.02 -0.85 -0.19 0.58 -0.41 0.80 1.00

Co (ppm) -0.90 m 0.36 0.32 ff.5l 6.54 0.H7 0.80 -0.65 -0.86 1.00

Pb (DomV 
Al (%)

-0.95
-0.81 - § § -

&
0.15

- 0.11
0.5!

031
0.19

0.42
0.70

m
m

b:ss
0.93

-0.59
-0.44

-0.94
-0.62

1.00m 1.00

b. KARYABHAT PRE MONSOON

SAND SILT CLAY TOC
Mn

(ppm)
Fe
(%)

Ni
(ppm)

Zn
(ppm)

Cr
(ppm)

Cu
(ppm)

Co
(ppm)

Pb
(ppm)

Al
(%)

SAND 1.00
SILT -0.52 1.00
CLAY 0.34 -0.98 1.00
IO C -0.53 0.25 -0.16 1.00
Mn (ppm) 0.01 0.74 -0.81 -0.39 1.00
Fe (%) 0.23 m -0.68 -0.19 0.8? 1.00
Ni (ppm) 0.70 -0.92 & -0.50 -0.43 -0.24 1.00
Zn (ppm) -0.40 -0.42 RSi 0 9 -0.84 -0.65 0.12 1.00

Cr (ppm) -0.67 WR -0.70 m 0.16 0.12 -0.93 0.17 1.00
Cu (ppm) -0.39 IS -0.97 0.30 BB sa -0.83 -0.40 m 1 00

Co (ppm) 0.14 0.13 -0.17 -0.77 0.42 -0.01 -0.03 -0.73 -0.30 -0.06 1.00

Pb (ppm) 0.15 -0.72 0.75 0.18 -0.61 -0.27 m 0.70 -0.44 -0.57 -0.68 1.00
Al (%) -0.30 0.11 -0.05 0.22 -0.33 -0.63 -0.40 0.10 0.39 -0.12 0.37 -0.54 1.00

c. RIBANDER PREMONSOON

SAND SILT CLAY TOC
Mr.

(ppm)
Fe

(% )
Ni

(ppm)
Zn

(ppm)
Cr

(ppm)
Cu

(ppm)
Co
1Vnr

Pb
(ppm)

Al
(% )

SAND 1 00
SILT 0.27 1.00
CLAY -0.56 -0.95 1.00
TOC -0.78 0.09 0.18 1.00

Mn (ppm) -0.48 0.37 -0.16 5S3 1.00

Fe (%) 0.35 0.17 -0.26 0.09 m 1.00

Ni (ppm) -0.39 -0.58 m B I -0.05 0.10 1.00

Zn (ppm) 0.27 -0.25 0.13 0.16 -0.19 0.49 &76 1.00

Cr (ppm) -0’26 -0.71 in 0.28 -0.55 -0.40 ©1 »:s3 1.00

Cu (ppm) -0.97 -0.19 0.49 n 0.36 -0.52 0.33 -0.33 0.30 1.00

C o (ppm) -0.79 -0.19 0.43 £93 0.42 -0.05 iKl 0.32 0.48 m 1.00

Pb (ppm) -0.80 0.31 0.00 I S M -0.42 0.10 -0.36 0.00 m 1.00

Al (% ) -0.61 -0.63 m P S -0.07 -0.20 m m 0.81 m m 0.32 1.00
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anthropogenic activities. However, it is also important 
to understand the processes involved in the abundance 
and distribution o f Fe and Mn within the estuaries in 
addition to the source.

