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Present study was an attempt to understand hydrodynamic conditions and the main factors regulating the distribution of 

metals in mudflats in the recent past along Mandovi Estuary. Sediment cores of 20 cm length were collected from three 

mudflats viz. near the mouth, lower middle and upper middle regions representing monsoon season from Mandovi Estuary. 

Cores were sub sampled at every 2 cm interval and analyzed for sand, silt, clay, organic carbon and selected metals. Sand 

percentage is the highest in the mudflat situated near the mouth (Betim) and finer sediments are higher in the lower 

(Karyabhat) and upper (Ribander) middle regions of the estuary. Organic matter associated more with finer sediment 

fractions at Karyabhat and Ribander (2.19% to 2.37%) mudflat cores as compared to Betim (0.13%). The sediments of 

Betim fall in the class I to IV, whereas sediments of two cores collected from middle estuarine region fall largely in class III. 

Sediment samples were analyzed for selected metals. Fe is highest in Ribander mudflat as compared to other cores. Cr, Co, 

Cu and Pb distribution agrees largely with the pattern of Fe in all the cores. Distribution of Cu and Pb also agrees with that 

of Mn. Zn and Ni follow the pattern of Co agreeing Fe distribution pattern. Concentration of Fe and Mn along with Ni, Zn, 

Cr, Pb and Cu are higher in Karyabhat. 

[Keywords.: Madflats, Metal deposition, Manovi Estuary]

Introduction 

Intertidal mudflats are prominent sub- 

environments found on the fringe of estuaries and  

in low relief sheltered coastal environments
1
. The  

fine grained sediments of the intertidal mudflats  

(70 - 90%) are derived from terrestrial and marine 

regions
2,3

. Mudflats act as a major sink for trace 

metals
4
, Metals which are discharged into aquatic 

environments from various sources may admix or 

interact with fine suspended sediments and are 

subsequently removed from the water column thus 

facilitating deposition in the inter-tidal regions 

leading to trapping of contaminants into the estuaries
5
. 

Estuarine mudflats are potential sites for deposition of 

organic matter derived from terriginous, marine, 

atmospheric and anthropogenic sources and are 

mainly associated with fine grained particles which 

get trapped in this environment thus acting as trap for 

trace elements
6-12

. Deloffre et al., (2005)
13 

stated that 

hydrodynamics control the fluvial sediment dynamics 

on an intertidal mudflat. Further, chemical processes 

such as oxidation-reduction, precipitation, dissolution, 

adsorption and also microbial processes regulate the 

cycling of elements in mudflats. Present study 

consists the distribution and concentration of metals 

in mudflats and the factors influencing their 

distribution.  
 

Material and Methods 

The Mandovi River is about 70 km long and 

originates from the Parwa Ghats, a section of Western 

Ghats in Karnataka state. It is a drowned river valley 

type estuary
14

 with spring tide range of 2 to 2.4 m, 

while neap tide is 0.3 to 0.5 m. Inter-tidal flats are 

present in the lower and middle portion of Mandovi 

estuary. Sediment cores of 20 cm each were collected 

at 3 locations covering lower and middle regions of 

the Mandovi estuary. Sampling was carried out using 

PVC coring tube during low tide in August 2008 

representing monsoon season. One core was collected 

towards the mouth of the estuary at station Betim 

representing lower estuary and two cores were 

collected from different parts of the middle estuary at 

station Karyabhat and Ribander (Fig. 1). Among the 

three locations, Betim and Ribander were from 

mudflats of main river channel whereas station 

Karyabhat is located in the sub channel of Mandovi 

estuary. All the sediment cores were sub sampled at  
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2 cm interval using plastic sterile knife and was kept 

in zip lock plastic bags and transferred to lab in ice 

box. The samples were stored in a deep freezer  

at 20°C. Before the analysis they were thawed, dried 

at 50-60°C in an oven and part of the sediment was 

disaggregated in an agate mortar. This part was used 

for total metal analysis and organic carbon. Other part 

of the sediment was used for granulometric analysis 

to obtain sand, silt and clay components. All sample 

containers and laboratory glass wares were  

pre-cleaned with detergent, soaked in HNO3 (10%) 

for 24 h and rinsed with deionised distilled water 

before use. Acids and standard solutions used for the 

digestion and analyses were of supra-pure grade. 

Total organic carbon: Organic carbon was 

determined using the standard method
15

 in which  

an aliquot of dried sediment (0.5 g) was treated with 

(10 ml) dichromate solution and 20 ml of acid mixture 

(silver sulphate dissolved in sulphuric acid). The 

mixture was then allowed to stand for 30 minutes. 

This was then followed by addition of a mixture of 

H3PO4 and NaF, and excess dichromate was then back 

titrated with standard ammonium solution using 

Diphenyl as an indicator. Dextrose was taken as 

standard for the determination of organic carbon.  

Sediment component analysis was carried out using 

pipette method 
16

, in which sand, silt and clay 

percentage in sediments was estimated by wet 

sieving. Before the analysis sediment was treated with 

sodium hexametaphosphate to remove carbonates and 

hydrogen peroxide to remove of organic matter from 

the sediment.  

