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Abstract: Two shallow cores (Core GN and GH) collccted from two tidal mudflats in the 
Aghanashini or Tadri River Estuary were analyzed for sediment components viz sand, silt, clay and 
Organic Carbon (OC); geochemistry and magnetic properties to assess the variations in distribution, 
sedimentary processes and historical pollution records. The core GH is of mature mudflat consisted 
of slightly sandy mud with higher concentrations of Ca, Mg and Mn together w’ith higher silt, clay 
and OC percentage, which is likely because of more marine influences in this mudflat and by grain 
size effect whereas core GN is characterized by comparatively coarser sediments o f sandy mud o f a 
mudflat environment and shows higher concentrations of Pb and Co together with higher value of 
sand, which are likely to be caused by comparatively nearer to continental source reflecting a 
pollution origin. The unsupported :inPb activity in core GH exhibit enhanced sedimentation rates 
for last 13 years, which is likely to be a response to the human impact in the form of differential 
erosion and accelerated sedimentation in combination with relative sea level rise. The geochemical 
data indicates that both Mn and Fe have been remobilized and that these diagenetic processes have 
slightly modified the vertical distributions of Zn, Cu, Cr and Co. The magnetic data reveal evidence 
for changes in magnetic mineralogy and grain size within the cores. In both the cores, there is 
substantial decrease in total magnetic concentration and coarsening of the magnetic grain size, but 
at different depths, which is in agreement with Fe and Mn profiles, suggesting dissolution of fine 
grained magnetite under reducing conditions. However, general trends in pollutant loading, as 
indicated by F.F of Cu, Cr, Co and Fe can still be identified in Core GH with maximum inputs (EF >
1.5) occurring around 1900 increasing towards the present day. Both cores show closely similar 
traces of gradual increase of hematite and magnetite deposition with a steeper rise of hematite in the 
upper part o f the respective cores which may reflect the increased erosion of more weathered 
(magnetically harder) materials with increase in anthropogenic activities. Though, the construction 
of pollution chronology in the core GN is limited by different processes, unlike in core GH, Pb 
shows gradually increasing trend towards the surface with enrichment values above 5 which may 
signify input of higher degree of contamination upstream side of the estuary.

Keywords: mudflats; pollution; diagenetic processes; cores; Tadri Estuary.

Introduction

Sediments constitute the main component in estuarine mudflats and the study of the spatial and 
temporal distribution of sediment components, metals and sedimentation pattern would provide 
fundamental information for understanding a wide variety of environmental issues. The estuarine 
mudflats are predominantly areas of deposition and important reservoirs for contaminants as they 
tend to act as sink for fine, contaminant-reactive sediments, and historically, have acted as centers
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for industrial and urban development. Industrial and urban expansion around estuaries has •  
commonly led to an increased input o f heavy metals, a fraction o f which sorb on to fine-grained 
suspended material and arc subsequently deposited and buried in sub and intertidal mudflats. So, 
analysis o f  corcs o f  undisturbed sediment from their sub environments may allow reconstructing 
recent and historical inputs of metal contaminants. Records o f environmental change are often 
preserved in sediment from subtidal and intertidal mudflats and salt marshes. A study o f these 
sediments allows an assessment to be made o f the scale o f pollutant inputs from past industrial and 
urban development [1, 2, 3]. However, establishing a reliable chronology depends upon whether or 
not there has been significant early diagenetic remobilization o f either the contaminants or the 
radionuclides used for dating. In Indian context, there is still paucity o f  information about these 
highly sensitive and important areas o f interface between land and sea. As witnessed from available 
literature, less works has been carried out in the estuarine tidal mudflats especially along west coast 
o f India. However, mudflats are coming under increasing stress from human activity and the global 
climate change. There is increasing concern over the effects o f anthropogenic inputs with the 
increase in population and associated rapid industrialization in and around the coast o f  India. In 
summary, the estuarine mudflats are very sensitive to both manmade as well as natural 
environmental changes and preserve the characteristic changes that can be studied through 
sediments deposited with time. Through the present study, an attempt has been made to understand 
the processes affecting the distribution o f sediment components and the abundance o f heavy metals, 
which will reflect the environmental status o f  rcccnt past.