Core collected towards the iower estuarine region 
showed low concentration o f metals as compared to 
cores collected from both lower middle and upper middle 
regions. Lower estuarine region composed o f small 
quantity  o f  finer sedim ents as a result o f violent 
hydrodynamic condition (Pearl, 2010). Except for Cu and 
Pb concentration o f ail the metals is noted to be lower 
than crustal average at this location. Dilution o f  Fe and 
associated trace metals by sand in the upper portion o f 
core is noted. Enhancement o f  Fe in the upper portion 
o f  the core occurs at lower depths than Mn due to the 
greater sensitivity o f Mn to redox change (McBride,
1994) which is clearly observed in this core. Most of the 
metals follow the trend of silt in lower estuary and Fe 
oxyhydroxides seems to have played crucial role in 
concentration of metals (Hamilton -Taylor et al., 1996).

In the core collected from lower and upper middle 
estuary, fine grained organic matter rich sediments 
facilitated suitable condition for metal trapping (Alongi 
et al., 2004). Total metal concentration is a function of 
organic matter, mineralogy and textural related qualities 
o f  the sed im ents (W illey and F itzgerald , 1980). 
Concentration o f  all the inetais is noted to be higher 
than crustal average except N i, Al at lower middle estuary 
and except for Al, Ni, Zn and Cr at upper middle estuary. 
In addition, concentrations of Fe, Mn, Al, Cr, Zn and Ni 
is found to be higher in lower middle estuary than upper 
m iddle estuary indicating lower middle estuary as 
favorable location for higher metal concentration. 
Addition o f Fe and Mn from mining related activities 
can be a strong possibility. However, river input during 
pre m onsoon is considerably less and tidal inuux 
controls the whole estuary. Distribution o f metals is also 
controlled by post depositional processes. Reduced Mn 
concentration in the surface sediments might be due to 
dissolution and mobility o f  Mn ions which are easily 
removed from the pore water of sediments to the upper 
water column through active diffusion and advection 
processes (Janaki- Raman et al., 2007). Increase in Mn 
concentration in sub surface layers in pre monsoon can 
also  be a ttribu ted  to increased reduction  o f  Mn 
oxyhydroxides which is microbially mediated (Lovley,
1995). Higher Pb in the upper portion o f the core 
collected from upper middle estuary might be due to 
anthropogenic input from atmospheric source and 
gasoline additive used by mechanized boats. Higher 
concentration  o f Co observed agrees with higher 
concentrations o f Co during pre-monsoon reported in 
Mandovi estuary by Alagarsamy (2006).

C orrelation o f sediment param eters and metals

Low er estuary  (Betim ): Sand fraction exhibits 
negative correlation with most o f the metals except Cu

0.80). Silt shows a significant positive correlation with 
most of the metals namely Fe(r= 0 .70), Ni (r = 0.71), Zn 
(r = 0.79), Co (r = 0.92), Pb (r = 0.92), A! (r = 0.87) and to 
lesser extent with M n(r = 0.53) (Table la). This indicates 
ro|e o f Fe oxyhydroxides in the distribution o f trace metals 
associated with coarser size sediments. This is further 
supported by significant correlation o f Fe with Ni (0.63), 
Zn (0.65) and Co (r = 0.54) and Mn with Pb (r=  0.81) and 
Co (r -  0.51). Both Mn and Fe oxyhydroxides are knou'n 
to scavenge a variety o f trace metals either by binding 
or by incorporation into the crystal structure (Burdige, 
1993). Clay exhibits a significant correlation with Mn 
and Pb (Tabie 1 a) indicating role of Mn in the distribution 
of Pb. Organic matter and N i (r = 0.74) show.a significant 
correlation in this core. Organic carbon also exhibits 
significant correlation with Al (r = 0.51) and Al exhibits 
significant correlation with Ni, Zn, Co and Pb indicating 
the role o f clay along with the organic matter in binding 
these trace metals in addition to Fe - Mn oxyhydroxides. 
Significant correlation observed between Fe and Al 
indicates that Fe is also o f lithogenic origin (Nath et al., 
2000). Correlation obtained between different metals 
indicates that they are derived from common source, 
iden tica l beh av io r du ring  tra n sp o rt and post 
depositional processes.