For metal analysis a small portion (0.2gm) of finely 

ground sediment sample was digested with HNO3–

HF-HClO4 (7:3:1) on hot plate at 150 
o
C in Teflon 

beakers. The above solution after drying was mixed 

with 5 ml of the same acid mixture and dried on hot 

plate for 1 hr then 2 ml of concentrated HCl was 

added again and was completely dried. After 

complete digestion of sediment sample the residue 

was dissolved in 10 ml of 1:1 HNO3. Thereafter, the 

contents from Teflon beakers were transferred  

into acid washed polypropylene volumetric flasks  

and solution was made up to 50 ml with millique  

(18 ohm’s) water. Metals were determined on Varian 

AAS model AA240FS.  

 

Results and Discussion 
 

Sediment component distribution: 

The abundance and distribution of sediment 

components namely sand, silt and clay together with 

total organic carbon of the three cores are described 

below separately. In the core collected at Betim, 

which is from the lower estuary, sediment largely 

consists of a higher percentage of sand (avg. 88.29%). 

The data obtained shows a range of 71.02% - 94.28% 

sand, 0.17% - 26.26% (avg. 7.97%) silt, and 2.44% - 

8.16% (avg. 3.52%) clay. Sand percentage from 

bottom to surface remains almost constant except 

prominent decreasing peaks at 16 cm and 8 cm  

(Fig. 2a). Distribution of silt compensates the 

variations of sand throughout the length of the core. 

Clay shows increased peak at 18 cm, further towards 

 
 

Fig. 1—Map showing the core locations along Mandovi estuary 
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the surface it maintains almost constant trend but for 

relatively higher values at 10 cm, 8 cm and 4 cm. 

Organic carbon percentage values are low and ranges 

from 0.02% to 0.3% (avg. 0.13%). Relatively higher 

values are seen between 10 cm and 8 cm. Increased 

peak of organic carbon at 8 cm coincides with 

increased peak of silt, decreased peak of sand and 

increased values of clay. Further, in the upper part of 

the core, organic carbon values decrease along with 

sand. The low organic carbon values obtained might be 

due to the result of marine sedimentation and mixing 

processes at the sediment water interface where the rate 

of delivery as well as rates of degradation by 

microbial-mediated processes can be high
17

.  

Second core which was collected from lower 

region of middle estuary at Karyabhat has, sand, silt 

and clay components in the range of 0.52% – 8.1% 

(avg. 4.01%); 46.46% – 80.67% (61.09%) and 18.2% 

– 46.76% (34.89%) respectively with a high average 

value (95.98%) of finer sediments (silt and clay). 

Sand profile shows an alternate decrease and increase 

throughout the core with minimum at 16 cm and 

maximum value at a depth of 6 cm (Fig. 3a). Silt and 

clay distribution compensates with each other. Sand 

and clay show a similar trend from 20 cm to 16 cm 

and 12 cm to surface. Organic carbon varies from 

1.55% to 2.57% (avg. 2.19%) at depth 18 cm and  

12 cm respectively. Distribution of organic carbon 

largely agrees with that of silt between 18 cm and  

10 cm. Finer sediments are associated with organic 

carbon in this core. Organic carbon is generally 

dependent on sediment grain size distribution and thus 

gets enriched in finer fractions of estuarine 

sediments
18,19

 as C-org /surface is higher for finer 

sediments than coarser fractions like sand particles 
20, 21

. 

However, the balance between accumulation and 

degradation rate of organic matter is probably the key 

factor which controls concentration of organic matter 

in sediments and anoxic decomposition of organic 

matter is intrinsically slower than oxic decomposition
22

. 

Further though generally organic matter is associated 

 
 

Fig. 2a) — Down core variation of sediment components (sand, 

silt, clay and organic carbon) in Betim mudflat. 

 
 

Fig. 2b) — Down core variation of metals (Fe, Mn, Cr, Cu, Co, Zn, Ni, Pb, Al) in mudflat sediment. 
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with the finer sediments association of organic matter 

with the size of sediments depends on the type of 

organic material and the source
23

. 

Core collected at Ribander, which is towards the 

upstream side of the middle estuary, shows a range  

of 4.76% - 37.35% (avg. 15.90%) sand, 36.09% - 

55.76% (avg. 48.42%) silt and 26.56% - 46.4%  

(avg. 35.67%) clay. Sand shows an increasing trend 

from bottom to 12 cm and then decreases up to 4 cm. 

Distribution trend of silt and clay is largely opposite 

to that of sand with decreasing values up to 12 cm and 

then increase up to 4 cm in case of clay and 6 cm for 

silt (Fig. 4a). Organic carbon ranges from 1.72%  

(12 cm) to 2.75% (4 cm) with an average value of 

2.37%. Distribution pattern of organic carbon largely 

agrees with finer fractions namely clay and silt except 

between 18 cm and 16 cm. Percentage of organic 

matter is very high in this core and is attributed to 

large amount of land runoff due to increase in rainfall 

during monsoon
24

. Sorption behaviour is known to 

differ according to the origin and composition of the 

organic material
25, 26

. 

When the sediment components of the three cores 

are compared, it is seen that percentage of coarser 

fraction is high at Betim which is collected from the 

lower estuary, as compared to the other two cores. 