Study area

The Aghanashini or Tadri F.stuary in Karnataka, is one o f the estuaries along the West Coast of 
India (Fig. l).The Aghanashini or Tadri is about 121km long and falls in to the Arabian Sea about 
10 km south o f the Gangavali River.
It has two sources, the Bakurhole 
rising in a pond at Manjuguni about 
25 km west o f Sirsi and the 
Donihalla whose source is close to 
Sirsi. At Uppnapattana, the 
Donihalla meets the tide. Further the 
remaining portion o f the river (24 
km) downstream is navigable to craft
o f four to nine tones is known as 
either the Tadri or as the 
Aghanashini River. The outlet to the 
sea is between two hills. The area is 
characterized by high humidity, 
nearly all the year round in the
coastal strip and in the Western Ghats region, while in the area to the east o f the Ghats, the climate
is drier, except in the south west monsoon season. The average annual rainfall is 3500 mm.
Geologically, the area consists o f rock formation o f Archcan complex which are divided into an 
older group o f Dharwar system and a younger group termed as Peninsular Gneisses. Both the 
Dharwar and the Peninsular Gneisses are frequently overlain by a capping o f latcrite which is the 
source o f  iron and manganese ores.
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% Methodology

Two shallow cores (< lm), one (Core GN) from interior of the estuary and other (Core GH) 
relatively nearer to the mouth, were collected from two tidal mudflats in the Aghanashini or Tadri 
River Estuary (Fig. 1) using hand driven PVC coring tube. Cores were then sub-sampled with 2 cm 
interval with a plastic spatula to avoid the metal contamination, which were then transferred to 
cleaned polyethylene bag and stored in iccbox till it reached the laboratory. On return to the 
laboratory sediments were dried at 60 degree overnight and kept ready for analysis. Sand, silt and 
clay analysis was carried out by wet sieving and pipette method following Folk [4], Organic carbon 
estimation was carried out by wet oxidation methods of Gaudettc et al. [5] in which exothermic 
heating and oxidation with K^CnO? and concentrated HiSO-i arc followed by titration of excess 
dichromatc with 0.5 N Fe (NH4) 2(S04) 2.6H;0. Sediment samples for major and trace metal 
analysis were digested by using hydrofluoric -  perchloric -  nitric acid mixtures in Teflon beakers. 
Complete digestion was ensured repeating the digestion steps until the clear solutions were 
obtained. The resulted solutions were analyzed for Al, K, Ca, Mg, Fe, Mn, Zn, Cu, Cr and Co by 
Atomic Absorption Spectrophotometer (GBC 932 AA). Precision was monitored by analyzing 
triplicate samples for some selected samples and was generally < 6 % standard deviation (%SD) for 
major and trace elements. Accuracy o f the method was determined by comparing with reported 
values of certified standard (GSJ-JSd-1) and was ±3% for Zn; ±6% for Fe and ±10 %for Mn, Al, 
Ca, Mg and K, and ±15 % for Cu and Pb of the working values quoted. X -  ray diffraction studies 
were carried out on a Philips X -  ray diffractometer. Relative percentages of different clay minerals 
were estimated by weighing the integrated peak areas of basal reflections in the glycolated X-ray 
diffractograms. following the semi quantitative method of Biscaye [6]. The samples of Cores MS, 
MR and ZA were subjected to ' l0Pb dating by Alpha Spectrometer to estimate sediment 
accumulation rate. The " °Pb w'as measured via its daughter nuclide J ,Po, using the standard 
radiochemical procedure of Flynn (1968). Magnetic susceptibility analysis was performed on bulk 
samples using Bartington MS2 magnetic susceptibility meter and KLY -  2 Kappabridge (Agico). 
Anhysterctic remanent magnetization (ARM) with peak alternating field of 100 mT and decreasing 
amplitude was imposed on a steady field of O.lmT, and the remanence was measured with a 
Molspin spinner pulse magnetometer. Isothermal remanent magnetization (1RM) was measured 
using a Molspin spinner pulse magnetometer after each step in a sequence of reverse field DC 
demagnetization stages at -20 mT, -30 mT, -40 mT, -100 mT, -200 mT and -300 mT. The IRM 
acquired at 2T is referred to as the saturation isothermal remanent magnetization (SIRM). The 
results were then used to calculate mass-specific magnetic parameters and inter-parameter ratios. To 
quantify the absolute concentration of high coercivity components ‘Hard’ IRM (=SIRM+ IRM. 
3oomr) and ‘Soft’ IRM (= SIRM -  IRMjomi) parameters [7] and S-ratio (=IRMooomT/ SIRM) [8] 
were evaluated. Isocon diagram of Grant [9] has been used to show how concentrations are varying 
between the different cores. To evaluate anthropogenic influences of heavy metals in sediments, 
enrichment factor (EF) was used as an index, which is the observed metal to aluminum ratio in the 
sample of interest divided by the background metal/aluminum ratio. It is expressed mathematically 
as
EF = (Me/Al)sample / (Me/Al)Background
Where (M e/Al)sampic is the metal to Al ratio<ki the samples of interest, (M e/A l)Backgr(»und is the natural 
background value of metal to A l ratio [10].
The geochemical data of the Post Archcan Average Shale (PAAS) given by Turekian and 
Weedchpohl [ 11 ]was used as the background.
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Results and discussion

Sediment components (sand, silt, clay and organic carbon)

