Author Version of : Environmental Science and Pollution Research, vol.30(2); 2023; 2771-2786
Input-export fluxes of heavy metals in the Cochin estuary, southwest coast of India

Kalathingal Ramkollath Lallu?, Sebin John?, Kallungal Ravunnikutty Muraleedharan?,
Thundiyil Raju Gireeshkumar?*, Pallikkoottathil Balakrishnan Udayakrishnan®, Dayana
Mathew?, Sachin Mathew?, Chennicheri Revichandran?, Maheswari Nair?, Perunninakulath

Subrayan Parameswaran?, Kizhakkepatt Kalathil Balachandran?
8CSIR - National Institute of Oceanography, Regional Centre, Kochi-682018, India
PCSIR - National Institute of Oceanography, Regional Centre, Mumbai, India
*Corresponding author's email: gkumar@nio.org

Abstract

Cochin estuary (CE) is one of the largest tropical estuaries along the southwest coast of India,
sustaining rich bio-resources. Several studies enlighten the environmental changes in the CE caused
by anthropogenic activities. In the present study, an attempt has been made to quantify the heavy
metal (dissolved and particulate) fluxes brought by the six rivers into the CE with their exchange into
the coastal ocean through the major inlet at Cochin during a steady flow period (October-November
2015). The water flux across the inlet was quantified using an Acoustic Doppler Current Profiler. The
measured daily input of dissolved metals from the rivers was 2.43 x 10% kg Fe, 334 kg Zn, 259 kg Ni
and 83 kg Cr, while that of particulate metals were 85.30 x 10° kg Fe, 8. 6 x10° kg Mn, 236.9 kg Cr
and 111.9 kg Zn. The net export of metals through the Cochin inlet (per tidal cycle) was 3.3 x 10° kg
Fe, 515 kg Cr, 150 kg Zn and 5 kg Ni in dissolved form and 3.32 x 10° kg Fe, 1747 kg Mn, 1636 kg
Cr, 1397 kg Zn and 586 kg Ni in particulate form. The high concentrations of metals during ebb tides
are clear indications of their contribution from the industrial conglomerates (industrial units of
metallurgy, catalyst, fertilizer, and pesticides) located in the Periyar River. The significance of this
study is that the export fluxes may increase further during the summer monsoon (June-September),
which may impact the abundant fishery emanating in the coastal environment during the period due
to intense upwelling.
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1. Introduction

The usage of heavy metals for a variety of human applications such as industries, domestic,
agriculture, medicine, and technology has a consequence of widespread spillage, causing potential
impacts on the environment and health, as they are persistent, toxic, non-biodegradable, and
bioaccumulative and thereby harm living organism such as plants, microbes, fishes, animals, and
humans at high concentration (Kennish, 1991; Buchman, 2008). The term "heavy metals" refers to
elements with densities greater than 5g/cm? and usually indicates metals and metalloids associated
with pollution and toxicity. Rock weathering and volcanic eruptions are natural sources of metals,
whereas mineral extraction, mining, industries, agricultural practices, and various other
developmental activities are considered anthropogenic sources of heavy metals. Much of the metals
mobilized during natural crustal weathering and anthropogenic activities are dispersed by rivers,
transporting the materials towards the land/sea margins through estuaries (Masson et al., 2006).
Although these elements are toxic to estuarine and marine organisms above a threshold availability
(Buchman, 2008), many are essential to metabolism at lower concentrations (Briffa et al., 2020).
Heavy metals such as Fe, Co, Zn, Cu and Ni serve as essential micronutrients whose availability
influences the physiological state and biochemical activity of aquatic organisms (Riba et al., 2003;
Sparks, 2005; Khan et al., 2014). Heavy metals such as Cd and Pb have no known nutritional,
biochemical or physiological functions in organisms and may significantly affect biotic communities
(Sparks, 2005; Nordberg et al., 2015).

Estuaries characterized by strong gradients in pH, dissolved oxygen, freshwater discharge
(salinity), and suspended particulate matter play an essential role in transporting materials to the
coastal environment (Elliott and McLusky, 2002) by acting as a natural geographical barrier (Brinat
et al., 2021). The estuarine physicochemical gradients, biogeochemical processes, and organism
physiology coordinate metal's fate and potential effects in estuaries (Machado et al., 2016). The fate
of heavy metals reaching the coastal environment is of concern where the anthropogenic activities
are extensive. Therefore, export fluxes of materials across an estuary can be used to understand how
the human-induced perturbations may impact the health of a coastal marine ecosystem (Che et al.,
2003; Zwolsman and Van Eck, 1999; Briant et al., 2021).

The partitioning of metals between different phases is strongly influenced by attributes such
as pH, redox potential, particle size and its distribution, and the important metal-binding phases such
as organic matter (OM), iron and manganese oxyhydroxides and acid-volatile sulphur (Chapman et
al., 1999, Simpson et al., 2007). Under hypoxic conditions, oxidation of organic matter and reductive

dissolution of iron and manganese oxyhydroxides result in the metal release from labile metal forms



and stabilize metal sulphides (Machado et al., 2016). Upwelling that occurs during the southwest
monsoon season (June to September) results in nutrient enrichment and hypoxia along the southwest
coast of India, leading to high water column productivity (Naqvi et al., 2000). The influx of upwelled
waters is evident in and around the estuarine inlet during the southwest monsoon season. A seasonal
change in dissolved oxygen significantly influences metal's geochemical forms in sediments (Gupta
et al., 2016; Cyriac et al., 2021). Studies on the input and fate of heavy metals in monsoonal estuaries
are poorly constrained owing to the uncertainties associated with the cycling of metals (Samanta et
al., 2018). Estimates of the river input and exports are essential to assess the anthropogenic loading
of metals and their fate on the ecology of the coastal environment (Nriagu and Pacyna, 1988; Pacyna
et al., 1995; Samanta et al., 2018).

Cochin estuary (CE), one of the most productive estuarine systems along the southwest coast
of India, sustaining numerous aquatic plants and shellfishes (Qasim, 2003), is a part of the
Vembanad wetland system, which has been designated as a Ramsar site in November 2002
(Balachandran et al., 2008). The construction of the Cochin shipyard, followed by intense and large-
scale constructional activities, reclamation, and aquaculture farming, has resulted in the massive
destruction of mangrove vegetation in most areas. Paddy cum prawn culture is prevalent in various
regions of the estuary. CE has been a deteriorating water body over the last few decades following
widespread reclamation (Gopalan et al., 1983) and increased dumping of effluents (0.104 x 10°
mq/day) from industries and sewage (260 tons/day) from domestic sectors (Balachandran et al., 2006;
Martin et al., 2012; Anu et al., 2014; George et al., 2016). Chemical industries of the Kerala state
(~70%) are mainly located on the banks of the rivers Periyar and Chitrapuzha. They manufacture a
range of chemicals and petrochemical products, which include fertilizers, pesticides, rare earth
elements, rubber processing chemicals, zinc/chrome products, paints, pigments, phenolics, acids,
batteries, oil, greases, mercury, and leather products (Joy et al., 1990). Another industrial unit located
at Piravam on the Muvattupuzha Riverbank is the Hindustan Newsprint factory. These industries
discharge concentrated toxic effluents daily after little treatment into the rivers (Balachandran et al.,
2008). Moreover, wastes from aquaculture fields (62 km?), agricultural areas (80 km?), coconut husk
retting yards, fish processing plants, and animal bone processing units have increased the organic

pollution in the estuary

The hydrography of the Cochin estuary has deteriorated due to the loading of pollutants
exceeding its carrying capacity (Menon et al., 2000; Balachandran et al., 2001, 2005; Miranda et al.,
2008). Despite several studies on the eutrophication (Gupta et al., 2009; Lallu et al., 2014), organic
contaminants (Ramzi et al., 2017; 2018; 2020), and heavy metals (Balachandran et al., 2005;