Higher hydrodynamic condition near the mouth of the 

estuary must be facilitating the deposition of coarser 

sediment fraction carrying away finer sediment 

components towards the middle region of the estuary. 

Organic matter is comparatively lesser in Betim. 

Further, when the two cores of middle estuary are 

compared it is observed that in Karyabhat the 

concentration of finer sediments is higher than 

Ribander, whereas organic carbon percentage is 

 
 

Fig. 3a) — Down core variation of sediment components (sand, 

silt, clay and organic carbon) in Karyabhat mudflat. 

 
 

Fig. 3b) — Down core variation of metals (Fe, Mn, Cr, Cu, Co, Zn, Ni, Pb, Al) in mudflat sediment. 
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slightly higher in Ribander. As stated earlier 

Karyabhat core was collected from sub-channel of 

Mandovi estuary, which must be facilitating 

deposition of finer sediments. 

To understand the hydrodynamic conditions in 

which the sediments have been deposited the data of 

three cores were plotted (Fig. 5) on a Ternary diagram 

proposed by Pejrup
27

. The hydrodynamics are 

distinguished in the diagram into four sections labeled 

as I to IV. Section I indicates very calm 

hydrodynamic condition and section II to IV indicate 

increasingly violent hydrodynamic conditions. 

Further, sections A to D provides environment with 

respect to size of the sediments. In Betim, 3 out of 9 

points fall in Division IV (B) indicating their 

deposition in extreme violent condition, retaining 

comparatively higher percentage of sand whereas 

remaining six points fall between I to III (A) 

facilitating sediment deposition in relatively calmer 

environment. Overall at this station coarser sediment 

has deposited in a large range of hydrodynamic 

conditions. Sediments collected from two locations of 

middle estuarine region, when plotted on Ternary 

diagram fall in Division III which indicates  that these  

locations provide less violent condition for deposition. 

Between the two locations, sediments of Karyabhat 

fall in D and that of Ribander fall in C and D (Fig.5b). 

This indicates that station Karyabhat facilitates 

deposition of uniformly finer sediments.  

Mandovi Estuary mainly experiences violent 

hydrodynamic conditions i.e. high energy turbulent 

conditions towards the mouth and therefore finer 

grains do not settle instead they are carried away and get 

settled in low energy conditions
28

. Further, in general 

estuary maintains relatively strong hydrodynamic 

 
 

Fig. 4a) — Down core variation of sediment components (sand, 

silt, clay and organic carbon) in Ribander mudflat. 

 
 

Fig. 4b) — Down core variation of metals (Fe, Mn, Cr, Cu, Co, Zn, Ni, Pb, Al) in mudflat sediment. 
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conditions during monsoon and as a result more 

percentage of sand is retained in both upper as well as 

lower estuarine region. Due to this higher percentage 

of sand is seen at Betim.  
 

Trace elements 
 

Betim  

In the core collected from lower estuary (Betim), 

the Fe concentration varies from 1.39% to 1.72% 

(avg. 1.53%). Iron in the upper portion is higher than 

average compared to lower portion. Increase is 

specially seen between 14 cm and 6 cm, while in the 

lower end from 18 cm to 14 cm and also upper end 

from 6 cm to 2 cm Fe shows a decreasing trend. Mn 

concentration ranges from 260 ppm to 349 ppm with 

(avg. 296 ppm). Largely Mn shows a decreasing trend 

from bottom up to 6 cm and increase towards surface 

from 6 cm. Mn enrichment seen in younger sediments 

may be due to reprecipiation of Mn in the form of 

insoluble oxy hydroxides. The vertical distribution of 

some metals such as Fe and Mn can be affected upon 

deposition by diagenetic processes that solubilize the 

elements in the anoxic portions of the core and 

redeposit them in the upper oxic layers
29

. Fe and Mn 

distribution shows opposite trend in the upper portion, 

but shows similar distribution pattern in lower portion 

of the core (18 cm to 14 cm) which indicate the strong 

association of these elements in the lower portion. 

Abu-Hilal and Badran (1990)
30

; Nohara and Yokota 

(1978)
31

; El-Sayed (1982)
32 

have reported that the 

distribution of Fe and Mn is controlled by different 

factors including hydrodynamics, churning and 

dredging.  

The concentration of Cr, Cu, Co, Zn, Ni, Pb and Al 

in this core ranges from 37 - 55 ppm, 112 - 117 ppm, 

7 - 13 ppm, 32 - 39 ppm, 21- 23 ppm, 37 - 103 ppm, 

0.52 - 0.74%. Trace element distribution is presented 

in (Fig. 2b). Cr shows a decreasing trend from 18 cm -

14 cm depth followed by an increasing trend up to  

6 cm depth and towards surface its concentration 

decreases. Cu shows decreasing trend from bottom up 

to 10 cm which then increases up to 6 cm, from here it 

decreases towards the surface. Co, Ni and Zn 

experiences an increase from bottom up to 6 cm depth 

from where towards surface they show decreasing 

trend. Pb shows a decreasing trend from bottom to 6 

cm and further shows increasing trend towards the 

surface. This reveals that increase of Pb flux in 

surface sediments is probably due to increased 

vehicular traffic or may be due to increased 

anthropogenic and industrial discharges into coastal 

environments in the recent years. Al largely follows 

trend of Cr showing decreasing values from bottom to 

14 cm and increasing up to 6 cm and further shows 

decreasing trend towards surface. 