In core GH, the sand, silt and clay data obtained show a range o f 3.04 - 19.92%; 28.20 - 57.19% 
and 29.68 - 60.32% respectively and the sediment is muddy with an average value of 89.28% of silt 
and clay out of which clay (avg.47.32%) is dominated to silt (avg. 41.96%). The sand profile (Fig. 
2A) shows an increasing trend from the base o f the core up to 52 cm depth with a plateau at 60 to 
66 cm and then a gradually decreasing trend towards the surface. Silt shows nearly constant trend 
with some ups and downs whereas clay shows an opposite distribution lo sand with a decreasing 
trend from base to 52 cm depth from where it increases till the surface o f the core. So the core can 
be divided into two distinct zones marked by variations of sand and clay as lower 66 -  52 cm where 
the decrease in clay is compensated by the increase in sand and an upper 52 -  0 cm zone where sand 
decreases in the expense of clay. Organic carbon value ranges from 1.26 to 4.92% with an average 
value o f 3.08%. The profile of organic carbon also shows two distinct zones with a nearly constant 
trend in the lower 66 -  52 cm portion then it suddenly increases up to 50 cm and then shows 
decreasing trend in the upper 50 -  0 cm portion. The organic carbon profile agrees with the sand 
profile exccpt at top 8 cm where it agrees with clay.
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Fig.2. Down core variation o f sediment components: A -  core GH, B -  core GN.

In core GN, the data show a range of 9.00 to 67.38% sand, 11.95 to 45.50% silt and 17.40 to 
54.13% clay and the clay is the dominating component with an average value of 38.24% followed 
by sand and silt with average values of 32 .15% and 27.71% respectively. Sand and silt profiles (Fig. 
2B) with depth show an opposite distribution with three distinct portions, while clay shows a nearly 
decreasing trend with depth. In the bottom 92 64 cm portion sand decreases which is compensated 
by increase in silt. In the middle 64 - 26 cm portion, sand decreases in the expense of silt while the 
increase in sand is compensated by the decrease in clay in the top 26 0 cm portion. The organic
carbon value ranges from a minimum of 0.25% to a maximum of 4.47% with an average value of 
1.68%. The organic carbon profile shows a nearly constant trend o f relatively high values from the 
base of the core to 74 cm from where values suddenly decrease up to 66 cm depth and then 
maintains a gradually increasing trend towards the surface. The distribution o f organic carbon 
largely agrees with clay in the upper portion.
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The organic carbon content in core GH shows good correlation with sand (r =  0.50) and silt (r 
0 .53 1 but very poor association with clay (r = - 0.73). So, individually distribution o f organic carbon 
:> controlled by sand and silt. In core GN, organic carbon content showed no association with any 
o f  the sediment fraction (0.01, sand; - 0.05, silt and -0.37, clay). The gradual increase in organic 
carbon towards the surface can be seen in the upper portion of the core GN and to some extent in 
the top most portion o f core GH, which are generally attributed to degradation, and such profiles are 
frequently observed in sandy marine sediments. Although some degradation o f organic matter must 
be occurring in the sediments, the dominant control on organic matter content in core GH seems to 
be due to the proportion o f sand- silt particles.

Further, the changes in sediment characters within the cores are analyzed by plotting the sediment 
data in ternary diagram proposed by Reineck and Siefert [12]. According to this diagram (Fig. 3A), 
core GH falls in mature mudflat class throughout the core while core GN changes from mudflat to 
mixedflat and from mixedflat to mudflat with time.

Fig. 3. Ternary diagrams for the textural classification o f sediments on the basis o f  sand/mud ratios. 
A; after Reineck and Siefert (1980). B; Flemming (2000).

Similarly, variation in grain size characters is also witnessed when the data is plotted in ternary 
diagram (Fig. 3B) o f  Flemming [13]. It is found that sediments o f  core GH have undergone change 
from slightly sandy mud to mud with time while 
in core GN sediments are graded from sandy 
mud to slightly sandy mud again from slightly 
sandy mud to sandy mud with time. Therefore, it 
is clear that core GN show's high variations in 
sediment characters with repetitions o f classes in 
between while core GH is showing gradually 
fining o f sediments with time. Further an attempt 
has been made to infer the hydrodynamic 
condition o f the depositional environment by 
using the ternary diagram (Fig. 3C) developed by 
Pejrup [14]. In the present study, the components 
plotted for core GH, largely fall in group II (B 
and C), which represents a relatively quiet 
hydrodynamic condition. On the other hand, core
GN falls under group II (C and D) and III (C and D), which represents the relatively violent 
hydrodynamic conditions.
Geochemistry