Chakraborty et al., 2014a, b; Sarkar et al., 2016; Salas et al., 2007), estimation of input fluxes of
metals into the estuary and net export of pollutants into the coastal waters have never been
attempted so far for the CE. Therefore, the present study is the first attempt to study the input-export
fluxes of heavy metals in the CE. The objective is to identify the primary sources of heavy metals
(Fe, Zn, Mn, Cr, Cu, Ni, Pb and Cd) in the estuary and their impact on the coastal environment. The
input of heavy metals in dissolved (D) and particulate (P) forms entering the CE through 6 rivers
and their exchange through the Cochin inlet were measured simultaneously based on cross-sectional
surveys using an Acoustic Doppler Current Profiler (ADCP).

2. Study region and Methodology
2.1 Regional Setting

Cochin estuary (Fig. 1) is the second-largest estuary along the west coast of India that spreads over
250 km? (10°10' N, 76° 15" E in the north to 09° 30’ N, 76° 25’ E in the south) and has a length of
~80 km, oriented parallel to the coastline and connected to the Arabian Sea at Munambam and
Cochin (Srinivas et al., 2004). The Cochin inlet is 450 m wide and 10-16 m deep, while the rest of the
estuary is generally shallow (2-6 m). Tides in the estuary are mixed semi-diurnal with an average
tidal amplitude of 1m (Qasim and Gopinathan., 1969). The hydrography of the CE is significantly
influenced by freshwater influx from six rivers viz: Periyar-R1, Muvattupuzha-R2, Meenachil-R3,
Manimala-R4, Pampa-Rs and Achankovil-Rs (Qasim 2003; Srinivas et al., 2003, Balachandran et al.,
2002). The annual rainfall over the area is around 320 cm, 75% of which nearly occurs during the
summer monsoon (June to September) characterized by high river discharge, while post-monsoon
(October-January) and pre-monsoons (February-May) are considered as moderate and minimum
discharge periods, respectively. There is strong stratification at the inlet during heavy discharge
periods, while well-mixed condition prevails during the post and pre-monsoon periods (Bincy et al.,
2013). Cochin estuary has distinct zones based on the tidal excursions; a dynamic central zone

sandwiched between two relatively weak zones on the north and south (Balachandran et al., 2005)
2.2 Sampling and analysis

A total of 14 locations, six stations in the rivers (R1 to Re) and eight stations in the estuary
(S; to Sg) were selected for this study (Table 1; Fig. 1). Estuarine stations were selected in such a
way that S; and Sz receive freshwater from Ri1; S4, Ss and Se receive freshwater from Ry; Sy receives
freshwater from Rs-Re, and Sg receives freshwater from Re. S; is the Cochin inlet through which the
materials are exchanged with the sea (Shivaprasad et al., 2013). Water samples from near-surface

and near the bottom from 6 rivers (R1 to Re) and 7 estuarine stations (Si, Sy, Sa, Ss, Se, S7 & Sp)



were collected during 28-30 October 2015. As the flushing time of CE for the wet season is ~ 2.5
days (Vinita et al., 2015), the time-series measurements at Cochin inlet, Sz were conducted on 3-4
November 2015), assuming that the freshwater will reach the inlet in three days. Water samples
were collected from Sz every 3 hours (for 27 h) from the near-surface, middle (7m) and bottom
(15m).

Water samples collected from each location using a 5L Niskin sampler (Hydro-Bios, Kiel-
Holtenau, Germany) was used for the estimation of pH, salinity, dissolved oxygen,
dissolved/particulate heavy metals and suspended particulate matter (SPM). Salinity was measured
using a conductivity-temperature-depth profiler (CTD 19 plus, Sea-Bird Electronics, conductivity
+0.001 S/m). In the laboratory, samples with salinity < 2 were measured using a DIGI AUTO
Salinometer (Model TSK, accuracy +0.001). Dissolved oxygen was analyzed following Winkler's
method (Grasshoff et al., 1999) with a lower detection limit of 2 uM. pH was measured using a pH
meter (Eutech pH 2700, accuracy +£0.001). Water samples for heavy metals were passed (1L)
through a pre-weighed 0.45 um cellulose acetate filter paper (Millipore), dried at 60°C and weighed
to quantify the suspended particulate matter (SPM). The filtrate was preserved at pH < 2 using con.
HNO; and extracted with a mixture of 2% Ammonium Pyrrollidine Dithio Carbamate (APDC), 2%
Disodium Diethyl Dithio Carbamate (DDDC) and Chloroform (pH adjusted to 4.5 with ammonium
acetate). The metals retained in the organic layer were extracted with 0.1 N HNO3 and used to
estimate dissolved metals (Grasshoff et al., 1999). The filter paper (stored at -20° C) was digested
using a 5:2 mixture of HNO, + HCIO, in a Teflon vessel on a hot plate (Fabunmi et al., 2015). The
heavy metals in the dissolved and particulate fractions were analyzed using an Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES, Thermo Scientific iCAP 7000 Series). The
accuracy of trace metal analysis was validated using standard reference material for marine and
estuarine sediments (BCSS-1) from the National Research Council of Canada, and the recoveries
are within the acceptable range (£5%). Analytical precision was monitored by running triplicates
and relative standard deviation (RSD) was <5% for all the metals. The detection limits for Zn, Ni,
Fe, Mn, Cr, Pb, Cu, and Mg were 0.19, 0.18, 0.12, 0.07, 0.21, 0.53, 0.18, and 0.05 mg/L,

respectively. All analyses were carried out in triplicates, and the average value is reported.

A tide gauge (SBE 26 plus) was moored at Sz to record the water level variation at 10-min
intervals during 3-4 November 2015. For the flux measurements, the instantaneous cross-sectional
flow through each of the six rivers was measured using an Acoustic Doppler Current Profiler
(ADCP-Teledyne River Ray-600 KHz) with bottom-track capability. The instantaneous cross-
sectional flow through the Cochin inlet was measured at 3hr. intervals for 27hrs. using ADCP on 3-



4 November 2015. The water flux obtained from ADCP was post-processed into the surface, mid
and bottom fluxes using MATLAB.