From the above observations it can be stated that 

Cr, Co, Ni, Zn along with Al show an increasing trend 

between 14 cm and 6 cm, from here towards the 

surface concentration of all these elements decreases. 

Between 18 cm and 14 cm however, these elements 

can be grouped into two. Co, Zn and Ni show an 

increasing trend while Cr and Al decreasing trend. Cu 

agrees largely with Cr but except for its decrease 

between 14 cm – 10 cm. Pb shows largely opposite 

 
 

Fig. 5 — Traingular diagram for classification of hydrodynamic 

conditions of (a) Betim (b) Karyabhat (c) Ribander. (after Pejrup, 

1988) 
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trend i.e. it decreases from bottom up to 6 cm and 

shows increasing trend towards the surface indicating 

its increase in concentration in recent years. 

Distribution pattern of Cr and Cu can be largely 

compared to that of Fe indicating co precipitation of 

these elements. Also distribution pattern of Co, Ni 

and Zn between 14 cm and 6 cm is similar to that of 

Fe distribution. Distribution pattern of Pb largely 

agrees with distribution pattern of Mn through out the 

length of the core. Pb distribution together with Mn 

pattern may be attributed to local redox conditions, 

which allows Pb to co precipitate with Mn during Mn 

oxide formation
33,34

. This indicates that Fe and Mn 

oxides play a major role in the distribution and 

concentration of trace metals at this location.  

In the core collected from lower middle estuarine 

region (Karyabhat), Fe varies from 6.15% to 7.24% at 

depths 6 cm and 18 cm respectively. Fe shows a 

decreasing trend from bottom 18 cm up to 6 cm 

followed by a slight increase towards surface. Mn 

concentration ranges from 2214 ppm to 2824 ppm 

with avg. 2567 ppm. Mn shows a decreasing trend 

from depth 18 cm up to 14 cm followed by an 

increase up to 10 cm and there after decreases up till 

surface. Fe and Mn show similar pattern of 

distribution except from depth 14 cm to 10 cm and 6 

cm to surface (Fig. 3b). The concentrations of Cr, Cu, 

Co, Zn, Ni, Pb and Al ranges from 89 - 99 ppm, 137 - 

158 ppm, 28 - 31 ppm, 83 - 89 ppm, 68 - 73 ppm, 70 - 

81 ppm, 1.67 - 1.85% respectively. Cr shows an 

increasing trend from 18 cm to 14 cm, followed by a 

decrease from 14 cm to 6 cm and further shows an 

increasing trend towards the surface. Cu shows an 

opposite trend to that of the distribution pattern of Cr 

showing an increasing trend from depth 14 cm to  

6 cm and with decreasing trend between 18 cm and  

14 cm in the lower portion of core and towards 

surface from 6 cm. Co shows a decreasing trend from 

depth 18 cm to 6 cm before showing slight increasing 

trend towards surface. Zn, Ni along with Al largely 

follows trend of Cr showing an increase from bottom 

to 14 cm followed by a decrease between 14 cm and  

6 cm from where they show an increasing trend towards 

surface. Pb shows alternate decrease and increase 

through out the length of the core with decrease  

in values from depth 18 cm to 14 cm and depth 10 cm to 

6 cm whereas, increase is seen from depth 14 cm to  

10 cm and towards the surface from 6 cm. 

From the above observations Co largely agrees 

with the distribution pattern of Cr, Zn, Ni and Al from 

depth 14 cm to 6 cm showing a decreasing trend and 

increase from 6 cm to surface. The distribution pattern 

of Cu, Co and Pb largely agrees in lower portion of 

core wherein their concentration decreases from  

18 cm to 14 cm, whereas increase is observed from 6 cm 

up to surface in both Co and Pb except for Cu where 

decrease is noted. Between 14 cm and 10 cm Cr, Co, 

Ni, Zn and Al all show decreasing trend whereas Pb 

and Cu show increasing trend. Co agrees with the 

distribution pattern of Fe throughout the length of the 

core. Also Ni, Zn, Cr show a similar pattern to that of 

Fe between 14 cm and 6 cm and increase towards 

surface from 6 cm. Trace metal co- precipitation with 

Fe oxides may be related to pore water movement 

during reduction and re adsorption in the oxic zone
34

. 

Cu agree with the distribution pattern of Fe between 

18 cm and 14 cm and Pb agrees with Fe from 18 cm 

to 14 cm and also between 10 cm and 6 cm. 

Distribution pattern of Pb largely agrees with Mn 

profile from depth 18 cm to 6 cm. Cu and Mn also 

maintains a similar profile from depth 18 cm up to  

10 cm and 6 cm to surface. Ni, Zn, Co, Cr, Pb show  

a similar distribution pattern to that of Fe and Mn 

showing a decrease from depth 10 cm to 6 cm 

indicating the role of Fe-Mn oxides in the 

concentration of these metals. Pb, Ni, Zn, Co and Cr 

show increased concentration towards the surface 

which indicates that they are mobilized and partially 

readsorbed on to Fe oxy hydroxides in oxic sediment 

layer. This strongly supports that the diagenetic 

processes influence the modification of sediments 

thus facilitating distribution of trace metals in 

sediments. 