A
-------- A 50 B  "  C  ,0 D  sl

Fig. 3C. Triangular diagram for the 
classification o f hydrodynamic conditions 
after Pejrup (1988).
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In both the cores, almost all the heavy metals including Fc and Mn show broad similarities in 
distribution with depth. In core GH, geochemical data shows a range o f 6.03 -  7.92 % Fc, 362 -
574.75 (xg/'g Mn, 56.25 - 77.78 ng/g Zn, 41.50 - 79.00 ng/g Cu, 118.00 - 295.00 ng/g Cr, 12.50 -
43.75 [ig/g Co and 0.75 - 30.75 |ig/g for Pb. All the metals cxccpt Co and Pb show' three distinct
portions (Fig. 4B. 3A). The concentration o f  Fe decreases from base o f the core to 44 cm from 
where it increases up to 8 cm before it maintains a decreasing trend towards the surface. Mn, Zn and 
Cu show increasing trend in the bottom 66 -  44 cm and then gradual increasing trend in the middle 
portion o f 44 -  6 cm from where values decrease towards the surfacc. Cr shows a decreasing bottom 
portion o f 66 52 cm and then an increasing trend in the middle portion o f  52 -  28 cm from where
it shows an erratic trend towards the surface. Co shows a more or less increasing trend from the 
base o f  the core towards the surface w'hile Pb shows an erratic trend with ups and dow'ns through 
out the core.

In case o f  core ON, the geochcmical data shows a range o f  3.77 - 8.43 % Fe, 204.25 -540.25 p.g/g 
Mn, 37.50 - 118.50 ng/g Zn, 32.75 - 81.50 jrg/g Cu, 105.75 - 191.25 |ig/g Cr, 8 - 130 jig/g Co 
and 16.5 - 184.75 (ig/g for Pb. All the metals cxccpt Pb agree with major elements and show three 
distinct portions with depth (Fig. 4B. 3B). The bottom portion 92 64 cm is characterized by
plateau o f  enriched concentrations and decreasing trend which is followed by an increasing middle 
portion o f  64 - 28 cm while the top portion o f  28 cm to the surface is characterized by decrease in 
values. Pb shows overall an increasing trend from base o f the corc towards the surface.

Vertical distribution

A measure o f the compositional variability o f  the inorganic 
component delivered to a marsh is revealed by the down core 
profiles o f  the elements that are constituents o f detrital mineral 
phases and therefore unaffected by diagenesis [15]. The 
relative constancy o f  K/Al ratio with depth in both the cores is 
interpreted to imply that the composition o f  the accumulated 
material has not fluctuated dramatically over time. However, in 
core GH, there is slight change which may indicate change in 
input with change in grain size (Fig. 4B. 3A). No significant 
down core differences are observed in the X-ray diffraction 
spectra or in the clay mineral composition in the corc GN (Fig.
5) and have therefore been derived from the same sediment 
source [16]. The identified clay mineral assemblage of 
kaolinite, chlorite, illite and smectite clearly reflects their 
derivation from the catchment area, which consists mainly o f 
Prccambrian crystalline rocks that arc latcritised at places 
[17,18],

The diagenetic cycles o f Fe and Mn are well known as they are dominant participants in bacterially 
driven aquatic redox processes [19] and presence o f  strong Fe and M n peaks may indicate redox 
rcmobilization. So, the oxidized conditions, as indicated by Mn profile in core GH and Mn and Fe 
profiles in core GN, do persist from the surfacc to 6 cm in core GH and 28 cm in corc GN. Any
post-oxic zone, if present must be in between 6 to 44 cm and 28 to 64 cm in core GH and GN
respectively where the Fe and Mn profiles show some enrichment with an overall decreasing trend 
but lack clear and consistent peaks. This may probably indicate that a stable redox zonation has not 
developed, as the area is frequently flooded and so will be subjected to a fluctuating water table. 
This will vary daily and monthly in response to land runoff as well as tide. A dynamic water table
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will cause short term fluctuations in the redox boundary [20,21] which precludes the formation of 
sharp diagenetic Mn and Fe peaks [22]. The bases o f the oxic - anoxic conditions in the cores are 
therefore inferred at 44 cm and 64 cm. The increase in Mn and Fe in the deeper zone in both the 
cores may demonstrate that they are trapped by authigenetic carbonate/sulfide formation where 
conditions are permanently reduced [23, 22], The calcium profiles in both the cores support the 
above described diagenetic phenomenon. The sudden decline of Ca profile from surface over 6 cm 
to leave a tail o f low value upto 44 cm in core GH and the decreased trend from surface to 68 cm in 
core GN are likely due to dissolution of CaCOj as acidity is generated in the pore waters of the oxic 
zones o f the sediments [24], Decalcification occurs in oxic salt marsh sediments in response to a 
lowering o f pH resulting from nitrification and decomposition o f organic matter [25,26]. The 
organic carbon profiles in both the cores agree with decreasing trends in the oxic-anoxic zones 
leaving enriched reducing zone in deeper portions of the cores. However, the deep increase in Ca 
concentration at deeper portion o f core GH is likely due to authigenic carbonate formation in 
response to increase in pore-water alkalinity as sulfate is consumed and sulfides formed [22.27,28]. 
However, the vertical distributions o f major elements especially Ca in core GH are also likely 
affected by variation in sediment source as indicated by K/Al ratio profile. The decrease of K/Al 
ratio from 54 cm down the core which is accompanied by sudden drop but still high value in 
organic carbon content with high Ca and Mg concentration may probably indicate a comparatively 
more marine input in addition to the diagenetic precipitation. The sudden rise of organic carbon 
content at 50 cm and upward decrease with sudden decrease of Ca and Mg may again signify the 
more terrigenous input which is modified by diagenesis.