The particulate metal input fluxes (kg/d) were computed by multiplying the average of
particulate metal concentrations (ug/g) in each river collected during 28-30 October 2015 by the
freshwater flow of each river (m®/s) obtained from ADCP and unit conversion to kg/d. The dissolved
metal input fluxes were computed as the product of the average monthly concentration of heavy metals
(ng/L) obtained from the Central Water Commission (CWC, 2014) and the freshwater flow from each
river (m%/s) obtained from ADCP. The product of metal concentration (ug/L) and water flux (m%/s)
measured at each depth gives the instantaneous metal transport (mg/m®), which is integrated over a
tide (24 hours 50 minutes) to compute the net flux (kg/tidal cycle) across the Cochin inlet. During
the computation, the water flux and metal concentration at the 25" hour were calculated by
triangular interpolation of the 24" and 27" values of water flux and metal concentration.

2.3 Data Processing
Graphical representation and statistics

Graphic representation of metal data and SPM was achieved using Ocean Data View 4.8.1
(Schlitzer, 2018) and Grapher 8.1.388 (Golden Software, Inc Golden, CO 80401-1866 USA).
Descriptive statistics, Pearson's correlation analysis, Dixon test for outliers and One Way ANOVA
were performed using XLSTAT 2014.

Data Normalization

Geochemical normalization of an element is estimated as the ratio of the concentration of the
element in the sample to the concentration of the same element in the global shale or the primitive
mantle of the earth (Nath et al., 2000). The pollution status of an environment can be evaluated
based on the normalization factors. Thus, the normalization factor (NF) less than 1 refers to low
contamination, NF < 3 refers to moderate contamination, NF > 3 indicates severe contamination
and NF > 6 shows extreme contamination. The elemental concentrations are normalized with those

of Post Archean Australian Shale reference material (PAAS).
Sediment Quality guidelines

Sediment quality guidelines put forward by National Oceanic and Atmospheric Administration
(NOAA) were used to assess whether the concentrations of heavy metals in sediments/SPM could
have adverse biological impacts. Long et al., 1995 suggested two guideline values, namely, the ER-L

(effective range limit) and ER-M (effective range: medium), delineating three concentration ranges



of a particular metal. If a metal occurs in concentrations below ER-L value, effects on the biota
would rarely be observed. At concentrations > ER-L but <ER-M, the biota could "occasionally” be
affected by the pollutant, whereas at concentrations > ER-M, effects would be expected to occur

"frequently.”
3. Results and Discussion
3.1 General characteristics

Hydrography is an important factor controlling the distribution of heavy metals in an estuary.
The freshwater discharges into the CE through 6 rivers obtained from ADCP are presented in Fig. 2a.
The high discharge through Re may be associated with unexpected landslides. The tides at Sz (Fig.
2b) showed a maximum tidal range of 0.56 m. Salinity in the upper estuary was < 1 (Table S1,
Supplementary Information), while S3 remained high saline with moderate variation (Fig. 2c) in the
surface (3.23-31.68), mid-depth (13.23-33.48) and bottom (31.98-33.78) respectively. The water
column at the Ss was stratified, and a well-mixed condition was observed during 30-33hrs. The
variation in salinity at the Sz is found to follow the tidal rhythm (Balachandran et al., 2001;
Shivaparasad et al., 2013).

Both riverine and estuarine stations are slightly acidic in nature. The spatial variation was less
for pH (5.24 + 0.16) in the rivers. However, pH (5.6 £ 0.34) showed significant spatial variation
(p<0.01) in the estuary. Sz was slightly alkaline (average pH: 7.58 + 0.26 at the surface, 7.80 £ 0.22
at mid-depth & 7.89 + 0.14 at the bottom) due to the influx of saline water from the Arabian Sea.
The upstream and estuary were well-oxygenated (DO > 6mg/l) (Table S1 and S2, Supplementary
Information) during the study period, with significant spatial variation in the estuary (p < 0.01). The
DO (mg/l) at Ssshowed a vertical gradient with surface av: 6.20+ 0.36, mid-depth av: 5.28 £0.55 and
bottom av: 4.9+ 0.49. Histograms showing distribution, frequency of sample and sample size are

now included as supplementary graphs (Fig S11-S14).
3.2 Suspended Particulate Matter (SPM)

SPM showed significant spatial variation (p< 0.01) in the rivers (30.15 + 19.07 mg/L) with
maximum in Re (Table S1, Supplementary Information). The northern rivers (R1 & R2) were relatively
less turbid compared to the southern rivers (R3, R4, Rs and Re). High SPM (66.7 mg/L) in Re may be
associated with a landslide before the field survey. SPM was relatively lower (12.28 = 3.19 mg/L) in
the estuary (except at the inlet, S3) with significant spatial variation (p<0.01). The increase in SPM
was noticed towards the south of the estuary with a maximum (18.94 mg/L) at Sg (Table S3,

Supplementary Information). SPM at the Cochin inlet (S3) varied over a tidal cycle (Fig. 3), with a



surface maximum (86.94 mg/L) at the end (39 hrs.) and minimum (5.83 mg/L) at the start (33 hrs.)
of the ebb tide. SPM in mid-depth (38.63 £ 25.64 mg/L) was higher than in the surface, and a peak
was observed during peak flood (27-30 hrs.) when there was a reversal of water currents at the
surface and mid-depth (Fig. S1, Supplementary Information) directed towards the estuary. The SPM
in the bottom (241.68 + 258.04 mg/L) was higher at 12, 24 and 39 hrs., soon after the peak ebb, with
a maximum (718.5mg/L) at the lowest low tide at 24 hrs. The resuspension of sediments during
ebbing may have contributed to higher SPM at the bottom. These results agree with the previous
study (Vinita et al., 2017) that the variations in SPM at Cochin inlet (Ss) may be due to the combined

effect of river discharge and tides
3.3 Heavy metal distribution
Rivers

The concentration of heavy metals with their spatial variation in rivers is provided in Table
S1, Supplementary Information. Dissolved metals (ug/L): DZn (1.35 + 1.25), DFe (41.27 + 9.87)
and DMg (10.37 + 4.95) observed in the 6 rivers were comparable with earlier reports. These values
are also well within the permissible drinking water limit (Table S5, Supplementary Information)
recommended by the Bureau of Indian Standard (BIS 10500-2012). The concentrations of DCu,
DMn and DPb in rivers were below measurable levels (nd). However, the particulate metals in the
rivers (Mg/g): PZn (51.33 +51.48), PCr (298 + 746.39), PMn (347.36 + 566.55), PNi (15.67 +
54.28), PFe (5.03 = 1.97) % and PMg (0.37 £ 0.26) % were several times higher than the dissolved
metals. The results of ANOVA revealed significant spatial variation for DFe (p<0.05) and PZn
(p<0.05) in rivers. The values of PFe, PCr, and PMn in Periyar and PCr in Muvattupuzha river were
higher than PAAS and those reported for Upper Crust (UC) and World Rivers SPM concentration
(WRSPM) standards (Table S6, Supplementary Information), probably due to laterite-rich low and
midland soils of Kerala (Nath et al., 2000). Lateritic soil is the most predominant soil type in the
Ernakulam district. Lateritic soil is encountered in Muvattupuzha, Kothamangalam, Kunnathunadu
and parts of Aluva taluks. Laterite is a polymetallic ore, as it is the essential repository for
aluminium and a source of iron, manganese, nickel, and chromium (District Survey Report, 2016).
The high Chromium in rivers might be derived from various anthropogenic activities in river basins
(e.q., fertilizer residues from farmlands and plantations, domestic sewage from settlement clusters).
Higher PFe and PCr in bottom may be resuspended from sediments underneath. Under highly
oxygenated conditions in rivers, Fe and Mn exist as oxides and hydroxides which are insoluble in
water, get precipitated and may lead to lower soluble Fe and absence of soluble Mn in all the six