In the core collected from upper middle estuary 

(Ribander) Fe concentration ranges from 7.47% to 

8.33% with avg. 7.87%. Increase in Fe content is 

observed between 22 cm to 18 cm and from depth  

10 cm up to surface and a decrease from 18 cm to  

10 cm. Mn ranges from 1752 ppm to 2792 ppm with 

avg. 2267 ppm. Largely Mn shows a decreasing trend 

between 22 cm and 10 cm and towards the surface 

from 6 cm and slight increase between 10 cm and  

6 cm (Fig. 4b). Fe and Mn show an opposite trend in 

lower portion of core i.e. from depth 22 cm to 18 cm 

and also from 6 cm to surface. However, they show 

similar distribution pattern between 18 cm and 6 cm 

with a decrease between depth 18 cm and 10 cm 

followed by an increase between 10 cm and 6 cm. The 

concentration of Cr, Cu, Co, Zn, Ni, Pb and Al ranges 

from 74 - 102 ppm, 146 - 157 ppm, 25 – 29 ppm,  



RATNAPRABHA & NAYAK: MUDFLATS IN LOWER MIDDILE ESTUARY FOR CONCENTRATION OF METALS 

 

 

379 

74 - 83 ppm, 65 - 71 ppm, 59 - 85 ppm, 1.59 - 1.83% 

respectively. Cr shows an increasing trend from depth 

22 cm up to 14 cm there after maintains a decreasing 

trend from 14 cm up to surface. Cu shows an increase 

between depth 22 cm and 18 cm followed by a 

decrease up to 10 cm before showing an increasing 

trend towards surface. Co experiences a decreasing 

trend from bottom up to depth 10 cm further shows an 

increase from 10 cm to 6 cm and decrease from 6 cm 

up till surface. Largely Zn shows increase in the lower 

portion of core i.e. from 22 cm to 14 cm and also 

from 10 cm to 6 cm whereas it shows decreasing 

trend in the middle portion of core i.e. from 14 cm to 

10 cm and also towards surface from 6 cm. In case of 

Ni decrease is seen between 18 cm and 10 cm and 

towards surface from 6 cm. Between 22 cm and  

18 cm and also 10 cm and 6 cm it shows increasing 

trend. Pb shows an increase from bottom up to 18 cm 

and from 14 cm and 10 cm and decrease between  

18 cm and 14 cm and from 10 cm up to surface. In 

case of Al distribution pattern largely shows an 

alternate increase (22 cm - 18 cm and 10 cm – 6 cm) 

and decrease (18 cm - 14 cm and 6 cm - surface) with  

a constant trend in the middle portion of the core  

(14 cm – 10 cm). 

From the above observations it is noted that Pb and 

Cu show a similar profile between depth 22 cm and 

14 cm followed by an opposite trend up to surface. Cu 

and Ni show a similar trend from bottom to 6 cm 

(Fig.4b). Zn and Co maintains a similar profile from 

14 cm to surface but from bottom to 14 cm an 

opposite trend is observed. Al and Ni largely show 

similar distribution except in the middle portion of 

core i.e. from 14 cm to 6 cm where Al maintains a 

constant trend and Ni shows a slight decrease. Cu 

agrees with Co, Ni and Al from depth 18 cm to 6 cm 

except for Al which shows constant trend between  

14 cm and 10 cm. Pb and Cr experiences similar 

distribution pattern between 10 cm and surface and 

from bottom up to 18 cm. However, between 18 cm 

and 14 cm Pb decreases and Cr increases and between 

14 cm and 10 cm Pb shows an increase where as 

decrease is noted in case of Cr. Co and Ni shows a 

similar profile except from bottom to 18 cm. Zn and 

Cr experiences similar distribution pattern from depth 

22 cm up to 10 cm and in surface beyond 6 cm except 

between 10 cm to 6 cm. In lower portion of the core 

similar distribution pattern i.e. increase from bottom 

to 18 cm followed by an decrease i.e. from 18 cm to 

14 cm is mainly observed in Al, Pb, Ni and Cu out of 

which Al and Ni together with Co and Zn show a 

similar distribution pattern beyond 10 cm up to 

surface. In top portion of the core i.e. from 6 cm up to 

surface similar pattern of metal distribution is 

observed in case of Cr, Co, Zn, Ni, Pb and Al. Cu 

largely agrees with the distribution pattern of Fe from 

bottom up to the surface. Ni shows a similar 

distribution pattern to that of Fe between 22 cm and  

6 cm but beyond 6 cm it reflects the pattern of Mn 

with a decrease. Al and Pb reflects the pattern of Fe 

between 22 cm and 14 cm with increase seen between 

22 cm and 18 cm followed by decrease up to 14 cm. 