The heavy metal profiles in core GH show similar distribution with depth demonstrating similarities 
in sources and/or post depositional behaviour. Heavy metals are normally scavenged from solution 
by fine sediments specially clay minerals and associated Fe. Mn and organic coatings [2,29]. 
However, heavy metals concentrations including Fe and Mn show poor association with A1 (0.502. 
Fe; - 0.043, Mn; 0.191 Zn, -0.151, Cu; 0.530, Co; -0.048, Pb) and clay (0.354, Fe; 0.573, Mn; 
0.253, Zn; 0.526, Cu; 0.163, Cr; 0.478, Co; -0.065, Pb) indicating that observed profiles are not a 
result o f mineral variations [30]. The profiles are, therefore, presented in raw, rather than being 
normalized as suggested by Ackcrmann [31] and Grant and Middleton [32]. However, the 
distribution profiles may be partially due to earjv jdig,<K\»sr.r ^/rocesses [53]) as well as 

environmental contamination [34]. Even though the profiles o f heavy metals seem to be similar 
with Fe and Mn distribution, Fe and Mn show no significant correlation with heavy metals except 
with Cu. Still Mn shows better correlation than Fe signifying its role in redistribution o f heavy 
metals. Mn shows significant correlation with Cu (0.749) and moderate correlation w'ith Cr (0.422) 
and Co (0.462) while Fe maintains a moderate association w'ith Cu (0.545) and Cr (0.441). The 
better association o f Co with Mn than Fe reflects that Co is more cycled along with Mn oxides at 
redox boundaries [22]. The exclusive role played by Mn oxides in the cycling of Ni and Co has 
been reported earlier by Klinkhammer [35] and Shaw et al. [36]. Evidence of digenetic 
modifications can be seen with the peaks of Zn, Cu ,Cr and Co at depths 6 cm which coincides with 
Mn peak and peaks o f Zn, Cu (28 and 40 cm) and Cr (28cm) with Fe and Mn, which indicate the 
coprecipitation with Fe and Mn oxides.

In core GN, Al shows significant correlation w'ith clay (0.818), Fe (0.672), Mn (0.633) and 
moderate correlation with heavy metals (0.314, Cu; 0.463, Cr and 0.343, Co) and hence heavy 
metals including Fe and Mn are normalized with Al in order to remove the grain size effect. 
However, the bulk profiles are almost similar w'ith normalized ones indicating minor mineralogical 
variations w'ith depth. Fe shows a significant association with Zn (0.648), Cu (0.698) and moderate 
correlation with Cr (0.574) while Mn shows moderate association with Cr (0.418) and Co (0.332). 
The similarity in the profiles o f Cu and Zn without pronounced peaks and their significant
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association with Fe only suggests the distribution of Cu and Zn may be strongly controlled by Fe 
cycling than Mn cycling in this core. Allen et al. [37] identified a similar pattern for Cu, Pb and Zn 
in sediments from the Severn estuary. On the other hand, Mn shows moderate association with 
coincident pronounced peaks with Cr (4, 36, 42, 56 cm) and Co (4, 22, 36 cm) reflecting that they 
are more cycled along with Mn oxides [22], There is evidence for coprecipitation o f all heavy 
metals with Fe and Mn oxyhydroxides as they show enrichment in the lower permanently reduced 
zone. So, in the oxidizing and partially reducing middle zone, they exhibit readsorption with Fe/Mn 
oxyhydroxides, and following early diagenetic movement o f trace metals in the surface oxic layer 
and in the highly reducing lower layers [22]. However, the gradually increasing Pb profile towards 
the recent strata, which is totally in contrast with redox sensitive Fe and Mn profile, may suggest an 
anthropogenic source.

Spatial distribution
The sediment characteristics and geochemistry o f the two cores described above indicate 
considerable variations between them. The corc GH is o f  mature mudflat and consists o f  slightly 
sandy mud whereas core GN is characterized by comparatively coarser sediments o f sandy mud o f a 
mudflat environment. The difference in sediment characteristics may be due to the varying 
distances from the source. A simple yet effective way o f showing the variations between sites is by 
using isocon diagrams [3,38]. These plots compare the average values o f  specific components from 
different sites.