rivers. Elevated concentration of PCr (in rivers, R1 and R2) and its association with particulate Fe



and Mn suggest coprecipitation of Cr with Fe-Mn oxyhydroxide. The above results showed that

SPM is a major carrier of heavy metals into the CE.
Heavy metals in the Cochin estuary

The concentration of heavy metals with their spatial variation in the estuary is provided in
Table S2, Supplementary Information. The dissolved metals (ug/L) in the estuary varied as DZn
(10.84 £ 23.74), DFe (74.48 £ 29.53) and DMg (8.94 = 1.19) and showed significant spatial
variation for DZn and DFe (p < 0.01). Dissolved heavy metals measured were within the
permissible limit of BIS 10500-2012 for drinking water. The particulate metals were higher than
dissolved fractions and varied as PZn (176.88 + 396.71) ug/g, PCr (131.35 + 255.76) pg/g, PMn
(47.06 + 85.26) pg/g, PCu (24.48 + 76.03) pg/g, PPb (15.09 + 39.20) ug/g, PFe (6.85 + 4.42) % and
PMg (0.42 + 0.25) %. PZn (p<0.01) and PFe (p<0.01) showed significant spatial variation in the
estuary. Even though spatial variation was less for Pb, Cr, Ni and Cu in the estuary, the
concentrations of PZn, PCu and PPb were very high in the north estuary (S1 and S>), even higher
than the WRSPM/PAAS standards and are mainly related to untreated effluent discharge from
various industries located on the banks of Periyar. A high concentration of PPb in Ss confirms its
addition through non-point sources. The possible sources of lead in this region may be paints,
petroleum products, and sewage discharge. PFe was uniformly high in the estuary with a maximum
in Se, possibly due to sewage disposal and land use pattern. A high concentration of PCr higher than
WRSPM/PAAS standards observed Sg and S7 indicates additional input from anthropogenic
activities. The possible source of Cr and Pb in S7 can be fertilizer residues from farmlands and
plantations nearby, and at Se can be domestic sewage. The other possible sources of lead in S7 may
be paints, petroleum products, and sewage discharge. The only exception was Mn and Cr (in S2),
which are deposited relatively faster during their transport downstream. Ss (lower reaches of R»)
and Sg (lower reaches of Re) regions exhibited low concentrations of heavy metals. The distribution
of particulate heavy metals may be due to the hydrodynamic sorting of minerals associated with it
(Balachandran et al., 2005). The denser minerals settle quickly during deposition, while the lighter
minerals are transported further downstream. This is supported by a reduction in the suspended
solids from (30.15 £ 19.07) mg/l to (12.28 £ 3.19) mg/l towards the estuary. The strong association
of Fe, Mn and Cr towards the coarser suspended particles during the present observation might have
resulted in their rapid settling and lower particulate Fe, Mn and Cr in the lower reaches of R>. Both
dissolved and particulate metal levels were comparable with previous reports in CE (Table S7 and

S8, Supplementary Information).

Influence of tide on heavy metal concentrations at the Cochin inlet



The intra-tidal variations (27 hrs.) in both dissolved and particulate metal concentrations
measured at the Cochin inlet during 3-4 November 2015 are depicted in Fig. 4 and 5. DMg (28.8-
947), DFe (9.7-125.3), DCr (2.14-5.55), DZn (nd-6.15) and DNi (nd-0.64) showed moderate
concentrations (pg/L), while DCo, DCu and DPb were below measurable levels (Table S4,
Supplementary Information). DFe, DCr and DMg were present at moderate levels throughout the
observation, while DZn and DNi were below detectable levels during certain periods, and an
increase in the bottom was noticed during flood tide (15-18hrs. and 27-30hrs.). The pH and salinity
were relatively higher (due to flooding), and dissolved oxygen was comparatively higher at the
bottom. The degree of desorption of metals from the SPM increases with salinity (Samanta et al.,
2018). Elevated values of heavy metal concentrations at higher salinity require an increasing
degree of adsorption of one or more of the dissolved major ions (Na, Mg, and Ca) with increasing
salinity. A significant negative correlation (p < 0.05) exists between DNi and DMg. The
adsorption of DMg may be responsible for the dissolution of Ni. However, such a significant
correlation between DZn and DMg was absent. When an oxygen gradient exists in addition to the
salinity gradient, the redox process has a profound influence on trace metal mobilization (Gerringa
et al., 2001). Therefore, further studies are required to determine the causative factor for the
dissolution of Zn and Ni at the Cochin inlet. DMn (9.5 pg/L), and DCd (3.3 pg/L) were present
only in one sample and could be due to resuspension. Autochthonous metals can be mobilized
under suitable redox conditions (Forstner, 1981). Cd forms soluble complexes such as CdCl, and
CdSO4 under high salinity (Machado et al., 2016) may lead to an increase in DCd in the bottom
(12hrs.). DMn was present during one ebb tide (36 hrs.) at mid-depth (9.5 pg/L), where the waters
were oxygenated (5.01-6.34 mg/L) and productive.

The particulate metals exhibited tidal variations for Zn (nd - 1307 pg/g), Mn (nd - 3483
Ma/g), Cr (nd - 148 pg/g), Ni (nd - 59.2 ug/g), Fe (0.06 - 48.4 %) and Mg (0.02 - 18.1%).
Dissolved Zn was uniformly high in the surface except at 24 and 33 hrs., while particulate Zn was
high in mid and bottom. Dissolved Ni and particulate metals (Fe, Mn, and Mg) were dominant

throughout the tidal cycle. Dissolved Cr was high when SPM was low.

High concentrations of particulate metals (Fe, Mg, Mn, Zn, Cr, Ni, and Pb) in the bottom
and mid-depth (Zn, Fe and Mg) at 12 hrs. could be due to high turbidity (SPM 412.1mg/L) towards
the end of ebb tide due to sediment resuspension. However, it should be noted that the turbidity
increased (SPM 718 and 701 mg/L) again soon after the next ebb tide (i.e., at 24 hrs. and 39 hrs.),
though the heavy metals did not show a corresponding increase at the bottom. The ebb during 21-

24hr and 33-36hr with a high tidal coefficient may favour the resuspension of denser particles.