Co largely agrees with distribution profile of Mn 

throughout the length of the core it also reflects the Fe 

distribution pattern (14 cm – 6 cm) together with Mn 

distribution pattern. Al and Zn agree with Fe 

distribution pattern between 10 cm - 6 cm and incase 

of Zn similarity in pattern is also seen between 22 cm- 

18 cm. Cr agrees with Fe in lower portion of core i.e. 

between 22 cm and 18 cm and 14 cm and 6 cm 

followed by an decrease towards surface which agrees 

with Mn distribution pattern. Al also agrees with Mn 

distribution pattern between 18 cm and 14 cm where 

decrease is observed followed by an increase between 

10 cm and 6 cm and showing decrease towards 

surface. Ni shows a similar distribution pattern to that 

of Mn from 18 cm onwards up to surface, except in 

lower portion of core between 22 cm-18cm where it 

agrees with Fe, whereas Zn agrees with Mn profile 

between 14 cm till surface. Cr and Cu shows similar 

distribution pattern to that of Mn between 14 cm –  

10 cm and beyond surface and between 18 cm – 6 cm 

respectively. In top portion of core largely all metals 

except Cu show a decrease in surface reflecting the 

distribution pattern of Mn whereas in lower portion of 

core largely elements except Co agree with Fe 

between 22 cm and 18 cm. Hence Fe and Mn may 

partly control the vertical profile of trace metals in 

this core. 

 

Correlation coefficient: 

Pearson’s correlation coefficient is used to 

determine interrelation among several parameters 

existing in sediments with r = ± 0.9 with p = 0.1 and 

0.05 depending on correlation. In the core collected 

from lower estuary (Betim), show significant positive 

correlation between organic matter and metals such as 

Fe, Ni, Zn, Co and Al (p < 0.05) and significant 

negative correlation with Mn (Table 1a). Positive 

correlation of organic matter with the metals infer that 
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organic matter present in sediments provides active 

sites for sorption of these metals as it has a high 

complexation ability with trace metals in marine 

environment
35,36

. Further, it is well established that 

organic matter is important factor in the distribution 

and concentration of trace metals
37

. Clay shows a 

significant positive correlation with Mn (r = 0.87) 

whereas it shows negative correlation (r = -0.93) with 

Co (Table 1a). Ni shows a good correlation with 

coarser fractions (r = 0.73) of the sediment. Pb shows 

a good correlation with silt fractions (r = 0.70). Fe 

shows significant correlation with Al (r = 0.99) 

indicating that they are from same namely terrigenous 

source. Fe also shows positive correlation with Co  

(r = 0.67) and Zn (r = 0.69) which reveals Fe - oxides 

plays a role in concentration of these trace metals in 

the sediments. 

In Karyabhat silt shows good correlation with 

organic carbon (r = 0.80) as well as with Cr (r = 0.74) 

and Zn (r = 0.72). Clay shows a negative correlation 

with organic carbon however, it shows good 

association with Mn (r = 0.83). The clay minerals are 

the main carriers of trace metals during mobilizing 

and diffusing
38

. Cr and Zn display a significant 

correlation with organic carbon (Table 1b). It is 

observed that total organic carbon did not play much 

role in metal sorption except for Cr and Zn, as there is 

little evidence to suggest the association of metals 

with organic carbon because correlation values are 

poor for Fe, Co, Ni, Al except for Zn and Cr. This 

may be due to oxygen-depleted, more protected and 

muddy sediment in which there is less conditions of 

aeration and hence no degradation of organic matter
39

. 

Further, in this condition finer sediment fractions 

Table 1a)—Pearsons correlation between different sediment components (sand, silt, clay and total organic carbon) and elements in 

sediment core (Betim) 

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

Sand (%) 1.00             

Silt (%) -0.65 1.00            

Clay (%) -0.31 -0.43 1.00           

OC (%) 0.22 -0.01 -0.48 1.00          

Fe  -0.22 0.25 -0.45 0.77 1.00         

Mn  -0.04 -0.44 0.87 -0.73 -0.83 1.00        

Cr 0.17 -0.70 0.31 0.29 0.42 -0.01 1.00       

Cu -0.22 -0.34 0.32 -0.15 0.33 0.05 0.79 1.00      

Co 0.15 0.49 -0.93 0.72 0.67 -0.96 -0.21 -0.32 1.00     

Zn 0.51 -0.36 -0.51 0.73 0.69 -0.68 0.64 0.34 0.57 1.00    

Ni 0.73 -0.32 -0.67 0.74 0.49 -0.67 0.35 -0.04 0.67 0.92 1.00   

Pb -1.00 0.70 0.26 -0.27 0.19 0.03 -0.26 0.17 -0.12 -0.55 -0.75 1.00  

Al -0.30 0.22 -0.32 0.75 0.99 -0.75 0.47 0.38 0.58 0.64 0.40 0.25 1.00 
 

Table 1b)—Pearsons correlation between different sediment components (sand, silt, clay and total organic carbon) and elements in 

sediment core (Karyabhat) 