The isocon diagram (Fig. 6) indicates that there 
is little difference in Al, K, Fe, Zn, Cu and Cr 
concentrations between the two corcs. There 
are, however, significant differences in 
sediment components and more importantly in 
concentrations o f Ca, Mg, Pb and Co. Core 
GH shows high concentrations o f Ca, Mg, and 
Cr together with high percentage o f silt, clay 
and organic carbon. The high concentrations of 
Ca and Mg are likely due to marine influence 
in this mudflat which is relatively nearer to sea 
while high organic carbon, Mg, to some extent 
Cr and Fe, may be caused by grain size effect.
On the other hand, core GN shows relatively 
higher concentrations o f Pb and Co together 
with higher value o f  sand. The higher values o f sand and high concentrations o f Pb and to some 
extent Co are likely to be caused due to its proximity to continental source reflecting a pollution 
origin.

Sedimentation rate and Enrichment Factor

The profiles 210PbexCc*> are presented in figure 7. In case o f core GH, there is a relatively log-linear 
decrease o f 210PbexcesS activity with depth but with a change in slope at 26 cm depth (Fig. 7A). 
Changing slope in the 2I0Pbexcess profile indicates variation in accumulation rate or is due to 
bioturbation [2], The assumption of closed system might be violated in salt marshes due to early 
diagenetic remobilization o f  2i0Pb [39,40]. In the present study, there is no obvious change in the
shape o f 2H ) P b e x c e s s  profile in the vicinity o f the oxidized/reduced boundary, as would be expected if
2l0Pb migration had taken place. When the profiles o f 210Pb are compared with Pb and redox
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Fig. 6. Isocon diagram. Individual points represent 
average value o f  sediment component and element in 
each core. To ensure all elements plot on the same scale, 
major elements (%): Al, K, Mg, Fe, sand, and OC arc 
multiplied by 100; Ca and Mn (ng/g), by 1; Zn, Cu, Cr, 
Co, Pb, silt, and clay by 10.



sensitive elements, there are no similar peak concentrations negating the possibilities of 
mobilization of ~l0Pb. The higher values o f : "Pb in top 26 cm do not coincide with the proposed 
oxidized/partially reducing boundary and not even with partially reducing/reducing boundary. 
However, the concentration minima occur below 35 cm, which are taken as background values, 
may highlight the possibility o f diagenetic movement as 32 cm depth is the transition o f colors 
recorded in field, but is apparently not significant enough to explain the change in slope at 26 cm 
depth. Therefore, the change in slope at 26 cm strongly suggests change in sedimentation as also 
supported by the K/Al ratio profile and not due to bioturbation. Hcnce the sedimentation was slower 
at 0.16cm/yr until 26 cm, which corresponds to the year 1982 and increased thereafter to 2 c m / y e a r .
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Fig. 7. Down core profiles o f 2 1 OPb: A -  corc GH, B - core GN.

To evaluate anthropogenic influences o f heavy metals in sediments, enrichment factor (EF) has 
been used as an index. It is a useful indicator reflecting the status of environmental contamination. 
In core GH (Fig. 8A), the EF values of Mn and Zn are below 1 except at some points while Pb 
values are less than 1.5 with higher values at some points suggesting that these metals may be 
entirely from crustal materials or natural weathering processes [10], On the other hand, EF values of 
Fe, Cr and almost all the values of Co are higher than 1.5 which suggest that a significant portion of 
these metals are delivered from non-crustal materials, or non-natural weathering processes. 
Throughout the core, EF values o f Fe is more than 1.5 which is gradually increasing upwards with 
the values more than 2 from 22 cm upwards corresponding to the period from 1994 to present. EF 
values o f Cu are below 1.5 up to 22 cm which corresponds to the year 1994 from where it increases 
to present. Co starts enrichment (>1.5) from 48 cm w'hich corresponds to the year 1904 to present 
day with a marked increase from 1994 onwards. Cr is the most enriched metal in the core with 
values greater than 2 throughout the core. So, the EF o f the present study shows environmental 
contamination by Fe, Cu, Cr and Co in recent years especially from 1994.

In case o f core GN, the total "10Pb profile does not show decay with depth (Fig. 7B). It shows some 
pattern in the top portion o f 0 -  50 cm in which all the values are more or less same representing a 
zone of sediment mixing. Then the values suddenly drop below' 1 (0.64 -  0.79 dpm/g) from 54 cm 
to the base o f the corc leaving a gap from 50 to 54 cm. This gap of depletion is probably caused by 
erosion or removal o f sediments by human activities leaving mixed sediments. So, sedimentation 
rate of this core could not be calculated.
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Fig. 8. Down core trends o f metal enrichment factors (EF): A -  core GH, B -  core GN.