Heavy metal concentrations in SPM are related to particles' size, and finer particles accumulate
more heavy metals than denser ones (Salas et al., 2017). Low concentrations of dissolved Zn, Fe
and Cr in the mid-depth at 27 hrs. may be associated with biological uptake, as evidenced by
phytoplankton blooms (Zwolsman and Van Eck, 1993; Luengen et al., 2007). The nutrients
brought from the estuary by the preceding tide (24hr.) to the sluggish waters (27hrs.) may have

favoured high biological production.

Fe in both (D and P) phases displayed a similar trend in its distribution. A peak in the
particulate metals (Zn, Mn, Fe and Mg) in the surface during ebb tide (33 hours) when water
currents and SPM were minimum could be related to the anthropogenic input. Zn may be bound to
Fe-Mn oxydroxide during this period. Comparatively high oxygenated condition (6.78mg/l) at the
inlet during 33hrs may favour the Fe and Mn to exist in its oxidized state. The redox-sensitive
metals such as Fe and Mn showed a significant (p< 0.01) positive correlation with heavy metals.
Fe-Mn oxyhydroxide revealed its vital role in the linkage of Zn as Fe-Mn oxyhydroxides
(Balachandran et al, 2005) in Cochin inlet. Strong interrelationship among Fe, Mn and Zn

indicated their common source and identical behaviour (Table S9; Supplementary Information).

Ni in dissolved fraction and Mg in dissolved and particulate forms showed an increase,
while all other metals decreased at the inlet. Fe (both dissolved and particulate) concentration in
the upstream was high and low at the inlet, indicating a substantial removal of Fe during estuarine
mixing (Balachandran et al., 2005; Nair et al., 2013). Mn also displayed a similar trend with a
decrease in concentration towards the inlet. A comparison of dissolved and particulate metals with
previous reports in the CE (Table S8 and S9, Supplementary Information) shows that dissolved
metals remained consistent over the years (Ouseph et al., 1992; Rajamani, 1994; Unnikrishnan,
2000; Balachandran, 2001; Nair et al., 2013; Anas et al., 2015), though there is an increase in the
particulate Cu and Fe levels (Paul and Pillai, 1983; Ouseph et al., 1992; Rajamani, 1994; Nair et
al., 2013). The above results show that the wide variation in the heavy metal levels at the inlet was
caused by the discharge of effluents from industries and its regulation by estuarine processes such

as adsorption-desorption and resuspension.
3.4 Water flux

The water flux through the surface, mid and bottom waters at the Cochin inlet at 3-hr.
intervals for 27hrs. were represented in Fig. S1, Supplementary Information. The advection of
seawater was high during the highest high water (HHW) at 27hrs. The water flux through the
Cochin inlet (integration over 25 h) varied from 45.76 (S), 29.44 M) and -8.18 (B) Mm¢/tidal



cycle. While the surface and mid-depth water flux was seaward (positive), the bottom flow was
landward (negative) with a residual flow of 67.10 Mm?/tidal cycle. Inter-tidal and seasonal
changes will influence this water exchange at the inlet, as the major controlling factors are the
tides and freshwater discharge (Seena et al., 2020).

3.5 Heavy metal fluxes
Input flux of heavy metals

Input fluxes (kgd™) of dissolved and particulate heavy metals through 6 rivers (R1 to Re) are
provided in Table 2 (average freshwater discharge from the 6 rivers during 28-30 October 2015 was
58.56 Mm?d?). The dissolved and particulate heavy metal input fluxes during 28-30 October 2015
was Zn (334.8 and 111.9 kgd™), Cr (82.9 and 236.9 kgd™?) and Fe (2432.7 and 86301.6 kgd™).
Similarly, the input of particulate Mn was 604.8 kgd™ and dissolved Ni was 259.3 kgd™.

Fluxes of heavy metals across the inlet

Net export of most of the heavy metals through the Cochin inlet was observed. The
instantaneous fluxes (gs™?) of heavy metals (Zn, Cr, Fe, Ni & Mn) across the inlet (Fig. 6-8) show a
temporary reversal (negative) during flood tide (27 hrs.). This indicates an import of water through
the surface and mid-depth, though on integrating over 25 hrs., the result was a net export
(positive). Ni and Cr transport through mid-depth and bottom were mostly in dissolved form, while
the transport of Zn, Fe and Mn fluxes was in particulate form. The instantaneous fluxes, when
integrated over a tidal cycle (24 hrs. and 50 min), showed a net export of Fe (3.3 x 10° kg), Zn
(150 kg), Cr (515 kg), Ni (5 kg) and Cd (2.5kg) in dissolved form.

Net export of Fe (3.32 x 10° kg), Zn (1397 kg), Cr (1636 kg), Ni (586 kg) and Mn (1747 kg) in
particulate form was observed (Table 2). The export fluxes of particulate Zn were an order of
magnitude (=12) high, while particulate Cr, Fe and Mn were ~ 6, 4 and 3 times higher than their
combined river input to the CE. The heavy metal flux data suggest that despite a moderate trapping
efficiency, the export fluxes from the CE are high, especially during high and medium flow
periods. Except for Hooghly estuary (Samanta et al., 2018), no data is available on the heavy metal
fluxes across the estuarine inlets in India. The export fluxes of heavy metals were high during the
ebb period (at 12 hours and 24 hours), when the parcel of water containing the effluent reached the
inlet. However, the high concentration of metals in the surface did not cause a corresponding
increase in the export fluxes during the flood period (33hours), since the currents were directed
towards the estuary. DCd showed a net export, probably through remobilization from sediments

during ebb tide (12 hr). Dissolution of Zn and Ni from sediments under high salinity during the



flood period leads to higher dissolved flux directed landward and this has reduced the net export of
DZn and DNi to the coastal sea. These results indicate that export fluxes of heavy metals from the
CE were mainly dependent on the river flow, type of effluents brought by the ebb currents, tides at

the Cochin inlet and estuarine processes resuspension and dissolution.

Estuarine processes (weak flushing) can trap a major portion of suspended particle-
associated metals within the estuary to limit the export fluxes to the sea (Balachandran et al., 2005;
Sebin et al., 2020). This is evidenced from the high concentrations of Zn (391.4 mg/kg), Cr (213.6
mg/kg), Ni (98.3 mg/kg), Cu (118.5 mg/kg), Cd (18.5 mg/kg), Pb (71.6 mg/kg), Fe (4.10 %) and
Mn (1605.4 mg/kg) in the mid-estuarine sediments (Balachandran et al., 2005; Martin et al. 2012;
Selvam et al., 2012). This indicates moderate pollution as these metals are likely to be transported
to higher trophic levels through detrital and deposit-feeders (Machado et al., 2016). Heavy metal
contamination has caused changes in a microbial activity affecting the biota (Martin et al., 2008;
Miranda et al., 2008; Shoji et al., 2008). The influence of anthropogenic activities on the soft

benthic community and frequent fish kills are common in the northern estuary (Martin et al., 2011).