Lower middle estuary  (K aryabhat): In the core 
collected from lower m iddle estuarine region, the 
sediments largely consist o f finer sediment components 
deposited in calmer hydrodynamic conditions. Sand 
shows a significant correlation only with Ni (r = 0.70). 
Silt shows a significant correlation with Fe (r = 0.57), 
Mn (r = 0.74), Cr (r = 0.77) and Cu (r = 0.96) (Table 1 b). 
Clay exhibited significant correlation with NI (r = 0.85), 
Zn (r = 0.55) and Pb (r = 0.75). Organic matter shows a 
good correlation with Zn (r = 0.69) and Cr (r = 0.78). 
Wang et al. (2008) stated that in the area with weak 
hydrodynam ics, finer sedim ents dom inate and the 
aggregation o f  trace metals is obvious. Further it is 
known fact that finer sediments have high specific 
surface area and also can act as a substrate for organic 
matter flocculation (Keil et al., 1994) that in turn helps in 
binding metals. Fe and Mn show significant correlation 
with Cu (r = 0.73); (r = 0.76) respectively and Mn exhibits 
significant correlation with Fe (r =  0.87), thus indicating 
redox sensitive elements namely Fe and Mn mainly 
control the distribution o f Cu (Achvuthan et al., 2002). 
Observed correlation between Zn and Pb (r = 0.70); Cr 
and Cu(r = 0.74)Ni and P b(0.68) (Table lb) indicate that 
they are derived from similar source or similar mechanism 
o f transport and deposition in sediments. Nguyen et al. 
(2009) has stated that metals belonging to the same group 
show strong correlation among them and suggest their 
common origin, similar behaviour during accumulation.

Upper middle estuary (Ribander): In upper middle 
estuary, sand and silt show negative correlation with 
most of the metals and also with organic carbon. Organic
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The diagram reveals significant difference among 
the three sampling sites. When the core sediments from 
lower estuarine region (Betim) and lower middle 
(Karyabhat) region o f  the estuary are compared; it is 
observed that Al and Cu lie close to Isocon line 
indicating no much variation in their concentration 
between two locations. Majority o f  elements along with 
o rg an ic  ca rb o n , finer sed im ent frac tions show 
enrichment in Karyabhat and coarser sediments are more 
pronounced in Betim. When com parison is made 
between Ribander and Betim it is observed that Cr along 
with Al didn’t show much variation in both the areas. 
Sand is dominant in Betim whereas, Zn, Pb. Fe, Mn, Co 
is enriched in Ribander in association with organic 
matter and finer sediment fraction. Thus, revealing the 
role played by organic matter and Fe-Mn oxy hydroxides 
in binding o f  metals. When the two cores from middle 
estuarine region are compared it is seen that Fe, Co, Al, 
Sand and organic matter lie on or close to Isocon line 
indicating not much variation in these parameters in both 
the areas. The concentration ofN i, Zn, Cr, Mn and clay 
are more pronounced in Karyabhat indicating the role 
played by finer sediment fractions along with associated 
Mn oxyhydroxides in concentration o f  m etals. In

Ribander, the concentrations o f Cu and Pb along with 
silt are dominant. Being a pan of main estuarine channel, 
transportation o f Fe- Mn ores from hinterland to harbor 
and sand mining towards upper middle estuary might 
be a reason for retaining higher silt fraction in the 
sediments here.

CONCLUSIONS

From the study carried out on estuarine mudflats, it 
is clear that size o f the sediment indicate prevailing 
energy conditions. Deposition o f  coarser and finer 
sediments towards the lower and middle regions o f the 
estuary represent high and low energy environment 
respectively at these stations. Distribution o f trace 
metals is regulated by sediment grain size, organic matter 
and Fe - Mn oxyhydroxides present in the sediments. 
Among the three cores collected from different mudflats 
within the Mandovi estuary, the one which was collected 
from sub-channel (Karyabhat) in the lower middle 
estuary has enriched with m etals. The enrichm ent 
o f  m etals is fac ilita ted  by the presence o f  finer 
sedim ents and high content o f  organic m atter at 
this location.