The EF values o f all the metals except Pb show more or less similar trend throughout the core 
except the down portion (< 68 cm) in which, interestingly, all the metals are enriched (Fig. 8B). As 
explained above, the enrichment o f metals is probably caused by the diagenetic processes in the 
permanently reducing zone. So, the construction o f  pollution chronology in this core is limited by 
different processes. However, in the top portion, EF values Mn and Cu are less than 1 while the 
values o f Fe and Cu are below 2. On the other hand, Cr and Co are highly enriched with values 
above 2. Pb, unlike in core GH, shows gradually increasing trend towards the surface with 
enrichment values above 5 which may signify higher degree o f contamination nearer to land.

Magnetic susceptibility

The rock magnetic parameters are shown in figure 9. Common features are observed in the rock 
magnetic parameters between the two cores. In both the cores, the concentration dependent 
magnetic parameters (%, Xarm and SIRM); magnetic mineralogy related parameters (S300 in core GH 
and HIRM) and grain size indicators (xarm/x and xarm/SIRM) have relatively high values in the 
middle and upper portion o f  the cores. The values show down core drop in the middle portion 
before maintaining an almost constant trend in the bottom portions o f  the respective cores. So, one 
can divide the entire core into three sections according to variations o f  the magnetic parameters.

In core GH (Fig. 9A), Section 1 (66 -  50 cm) has low values for all the parameters. The values o f  %, 
Xarm, HIRM and grain size index ratios have almost constant trend whereas SiRM and S300 show 
slight enrichment towards the bottom o f the core. In section 2 (50 -  42 cm), all the parameters 
undergo a sudden increase especially in the upper 4 -  6 cm o f this section and drop to their 
minimum values at -5 0  cm. S300 value increases sharply from 0.65 at about 50 cm depth to 0.75 at 
the top o f  this section. These changes indicate that the dominant magnetic minerals rapidly change 
up the core from high-coercivity components to low-coercivity minerals. HIRM values too, 
progressively increase up the core indicating that the partial increase o f high-coercivity minerals
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The magnetic parameters are extremely sensitive and small changes in catchment area processes 
would be recorded in the sediments. It is clear from the correlation that there is no significant 
relationship between SIRM with A1 (-0.49), Mg (-0.44) and K (0.07) in core GH indicating little 
supporting evidence of catchment area changcs (Mackcreth, 1966). However, changes in the 
catchment area processes can be the explanation for core GN as SIRM shows moderate correlation 
with A1 (0.54), Mg (0.54) and K (0.75). The data suggest that there has been a fining upwards o f the 
magnetic grain size as well as increase in total concentration. This pattern is consistent with the 
suggestion that fine grains have been dissolved and the multi domain grains broken up into Stable 
Single Domain (SSD) grains. The finer component is believed to be dissolved first due to its high 
surface to volume ratio, which would result in a reduction in magnetic intensity as well as a shift in 
grain size towards the coarse end [46,47]. Hence the precipitous down core drop o f magnetic 
parameters from 42 cm and 28 cm in core GH and GN respectively, which is diagnostic of early 
diagcnesis in deep water marine scdimcnts[46.48] and may reflect the onset of reducing condition.

The section 3 in core GH and part of sections 3 and 2 in core GN are marked by high values of all 
concentration dependent bulk magnetic parameters, nearly constant values o f Sjooand granulometric 
index. These sections are therefore interpreted to be the least affected by early diagenesis 
influences. The main magnetic minerals in these parts o f the cores (magnetite and hematite) can be 
regarded as the primary detrital magnetic minerals prior to diagenctic modifications in the 
underlying sections. The initial diagenetic stage, observed in section 2 o f  core GH, begins with 
sharp increase in ferrimagnetic mineral concentrations. These concentrations increase progressively 
upwards from absolute minimum abundance at the start o f this section. This stage is associated with 
depletion of the high-coercivity components. The later diagenetic stage as observed in section 1 of 
core GH is characterized by authigcnic production o f fine-grained ferrimagnetic minerals. The 
section 1, which has been subjected to the initial diagenetic stages like the overlying sections would 
have retained, if any, the largest magnetic grains. On the contrary, however, there is enrichment of 
Superparamagnetic (SP) grains as indicated by the increase of X/a% which can be reasonably 
interpreted to be o f authigenetic origin. Thermomagnetic and temperature measurements suggested 
the possibility of gregite present in this scction. Sedimentary grcgite has been consistently found to 
have Single Domain (SD) like magnetic properties [49], On the other side, the scction 1 of core is 
characterized by slight increase in x and sudden increase in Sjoo which also suggests the possibility 
o f authigenetic origin. However, the similarity in monotonic decrease o f thermal magnetization 
curve in different sections limited the explanation of possible grcgite present in this section. The 
sudden increase in organic carbon content and ferromagnetic minerals together with high sand 
content may suggest the possibility o f more terrigenous input during this time before it was 
subjected to diagenetic modifications in later stage.