During the southwest monsoon and northeast monsoon season, coastal upwelling was
predominant up to the Cochin inlet, characterized by cool and oxygen-deficient, high saline
nutrient-rich waters at the bottom (Lallu et al., 2014, Shivaprasad et al, 2013). In this study, the time
series observation for 24hrs. at the Cochin inlet showed that oxygen saturation was quickly regained
due to the dynamic nature of the estuary (Lallu et al., 2014). The hypoxic condition in the upwelling
zone may support the release of metal bound to Fe-Mn oxides and labile organic matter. Since the
study was undertaken during the post-monsoon season, the upwelling induced hypoxia was absent

in the bottom waters.

The fate of export fluxes of heavy metals is quite a concern, as it is transported to a coastal
environment of high fishery potential, especially during the summer monsoon. The ultimate sink of
these heavy metals could be their deposition in coastal sediments (Pichaimani et al., 2008). The
changes in redox conditions, pH, and dissolved oxygen could be crucial in the depositional
environment. They are removed from the dissolved and particulate form to the sediments and vice
versa (Machado et al., 2016). Thus, sediments can act as both sink and source metals under
changing redox conditions. In the coastal region, the diagenetic changes in sediments (Nath et al.,
2000) can release metals back into the water column during periods of hypoxia. However, the heavy
metals in coastal sediments are firmly incorporated into clay and organic matter (Balachandran et
al., 2003). The continuous exposure of marine organisms to high concentrations of heavy metals

exported from the CE may result in bioaccumulation and subsequent transfer to man through the



food web. Exposure to metals in the fish is mainly through their food and, to a limited extent, by
direct absorption from the water column (Rejomon et al., 2010). Therefore, the accumulation of
heavy metals in planktons, copepods, and benthic organisms will adversely affect fishes. Elevated
trace metal concentrations (Fe, Co, Ni, Cu, Zn, and Cd) in the pelagic and demersal fishes from
upwelling zones of the southwest coast of India, especially off Kochi, have been reported. The
present study indicates that the concentrations of particulate Zn, Cr and Ni in the Cochin inlet are
sufficiently high to cause adverse biological effects (Table S10, Supplementary Information). The
accumulation of heavy metals in sediments is a long-term source of contamination to higher trophic

levels, as they are exposed to detrital and deposit-feeding organisms (Mendil and Uluozlu, 2007).
Conclusions

The present study provides baseline information on the input-export fluxes of heavy metals in
the CE. The rivers in the CE contained low concentrations of heavy metals as they were relatively
unpolluted, whereas the northern part of CE was significantly polluted due to industrial effluents.
The flux measurements at the Cochin inlet further showed that the export of particulate heavy
metals is higher than their input fluxes, indicating CE as a significant source of heavy metals in the
coastal sea. The freshwater flow, industrial effluents and tides are the major factors influencing the
export fluxes of metals from the CE. These fluxes may be much higher during the high flow period.
The fate of heavy metals reaching the coastal environment is a matter of concern as it is a region of

rich fishery potential.

Acknowledgements The authors are grateful to the Director, CSIR- National Institute of
Oceanography (NIO), GOA and Scientist-In-Charge, Regional Centre, CSIR-NIO, Kochi, for the
facilities provided. This study was funded by the project OCEAN FINDER (PSC 0105). We thank
the help rendered by the Department of Chemical Oceanography, Cochin University of Science and
Technology (CUSAT), for heavy metal analysis using ICP-OES. This is NIO contribution no
XXXX.

Funding The study was supported by the project Ocean Finder funded by the Council of Scientific &
Industrial Research, India (PSC 0105)

Compliance with ethical standards
Conflict of interest: The authors declare that they have no conflict of interest.

Ethical approval: This article does not contain any studies with human participants or animals

performed by any authors.



Author Contributions: L. K. R, SJ & MKR conceived and planned the study. LKR, SJ, MKR,
UPB, DM carried out the sampling. SJ & M. K. R measured the water flux using ADCP. LKR have
done the lab analysis, data interpretation and writing of manuscript. L.K.R & S.J flux computation.
K.KB & G.K.T.R review and editing. K.K.B, G.K.T.R, R.C, M.N & P.P.S supervised. Data
availability: All data generated or analyzed during this study are included in this article. The raw
data has been submitted to the CSIR-National Institute of Oceanography (NIODC) repository, which
can be made available upon request.

Compliance with ethical standards
Conflict of interest: The authors declare that they have no conflict of interest.
Ethics declarations

Ethical approval: This article does not contain any studies with human participants or animals
performed by any authors.

Ethics approval: Not applicable.
Consent to participate: Not applicable.
Consent for publication: Not applicable.
References

Anas, A., Jasmin, C., Sheeba, V. A., Gireeshkumar, T. R., Nair, S., 2015. Heavy Metals Pollution
Influence the Community Structure of Cyanobacteria in Nutrient Rich Tropical Estuary,
Oceanography. 3, 137.

Anu, P. R., Jayachandran, P. R., Sreekumar, P. K., Bijoy, S., 2014. A Review on Heavy Metal
Pollution in Cochin Backwaters, Southwest Coast of India. International Journal of Marine
Science, 4 (10), 92-98.

Balachandran, K. K., 2001. Chemical oceanographic studies of the coastal waters of Cochin, India:
Ph.D. thesis, Cochin University Science and Technology, Cochin. pp. 250.

Balachandran, K. K., Joseph, T., Nair, M., Sankaranarayanan, V. N., 2003. Geochemistry of surficial
sediments along the central southwest coast of India: seasonal changes in regional distribution.
Journal of Coastal Research, 19 (3), 664-683.

Balachandran, K. K., Laluraj, C. M., Martin, G. D., Srinivas, K., Venugopal, P., 2006.
Environmental analysis of heavy metal deposition in a flow-restricted tropical estuary and its
adjacent Shelf. Environmental Forensics, 7, 345-351.

Balachandran, K. K., Laluraj, C. M., Nair, M., Joseph, T., Sheeba, P., Venugopal, P., 2005. Heavy
metal accumulation in a flow restricted tropical estuary. Estuarine Coastal and Shelf Science, 65,
361-370.


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Balachandran, K. K., Reddy, G.S., Revichandran, C., Srinivas, K., Vijayan, P. R., Thottam, T. J.,
2008. Modelling of tidal hydrodynamics for a tropical ecosystem with implications for
pollutant dispersion (Cochin estuary, South India). Ocean Dyn. 58, 76-88.

Bincy, J., Revichandran, C., Naveen Kumar, K. R., 2013. Salt intrusion study in Cochin estuary-using
empirical model. Indian J Geo Mar Sci. 42, 304-313.

Briant, N., Chiffoleau, J, F., Knoery, J., Aradjo, D. F., Ponzevera, E., Crochet, S., Thomas, B.,
Brach-Papa, C., 2021. Seasonal trace metal distribution, partition and fluxes in the temperate
macro tidal Loire Estuary (France). Estuarine, Coastal Shelf Science, 262, 107616.