References

Achyuthan, H., Richardmohan, D., Srinivasalu, S. and 
Selvaraj, K. (2002). Trace metals concentration in 
sediment cores o f  the estuary and tidal zones 
between Chennai and Pondicherry, along the east 
coast o f  India. Indian Journal o f  Marine Sciences, 
31(2), 141-149.

Alagarsamy, R. (2006). D istribution and seasonal 
variation o f trace metals in surface sediments of 
Mandovi estuary, West coast of India. Estuarine, 
Coastal and S h e lf Science, 67,333-339.

Alongi, D. M., Wattayakon, G., Boyle, S., Tirendi, F., 
Payn, C. and Dixon, P. (2004). Influence o f roots 
and climate on mineral and trace element storage 
and uux in tro p ica l m angrove so ils . 
Biogeochemistry, 69,105-123.

Badr Nadia, B. E., Anwar, A., Fiky, El., Alaa, R. M. and 
Bandr,A. M. (2008). Metal pollution records in core 
sediments o f some Red Sea coastal areas, Kingdom 
o f  Saudi A rabia. E nvironm ental m onitoring  
Assessment, 155,509-526.

Billerbeck, M., Werner, U., Polerecky, L., Walpersdorf, 
E., De Beer, D. and Hueltel, M. (2006). Surficial and 
deep pore water circulation governs spatial and 
temporal scales o f nutrient recycling in intertidal 
sand flat sediment. M arine Ecology Progress 
Series, 326,61-76.

Burdige, D. J. (1993). The biogeochemistry o f manganese 
and iron reduction in marine sediments. Earth 
Science Reviews, 35,249-284.

Canuel, E. A. and Martens, C. S. (1993). Seasonal 
variability in the sources and alteration o f organic 
m atter a sso c ia ted  w ith recen tly  d eposited  
sediments. Organic Geochemistry, 20 (5), 563-77.

Chang, T. S., Joerdel, O., F lem m ing, B. W. and 
Bartholoma, A. (2006). The role o f particle and 
seasonal sediment turnover in a back barrier tidal 
basin, East Frisian Wadden Sea, Southern North 
Sea. Marine Geology, 235,49-61.

Chatterji, M., Silva Filho, E. V., Sarkar, S. K., Sella, S. M., 
Bhattacharya, A., Satpathy, K. K„ Prasad, M. V. R„ 
Chakraborty, S. and Bhattacharya, B. D. (2006). 
Distribution and possible sources o f  trace elements 
in the sediment cores o f a tropical macrotidal estuary 
and th e ir eco to x ico lo g ica l s ig n ifican ce  
Environmental International, 346- 356.

Chen, M. S., Wartel, S. and Tammerman, S. (2005). 
Seasonal variation o f floe characteristics on tidal 
flats, the Scheldt Estuary, Hydrobiologia, 5 4 0 ,181
195.

Cundy, A. B., Croudace, 1. W., Thomson, J. and Lewis, J. 
T. (1997). Reliability of salt marshes as “geochemical 
recorders” o f  pollution input: a case study from 
co n trastin g  e s tu aries  in sou thern  E ngland. 
Environmental Science and Technology, 31 ,1 093
1101.

Davies, C. A., Tomlinson, K. and Stephenson, T. (1991). 
Heavy metals in River Tees estuary sediments. 
Environmental Technology, 12,961-972.



Distribution o f  Sediment Components and Metals in Recent Sediments within Tidal Flats along Mandovi Estuary 4 3

Delflandre, B., Mucci, A., Gagne, J. P., Guignaud, C. and 
Sundby, B. (2002). Early diagenetic p rocessess in 
coastal m arine sedim ents d istributed by catastropic 
sedim entation . Geochimica Cosmochimica Acta, 
66 (14),2547-2558.