It has been demonstrated that environmental magnetism can be used as a proxy indicator o f heavy 
metal concentration in a simple, quick and non-destructive way [50,51]. The considerable similarity 
between heavy metals and Xa r m  was reported from intertidal sediments of the Yangtze Estuary, 
China by Zhang et al. [52]. It has been suggested that certain magnetic parameters can be used as 
grain size proxy [53.54]. Zhang et al. [54] reported strong relationship between Xarm and to a lesser 
degree, frequency dependent susceptibility (yjj) with heavy metals and explained the role o f particle 
size effects and iron oxides in controlling metal concentration. However, in the present study, even 
though xarm in GH and both xarm and 'fji in GN show good correlation (r >0.5) with clay, they 
show poor correlation (r < 0.5) with the metals studied except Co in GH; Mn and Pb in GN. 
Therefore, the changes in the heavy metal concentrations in this core cannot be accounted for by 
particle size alone. Hence, it is likely that the reduction o f iron oxide plays a significant role in 
distribution o f heavy metals. However, the change in magnetic properties in section 3 o f both the 
cores, which arc considered as the primary detrital minerals, point to both quantitative and
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qualitative changes in the assemblage of magnetic minerals present. The increase in SIRM reflects 
an increase in total magnetic mineral concentrations. In combination with SIRM, the increase of the 
hardest remanence component points to an increase in hematite in both relative and absolute terms. 
The trend in ‘soft’ and ‘hard’ isothermal remanence can be plotted on a mass specific basis and this 
isolates these two properties from all other variables responsible for changes. In the present study, it 
confirms that both components increase significantly in the upper levels of cores which are 
diagenitically least affected. The constant nature of grain size parameters in these sections indicate a 
nearly uniform grain size and hence suggest a similar condition of deposition with negligible post 
depositional modifications. When the calculated ‘soft’ i.e. mostly magnetite, ‘hard’ i.e. mostly 
hematite, and total i.e. SIRM trends were compared, there were interesting parallels and differences. 
The increase is much steeper in hematite to magnetite suggesting the relative higher deposition of 
hematite in recent years.

There is link between magnetic properties (x, Xfd, Xarm and SIRM) and metals (Fe, Mn, Zn, Cu and 
Co) in the upper section of the cores wherein the rate of sedimentation recorded is very high. Most 
importantly, there is parallelism in trends of ‘hard’ and ‘soft’ profiles with metals, which points to a 
possible common origin. Gradual increase in Xfd value towards the surface along with metals is 
likely because of relative higher degree of weathering and erosion in recent years. This may reflect 
trace metal enrichment of the magnetically enhanced soil derived clays during weathering and 
transport in recent years with enhanced sedimentation rate especially in core GH.

Conclusions

The mudflats of Tadri estuarine system show vertical as well as spatial variation in sediment 
components and metals along the estuary. The core GH is of mature mudflat consisted of slightly 
sandy mud with higher concentrations of Ca, Mg and Mn together with higher silt, clay and OC 
percentage, which is likely because of more marine influences in this mudflat and by grain size 
effect whereas core GN is characterized by comparatively coarser sediments of sandy mud of a 
mudflat environment and shows higher concentrations of Pb and Co together with higher value of 
sand, which are likely to be caused by comparatively nearer to continental source reflecting a 
pollution origin. The clay mineralogy suggested little changes in source or provenance over the 
observed sedimentation period. The unsupported 2l0Pb activity in core GH two phases of 
sedimentation, a relatively low to higher rate of sedimentation with time. The geochemical data 
indicates that both Mn and Fe have been remobilized and that these diagenetic processes have 
slightly modified the vertical distributions of Zn, Cu, Cr and Co. The magnetic data reveal evidence 
for changes in magnetic mineralogy and grain size within the cores. In both the cores, there is 
substantial decrease in total magnetic concentration and coarsening of the magnetic grain size, but 
at different depths, which is in agreement with Fe and Mn profiles, suggesting dissolution of fine 
grained magnetite under reducing conditions. However, general trends in pollutant loading, as 
indicated by EF of Cu, Cr, Co and Fe can still be identified in Core GH with maximum inputs (EF >
1.5) occurring around 1900 increasing towards the present day. Both cores show closely similar 
traces of gradual increase of hematite and magnetite deposition with a steeper rise of hematite in the 
upper part of the respective cores which may reflect the increased erosion of more weathered 
(magnetically harder) materials with increase in anthropogenic activities. Though, the construction 
of pollution chronology in the core GN is limited by different processes, unlike in core GH, Pb 
shows gradually increasing trend towards the surface with enrichment values above 5 which may 
signify input of higher degree of contamination upstream side of the estuary.
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