 sand (%) Silt (%) Clay (%) OC (%) Fe Mn Cr Cu Co Zn Ni Pb Al 

sand (%) 1.00             

Silt (%) 0.35 1.00            

Clay (%) -0.53 -0.98 1.00           

OC (%) 0.27 0.80 -0.78 1.00          

Fe -0.34 0.09 -0.01 -0.47 1.00         

Mn -0.16 -0.88 0.83 -0.84 0.11 1.00        

Cr -0.22 0.74 -0.63 0.63 0.29 -0.59 1.00       

Cu 0.44 -0.27 0.15 -0.56 0.34 0.66 -0.30 1.00      

Co -0.28 0.29 -0.20 -0.25 0.96 -0.02 0.53 0.32 1.00     

Zn -0.20 0.72 -0.60 0.63 0.24 -0.55 1.00 -0.27 0.49 1.00    

Ni -0.52 0.31 -0.18 0.06 0.67 -0.10 0.81 0.03 0.82 0.81 1.00   

Pb -0.76 -0.03 0.19 -0.26 0.73 0.16 0.56 0.02 0.78 0.55 0.92 1.00  

Al -0.54 0.40 -0.24 0.03 0.80 -0.26 0.76 -0.11 0.89 0.73 0.93 0.88 1.00 
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along with redox sensitive elements (Fe and Mn) must 

have played a role in sorption of metals. Fe showed 

significant correlation with Co, Ni, Pb and Mn with 

Cu indicating the role of Fe and Mn oxides in the 

distribution of these elements. During monsoon 

higher salinity is expected to be available in the lower 

and lower middle estuary facilitating Mn adsorption, 

precipitation and finally association with clay size 

sediments.  

In Ribander clay exhibits significant correlation 

with Zn (r = 0.73) and Al (r = 0.83). Silt displays a 

significant correlation with Ni (r = 0.71) and Al 

(0.70). The elements Zn and Ni are mainly 

concentrated in the fine-grained size fraction of the 

solid phase
40,41

. Organic carbon shows significant 

correlation with Ni and Pb indicating the role of 

organic carbon in governing distribution of these 

elements in sediments. Fe shows significant 

correlation with Mn and Cu and Mn with Cr and Co, 

indicating role of Fe and Mn oxide in the distribution 

and concentration of Cu, Cr and Co. Fe and Mn 

shows a significant correlation (r = 0.80) with each 

other (Table 1c) indicating they are derived from 

similar source or have similar post depositional 

behaviour. Fe shows significant correlation with Cu  

(r = 0.78), whereas Mn displays a significant correlation 

with Co (r = 0.74), Cr (r = 0.55) and negative 

correlation with Zn (r = -0.82). This behaviour of 

negative correlation of Zn may be because of different 

sources probably from anthropogenic input
42

.  

Inter metal association between elements were 

observed in all three cores collected at different 

locations. In Betim Fe exhibits significant correlation 

with Al (p < 0.1, r = 0.99) and Zn (p < 0.05, r = 0.69). 

Despite the fact that Fe is a major element in mineral 

phase of sediments, its significant correlation with Al 

suggests that Fe is also of lithogenic origin
43

. Zn  

also shows a significant correlation (p < 0.05) with Al 

(r = 0.64) and Ni (r = 0.92). Co exhibits significant 

correlation (p < 0.05, r = 0.67) with Fe and Ni. In 

Karyabhat core Mn showed negative correlation with 

many elements (Cr, Co, Zn and Ni), suggesting that 

Mn-oxide may be only a minor host phase for these 

elements in the estuarine environments. Similar poor 

associations of Mn with trace metals in sediments 

were also noticed earlier by
44

 from Mandovi estuary. 

Mn and Cr showed negative correlation which may be 

due to influence of redox conditions of sedimentary 

environment. In pore waters, their oxidation states are 

determined by ambient redox conditions and hence 

these elements have different mobility in oxic and 

anoxic environments. Mn is enriched in oxic zone of 

sediment. In reducing environment, it gets mobilized 

to pore waters and get depleted in solid phase
45

. In 

contrast, Cr is found to be depleted in the oxic zone 

and gets enriched in reducing strata
46

. Cr exhibits a 

significant correlation with Zn (r = 1.00), Ni (r = 0.81) 

and Al (r =0.76). Inter-metal relationship revealed that 

high degree of correlation existed indicating their 

identical behaviour during transport in estuarine 

environment
47

. Co displays a significant correlation 

with Pb (r = 0.78), Fe (r = 0.96), Ni (r = 0.82) and Al 

(r = 0.89). Pb also shows significant correlation with 

Ni (r = 0.92), Fe (r = 0.73) and Al (r = 0.88). Mn 

showed a significant association with Fe (r = 0.80) in 

Ribander. Cu and Fe displays a significant correlation 

(r = 0.78, p < 0.1), whereas Mn shows negative 

correlation with Zn (r = -0.82); Pb (r = -0.27) and with 

Table 1c)—Pearsons correlation between different sediment components (sand, silt, clay and total organic carbon) and elements in 

sediment core (Ribander) 