Briffa, J., Sinagra, E., & Blundell, R., 2020. Heavy metal pollution in the environment and their
toxicological effects on humans. Heliyon, 6(9), e04691.

Buchman, M. F., 2008. NOAA Screening Quick Reference Tables NOAA OR & R Report 08-1 (34
p.). Seattle, WA: Office of Response and Restoration Division, National Oceanic and
Atmospheric Administration.

Central Water Commission (CWC), 2014. Status of Trace and Toxic Metals in Indian Rivers.
Ministry of Water Resources, Government of India.

Chakraborty, P., Ramteke, D., Chakraborty, S., Nath, B.N., 2014a. Changes in metal contamination
levels in estuarine sediments around India—an assessment, Marine Pollution Bulletin, 78, 15-25.

Chakraborty, P., Sarkar A., Vudamala, K., Naik, R., Nath B.N., 2014b. Organic matter—A key
factor in controlling mercury distribution in estuarine sediment, Marine Chemistry, 173, 302-
307.

Chapman, P. M., Wang, F.Y., Adams, W.J., Green, A. 1998. Appropriate Applications of Sediment
Quality Values for Metals and Metalloids. Environ. Sci. Tech, 33, 3937-3941.

Che, Y., He, Q., Lin, W. Q., 2003.The distributions of particulate heavy metals and its indication to
the transfer of sediments in the Changjiang Estuary and Hangzhou Bay, China. Marine Pollution
Bulletin, 46 (1), 123-131.

DMG, 2016. District survey report of minor minerals, Ernakulam State, Department of Mining and
Geology, Govt of Kerala. p. 23-24.

Elliott M., McLusky, D. S., 2002. The need for definitions in understanding estuaries. Estuarine
Coastal and Shelf Science, 55, 815-827.

Fabunmi, 1., Olumodeji, O., Adeleye, A., Paul, U. J., 2015. Comparison of acid mixtures using
conventional wet digestion methods for determination of heavy metals in fish tissues. Journal of
Scientific Research and Reports, 8 (7), 1-9.

Forstner, U., 1981. Metal transfer between solid and aqueous phase. In: Forstner, U., Wittmann,
G.T.W. (Eds.), Metal Pollution in the Aquatic Environment. Springer verlag, Berlin- Heidelberg
- New York, pp. 197 - 270.

George, R., Martin, G. D., Nair, S. M., and Kumar, N. C., 2013. Biomonitoring of trace metal
pollution using the bivalve mollusks, Villorita cyprinoides, from the Cochin backwaters.
Environmental Monitoring and Assessment, 185, 10317- 10331.



George, R., Martin, G. D., Nair, S. M., Thomas, S. P., Jacob, S., 2016. Geochemical assessment of
trace metal pollution in sediments of the Cochin backwaters. Environmental Forensics, 17, 156 -
171.

Gerringa, L. J. A., de Baar., H. J. W. Nolting., R. F., Paucot., H., 2001. The influence of salinity on
the solubility of Zn and Cd sulphides in the Scheldt estuary, J. Sea. Res, 46 (3-4), 201-211,

Gopalan, U. K., Doyil, T. V., Udayavarma, P., Krishanankutty, M., 1983. The shrinking of Cochin
back water. Journal of Marine Biological Association of India, 25, 131-141.

Grasshoff, K., Ehrhardt, M., & Kremling, K. (Eds.). 1999. Methods of seawater analysis. Weinheim:
Verlag Chemie. Grasshoff, K., Ehrhardt, M., Kremling, K., et al., 1983. Methods of seawater
analysis (2"%d.). Deerfield Beach: Weinheim.

Gupta, G. V. M,, Sudheesh, V., Sudharma, K.V., Saravanane, N., Dhanya, V., Dhanya, K. R,
Lakshmi, G., Sudhakar, N., Naqvi, SW.A., 2016. Evolution to decay of upwelling and
associated biogeochemistry over the southeastern Arabian Sea shelf. J. Geophys. Res.
Biogeosciences 121, 159-175.

Gupta, G. V. M., Thottathil, S. D., Balachandran, K. K., Madhu. N.V., Madeswaran, P., Nair, S.,
2009. CO2 Supersaturation and Net Heterotrophy in a Tropical Estuary (Cochin, India):
Influence of Anthropogenic Effect. Ecosystems, 12, 1145-1157.

Joy, C.M., Balakrishnan, K. P., Joseph, A., 1990. Effect of Industrial Discharges on the ecology of
phytoplankton production in the River Periyar, India. Wat.Res, 24(6), 787-796.

Kennish, M.J., 1991. Ecology of Estuaries: Anthropogenic Effects. CRC Press, Florida.

Khan, M. A., Guerrero, N. C., Mendoza-Cozatl, D. G., 2014. Moving toward a precise nutrition:
preferential loading of seeds with essential nutrients over non-essential toxic elements. Frontiers
of Plant Science, 5, 51.

Lallu, K. R., Fausia, K. H., Vinita, J., Balachandran, K. K., Naveen Kumar, K. R., Rehitha, T.V.,
2014. Transport of dissolved nutrients and chlorophyll a in a tropical estuary, southwest coast of
India. Environmental Monitoring and Assessment, 186, 559.

Long, E. R., Macdonald, D. D., Smith, S. L., Calder, F. D., 1995, "Incidence of adverse biological
effects within ranges of chemical concentrations in marine and estuarine sediments".
Environmental Management, 19 (1), 81-97.

Luengen, A.C., Raimondi , R.T., Russell A.,C., (2007)Contrasting biogeochemistry of six trace metals
during the rise and decayof a springphytoplankton bloom in San Francisco Bay, Limnology and
Oceanography, 52, 1112-1128.

Machado, A. A. D., Spencer, K., Kloas, W., Toffolon, M., Zarfl, C., 2016. Metal fate and effects in
estuaries: A review and conceptual model for better understanding of toxicity. Science of the
Total Environment, 541, 268-281.

Martin, G. D., George, R., Shaiju, P., Muraleedharan, K. R., Nair, S. M., Chandramohanakumar, N.,
2012. Toxic metals enrichment in the surficial sediments of a eutrophic tropical estuary (Cochin
backwaters, southwest coast of India). Science World Journal.



Martin, G. D., Nisha P. A., Balachandran K. K., Madhu. N.V., Nair, M., Shaiju, P., Joseph, T.,
Srinivas, K., Gupta G. V. M., 2011. Eutrophication induced changes in benthic community
structure of a flow-restricted tropical estuary (Cochin backwaters), India. Environ. Monit. Assess.
176, 427-438.

Martin, G. D., Vijay, J. G., Lalu raj, C. M., Madhu, N. V., Joseph, T., Nair, M., Gupta, G. V. M.,
Balachandran, K. K., 2008. Fresh water influence on nutrient stoichiometry in a tropical estuary,
south west coast of India. Appl Ecol Env Res. 5, 57-64.