Dellwig, 0 ., Beck, M., Lemke, A., Lunau, M., Kolditz, K., 
Schnetger, B. and Brumsack, H. J. (2007). Non
conservative behaviour o f  molybdenum in coastal 
waters: coupling geochem ical, biological, and 
se d im e n to lo g ic a l p ro cesses . G eo ch im ica  
Cosmochimica A da, 71 ,2745-2761.

Folk, R. L. (1974). Petrology o f sedimentary' rocks. 
Hemphill, Austin, Texas, 177.

Franke, U., Polerecky, L., Precht, E. and Huettel, M. (2006). 
Wave tank study o f  particulate organic matter 
degradation in permeable sediments. Limnology 
and Oceanography, 51 (2), 1084-1096.

Gaudette, H. E., Flight, W. R. and Toner, L. (1974). An 
inexpensive titration method for the determination 
o f  organic carbon in recent sediment. Journal o f  
Sedimentary Petrology, 44 (1) 249-253.

Gavriil, A. M .and Angelidis, M. 0 .(2 0 0 5 ). Metal and 
organic carbon distribution in water column of a 
sh a llo w  en c lo se d  bay at the A egean  Sea 
Archipelago: Kalloni Bay, island o f Lesvos, Greece. 
Estuarine, coastal and shelfscience, 64,200-210.

Gheith, A. M. and Abou Ouf, M. A. (1996). Textural 
characteristics, mineralogy and fauna in the shore 
zone sediments at Rabigh and Sharma al -  Kharrar, 
Eastern red sea, Saudi Arabia. Marine Science, 7 
(S p e c ia l issue: S ym p  on re d  sea  M arine  
Environment, Jeddah, 1994), 107-131.

Gonzalez, Z. 1., Krachler, M., Cheburkin, A. K. and Shotyk, 
W. (2006). Spatial distribution o f natural enrichments 
o f arsenic, selenium, and uranium in a minerotrophic 
peatland, Gola diLago, Canton Ticino, Switzerland. 
Journal o f  Environmental Science and Technology, 
40 (2 1), 6568-6574.

Graham, E., Richard, J. and Howarth, M. A. (2003). Metals 
in the sediments o f Ensenada de San Simo n (inner 
R y 'a  de V igo), G alic ia , NW Spain. A p p lied  
Geochemistry, 18,973-996.

Grant, J. A. (1986). The isocon diagram- a simple to 
G resen’s equation for metasomatic alternation. 
Economic Geology, 81,1976-1982.

Hamilton-Taylor, J., Davison, W. and Morfett, K. (1996). 
The biogeochemical cycling o f Zn, Cu, Fe, Mn and 
dissoloved organic C in a seasonally anoxic lake. 
Limnology andOceangraphy, 41 ,408-418.

Hegdes, J. 1. and Keil, R. G  (1995). Sedimentary organic 
matter preservation: an assessment and speculative 
synthesis: Marine Chemistry, 49, 81 - 115.

Horowitz, E. and Elrick, K. (1987). The relation o f stream 
sediment surface area, grain size and surface area 
to trace element chemistry. Applied Geochemistry, 
2 (4), 437451.

Jain, C. K., Singbal, D. C. and Sharma, M. K. (2005). 
Metal pollution assessment o f  sediment and water

in the river Hindon, India. Environment Monitoring 
and Assessment, 105,193-207.

Janaki-Ram an, D. M. P., Jonathan Srinivasalu, S., 
Armstrong-Altrin, J. S., Mohan, S. P. and Ram- 
Mohan, V. (2007). Trace metal enrichments in core 
sediments in Muthupet mangroves, SE Coast o f 
India: Application o f  acid leachable technique. 
Environmental Pollution, 145 (1), 245-257.

Jarvis, I. J. and Jarvis, K. (1985). Rare earth element 
geochemistry o f  standard sediments: a study using 
inductively coupled plasma spectrometry. Chemical 
Geology, 53,335-344.