 sand (%) silt (%) clay (%) OC (%) Fe Mn Cr Cu Co Zn Ni Pb Al 

sand (%) 1.00             

silt (%) -0.93 1.00            

clay (%) -0.84 0.57 1.00           

OC (%) -0.33 0.46 0.06 1.00          

Fe -0.35 0.48 0.07 -0.30 1.00         

Mn 0.14 0.13 -0.50 -0.17 0.80 1.00        

Cr 0.41 -0.19 -0.62 0.36 0.16 0.55 1.00       

Cu -0.37 0.39 0.25 -0.25 0.78 0.43 0.15 1.00      

Co -0.05 0.34 -0.39 0.51 0.47 0.74 0.81 0.21 1.00     

Zn -0.48 0.22 0.73 0.46 -0.54 -0.82 -0.32 -0.23 -0.35 1.00    

Ni -0.67 0.71 0.42 0.81 0.16 0.01 0.33 0.25 0.57 0.50 1.00   

Pb 0.03 0.06 -0.16 0.68 -0.40 -0.27 0.44 0.04 0.23 0.28 0.47 1.00  

Al -0.85 0.70 0.83 0.59 -0.11 -0.50 -0.27 0.12 -0.03 0.84 0.79 0.29 1.00 
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Al (r = -0.50). Al shows a significant correlation with  

Zn (r = 0.84) and Ni (r = 0.79). Significant correlation 

of Al with several elements in all three cores indicates 

that metals are dominantly associated with clay 

minerals especially aluminosilicates, probably as 

lattice-bound components
48

. Fe and Mn seem to play 

an important role in governing the distribution of 

trace elements in the mudflats. It is a known fact that 

Fe and Mn oxy hydroxides are important scavengers 

of trace metals
49

. The redox-driven cycling of Fe and 

Mn occurring at oxic-anoxic boundaries in many 

water bodies influences the cycling of other elements 

by scavenging on the surfaces of freshly formed  

Fe- and Mn-oxides
50

. The exclusive role played by 

Mn oxides in cycling of Co has been reported earlier 

by
51

. Metal enrichment occurs in organic rich silty 

 
 

Fig. 6—Isocon diagam (Grant, 1986) individual points represent average value of  sediment component and element in each core. 
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clay fractions
52,53

 which have high cation exchange 

capacities, larger surface area and surface charge
54

.  

In order to understand the difference in 

depositional processes between three locations with 

respect to facilitating metal concentration, an attempt 

is made to plot (Fig. 6) the data on the Isocon diagram 
55

. 

When the cores between lower estuary and lower 

region of the middle estuary are compared, it is seen 

that Al and clay mostly fall on the isocon line 

indicating not much variation in both cores with 

respect to these components. However, Betim core 

showed high concentration of Co, Mn, silt and sand 

indicating presence of coarser sediment fractions 

which facilitates association of Mn and Co. Whereas, 

organic carbon, Fe, Zn, Cr, Pb and Ni are more 

enriched in Karyabhat core indicating role of organic 

matter along with Fe oxide in concentration of trace 

elements. When cores collected from different parts 

of middle estuary are compared, it is observed organic 

carbon, Pb, silt, clay and sand fall close to isocon line 

indicating not much variation between the cores. 

Metals such as Mn, Cu, Fe, Ni, Zn, and Cr are 

enriched in Karyabhat core, indicating the role of Fe 

and Mn oxides in distribution of these trace elements 

in addition to finer sediments and organic matter. In 

inter-tidal flats if extent of water percolation is limited 

it creates anoxic zone where in sulphate reduction is 

dominant as a result metal ions get precipitated
45

. This 

process may account for higher metal concentration in 

Karyabhat as it is from sub channel of Mandovi 

estuary. Al and Co is high in Ribander core. Lastly 

when comparison is made between Ribander and 

Betim it is seen that Al, clay, Pb, silt fall close to 

isocon line indicating no variation observed between 

the cores. Sand, Co, Cu and Mn are more pronounced 

in Betim core indicating that in the presence of 

coarser sediments role of Mn in distribution of Co and 

Cu, whereas organic carbon, Zn, Cr, Fe and Al are 

more enriched in Ribander core indicating the role of 

organic matter and clay together with Fe oxides in 

metal distribution. It is clear from the present study 

that among all three cores, Karyabhat provides 

favourable location for deposition of trace metals as 

compared to other two locations. Fe and Al displays a 

good correlation with each other in Betim and 

Karyabhat cores which suggests that iron is associated 

with aluminium in aluminosilicate phases 
56

. The 

positive correlation of trace metals and Al is related to 

the abundance of clay
57

 minerals and role of the clay 

minerals in the distribution of metals. 

Conclusion 

Sediment cores of 20 cm length collected from 

three mudflats, near the mouth, lower middle and 

upper middle regions representing monsoon season 

from Mandovi Estuary revealed that sand percentage 

is the highest in the mudflat situated near the mouth 

(Betim) and finer sediments are higher in the lower 

(Karyabhat) and upper (Ribander) middle regions of 

the estuary indicating changes in energy conditions 

and progressive sorting of sediments by tidal currents 

along the estuary. Selected metals studied with space 

and depth in Mandovi estuary indicated that trace 

metal distribution and concentration is regulated by 

presence of finer sediments, organic matter and Fe 

and Mn oxides. Further, among the three locations 

trace metal concentrations is found to be higher in 

Karyabhat core which was collected from lower 

middle estuarine region and from sub channel of 

Mandovi estuary. The study reveals that this location 

as a favorable region for concentration of metals.  
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