Jenne. E. A. (1968). Controls on Mn, Fe, Co, Ni, Cu and 
Zn concentrations in soils and water: the significant 
role o f hydrous M nand Fe oxides. AmerChem Soc., 
Advances in Chemical Series, 73,337-387.

Jonathan, M.P., Sarkar, S. K.., Roy, P. D.,Alam, Md.A., 
Chatterjee, M., Bhattacharya, B. D., Bhattacharya, 
A. and Satpathy, K. K. ( 2 0 10). A cid leachable 
trace m etals in sedim ent cores from  Sunderban 
M a n g ro v e  W e tla n d . In d ia :  an a p p ro a c h  
tow ards regular m onitoring. Ecotoxicology, 19, 
405-418.

Kaibitz. K and Wennrich, R. (1998). Mobilization o f 
heavy metals and arsenic in polluted wetland. Soils 
and its dependence on dissolved organic matter. 
Science o f  Total Environment, 2 0 9 ,27-39.

Karbassi, A. R. and Amimezhad, A. (2004). Geochemistry 
o f  heavy metals and sedimentation rate in a bay 
adjacent to the Caspian Sea. International journa l 
o f  Environmental science and technology, 1(3), 191
198.

Keil, R. G., Montlucon, D. B., Prahl, F. R. and Hedges, J.
1. (1994). Sorptive preservation o f  labile organic 
matter in marine sediments. Nature, 370,549-552.

Libes, S. M. (1992). Trace metals in seawater. An 
Introduction to Marine Biogeochemistry. J. Wiley 
& Sons, 168-188. '

Meade, R. II. (1972). Transport and deposition o f  
sediments in estuaries. The Geological Society o f  
American Members, 13 3 ,91 - 117.

McBride, M. B. ( 1994). Environmental chemistry' o f  soils, 
Oxford University Press, Oxford, 406.

Moore, P. A., Reddy, K. R. and Fisher, M. M. (1989). 
Phosphorus flux between sediment and overlying 
water in Lake Okeechobee, Florida: spatial and 
temporal variations. Journal o f  Environm ental 
Quality, 27 (6), 1428-1439.

Nayak, G  N. (2002). Impact o f mining on environment in 
Goa, India. Int. Publ., New Delhi, 112.

Nguyen, VL L., Braun, M ., Szatoki, \ ., B a ^ e n s , W., Van 
Grieken, R. and Leermakers. M. (2009). Tracing the 
Metal Pollution History of the Tisza River through 
the Analysis o f a Sediment Depth Profile. Water Air 
Soil Pollution, 200,119-132.

Passow, U. (2002). Transport exopolymer particles (TEP) 
in aq u a tic  en v iro n m en ts . P ro g re ss in  
Oceanography, 55 (3-4), 287-333.



Ratnaprabha R. Siraswar and G N. Nayak

Pejrup, M. (1988). The triangular diagram used for 
c lassifica tio n  o f  estuarine sedim ents: a new 
approach. In de Boer, P. L., van Gelder, A., Nios, S. D., 
(Eds), Tide -  influenced sedimentary environments 
andfacies. (Reidel, Dordrecht), 289-300.

Pearl, J. A. (2010). Metal concentration in Manakudy estuarine 
sediments South West Coast of India. International 
Journal o f  Biological Technology I (1), 47-51.

Prudencio, M. I., Gonzalezb, M. I., Diasa, M. 1., Galanb, 
E. and Ruizc, F. (2007). Geochemistry o f  sediments 
from El Melah lagoon (NE Tunisia): A contribution 
for the evaluation o f anthropogenic inputs. Journal 
o f  Arid Environment, 69,285-298.

Ramaiah, N., Rodrigues, V., Alvares, E., Rodrigues, € ., 
Baksh, R„ Jayan, S. and Mohandas, C. (2007). 
Sew age pollu tion  indicator bacteria. In; The 
Mandovi and Zuari estuaries, eds. S. R. Shetye, M. 
Dileep Kumar and D. Shankar. National Institute of 
Oceanography, 115-120.

Renjiih, K. R and Chandramohanakumar, N. (2010). 
Geochemical characteristics o f surficial sediments 
in a tropical estuary, south-west India. Chemistry 
and Ecology, 23 (4), 337- 343.

Rusch, A. and Huettel. M. (2000). Advective particle 
transport into permeable sediments- evidence from 
experiments in an intertidal sandflat. Limnology 
Oceanography, 45(3), 524-533.

Sakai, H., Kojima, Y. and Saito, K. (1986). Distribution of 
heavy metals in water and sieved sediments in the 
Toyohira River. Water Resources, 20,559-567.

Sakellari, A., Plav, M.. Karavoltsos, S.. Dassenakis, 
M .andScoullos, M.(2011). Assessment of copper, 
cadmium and zinc remobilization in Mediterranean 
marine coastal sediments. Estuarine, Coastal and  
Sh e lf Science, 91,1-12.

Santschi, P. H., Presiey, B. J., WadeGarcia-Romero,T. L. 
and Baskaran, M. (2001). Historical contamination 
o f  PAHs, PCB s, DDTs and heavy m etals in 
Mississipi River Delta, Galveston Bay and Tampa 
Bay sed im ent co res. M arine E nvironm enta l 
Research, 52, 51-79.

Sarkar, K. S. ar.d Bhattacharya, B. (2010). Bioavailibility 
o f  trace m etals in recent sedim ent cores from 
sunderban mangrove wetland, india: An urgent 
need for bioremediation. 19* world congress o f soil 
science, soil so lu tions for a changing world, 
Brisbane, Australia.

Singh, K. T. and Nayak, G. N. (2009). Sedimentary and 
geo ch em ica l s ig n a tu re s  o f  d e p o s itio n a l 
environm ent o f  sedim ents in M udflats from  a 
Microtidal Kalinadi estuary, Central west coast o f 
India. Journal o f  Coastal Research, 25 (3), 6 4 1 -650.

Thome. L. T and Nickless, G  ( 1981). The relation between 
heavy metals and particle size fractions within the 
Severn estuary (UK) inter-tidal sediments. Science 
o f  Total Environment, 19 ,207-213.

Thornton, S. F. and McManus, J. (1994). Application of 
organic carbon and nitro gen stable isotope and C/ 
N ratios as source indicators o f  organic matter 
provenance in estuarine systems: evidence from 
Tay Estuary, Scotland. Estuarine, Coastal and She lf 
Science, 38,219-233.

Wakida, F. T., Lara-Ruiz, D., Temores-Pe, N.J., Rodriguez- 
Ventura, J. G , Diaz, C. and Garcia - Flores, E. (2008). 
Heavy metals in sediments o f  the Tecate River, 
Mexico. Environmental Geology, 54 ,637-642.

Walkley, A. and Black, J, A. (1934). The determination of 
organic carbon by rapid titration m ethod. Soil 
Science, 37,29-38.

Wang, S., Cao, Z., Lan, D., Zheng, Z. and Li, G. (2008). 
Concentration distribution  and assessm ent o f 
several heavy m etals in sedim ents o f  west-four 
Pearl River Estuary. Environmental Geology, 55, 
963-975. .

Willey, J. D. and Fitzgerald, R. A. (1980). Trace metal 
geochemistry in sediments from the Miramichi 
estuary, Can. Earth Sciences, 1 7 ,2 5 4 -2 6 5 .

Zhang L. P., Ye X Feng, H„ Jing, Y. H„ Ouyang, T„ Yu, X. 
T„ Liang, R. Y„ Gao, C. T. and Chen, W. Q. (2007). 
Heavy metal contamination in western Xiamen Bay 
sediments and its vicinity, China. Marine Pollution 
Bulletin, 54,974-982. '