Martin, J. M., Meybec, K. M., 1979. Elemental mass balance of material carried by major world
rivers. Marine Chemistry, 7, 173 - 206.

Masson, M., Blanc, G., Schéfer, J., 2006. Geochemical Signals and Source Contributions to Heavy
Metal (Cd, Zn, Pb, Cu) Fluxes into the Gironde Estuary via Its Major Tributaries. Science of the
Total Environment, 370, 133-46.

Mendil, D., Uluozlu, O.D., 2007. Determination of trace metals in sediment and five fish
species from lakes in Tokat, Turkey. Food Chem. 101, 739-745.

Menon, N. N., Balchand, A. N., Menon, N. R., 2000. Hydrobiology of the Cochin backwater system
- a review. Hydrobiologia, 430, 149-183.

Miranda, J., Balachandran, K. K., Ramesh, R., Wafar, M., 2008. Nitrification in Kochi backwaters.
Estuarine, Coastal and Shelf Science, 78, 291-300.

Nair, S. M., Balchand, A. N., Prashob, K. V., Shaiju, P., 2013. Mobilization of trace metals in a
tropical turbid estuary influenced by a monsoon season. Environmental Earth Science, 70, 807-
819.

Nagvi, S. W. A., Jayakumar, D. A., 2000. Ocean biogeochemistry and atmospheric composition: Significance
of Arabian Sea. Current Science, 78, 289-299.

Nath, B. N., Kunzendorf, H., Plugeer, W. L., 2000. Influence of provenance, weathering and
sedimentary processes on the elemental ratios of the fine grained fraction of bed load sediments
from the Vembanad lake and the adjoining continental shelf, southwest coast of India. Journal of
Sedimentary Research, 70, 1081.

Nordberg, G., Fowler, B., Nordberg, M., 2015. Handbook on the Toxicology of Metals 11 Specific
metals. Vol. 1l.

Nriagu, J., Pacyna, J., 1988. Quantitative assessment of worldwide contamination of air, water and
soils by trace metals. Nature,333, 134-139.

Ouseph, P. P., 1992. Dissolved and particulate trace metals in the Cochin Estuary. Marine Pollution
Bulletin, 24, 86-192.

Pacyna, E.G., Pacyna, J.M. Global Emission of Mercury from Anthropogenic Sources in 1995,
Water, Air, and Soil Pollution, 137, 149-165.

Paul, P. C., Pillai, K. C., 1983. Trace metals in tropical river environment distribution. Water, Air,
and Soil Pollution, 19, 63-73.



Qasim, S. Z. 2003. Cochin backwaters and Vembanad. In: Qasim, S. Z. (Ed.), Indian Estuaries;
ISBN: 81-7764-369-X. Allied Publishers Pvt. Ltd, Mumbai. pp. 305-382.

Qasim, S.Z., Gopinathan, C.K., 1969. Tidal cycles and the environmental features of Cochin
backwater (A tropical estuary), Proceedings of the Indian academy of sciences, Bangalore.

Rajamani Amma, V., 1994. The distribution and partition of some of the trace metals in sediments
and waters on the coastal environment, Ph.D Thesis, Cochin University of Science and
Technology.

Ramzi, A., Gireeshkumar, T.R., Habeeb Rahman, K., Shameem K, Balachandran, K.K. , Jacob
Chacko,. Chandramohanakumar. N., 2020. Phthalic acid esters — a grave ecological hazard in
tropical Cochin estuary. Marine Pollution Bulletin, 152, 110899.

Ramzi, A., Gireeshkumar, T.R., Rahman, K.H., Manu, M., Balachandran, K.K., Chacko, J.,
Chandramohanakumar, N., 2018. Distribution and contamination status of phthalic acid esters in
the sediments of a tropical monsoonal estuary, Cochin - India. Chemosphere 210, 232-238.

Ramzi, A., Rahman, KH., Gireeshkumar, T.R., Balachandran, K.K., Chacko, J.,
Chandramohanakumar, N., 2017. Dynamics of polycyclic aromatic hydrocarbons (PAHS) in
surface sediments of Cochin estuary, India. Marine Pollution Bulletin, 114 (2), 1081-1087.

Rejomon, G., Nair, M., Joseph, T., 2010. Trace metal dynamics in fishes from the southwest coast of
India. Environ Monit Assess 167, 243-255.

Riba, I., Garcia-Luque, E., Basco, J., Devas, T.A., 2003. Bioavailability of heavy metals bound to
estuarine sediments as a function of pH and salinity values. Chemical Speciation, 15 (4), 101-
114.

Salas, P. M., Sujatha, C. H., Ratheesh Kumar, C. S., Cheriyan, E., 2017., Heavy metal distribution,
and contamination status in the sedimentary environment of Cochin estuary. Mar. Pollut. Bull.
119, 191-203.

Samanta, S., Dalai, TK, 2018. Massive production of heavy metals in the Ganga (Hooghly) River
estuary, India: global importance of solute-particle interaction and enhanced metal fluxes to the
oceans. Geochimica et Cosmochimica Acta, 228, 243-258.

Sarkar, A., Chakraborty, P., Nath, B.N., 2016. Distribution and nature of sedimentary organic matter
in a tropical estuary- An indicator of human intervention on environment. Marine Pollution
Bulletin, 102, 176-186.

Savenko, V. S., 2006. Chemical composition of World River's suspended matter. GEOS 2006
[175pp. in Russian].

Schlitzer, R., Ocean Data View, http://odv.awi.de, 2018.

Sebin, J., Muraleedharan, K. R., Revichandran, C., Anas, A., Seena, G., Cazenave, P.W., 2020. What
Controls the Flushing Efficiency and Particle Transport Pathways in a Tropical Estuary? Cochin
Estuary, Southwest Coast of India. Water, 12 (3), 908.

Seena, G., Muraleedharan, K. R., Revichandran, C., Anas, A., Sebin, J., 2020. Seasonal spreading
and transport of buoyant plumes in the shelf of Kochi, South west coast of India - A modeling



approach. Scientific Reports, 9, 1-15.

Selvam, A. P., Priya, S. L., Banerjee, K., Hariharan, G., Purvaja, R., Ramesh, R., 2012. Heavy metal
assessment using geochemical and statistical tools in the surface sediments of Vembanad Lake,
southwest coast of India. Environmental Monitoring and Assessment, 184, 5899 -5915.

Shivaprasad, A., Vinita, J., Revichandran, C., Reny, P. D., Deepak, M. P., Muraleedharan, K. R.,
Naveen Kumar, K. R., 2013. Seasonal stratification and property distributions in a tropical
estuary (Cochin estuary, west coast, India). Hydrology. Earth System Science, 17, 187-199.

Shoji, D., Balachandran, K. K., Gupta, G. V. M., Madhu, N. V., Shanta, N., 2008. Influence of
allochthonous input on autotrophic-heterotrophic switch-over in shallow waters of a tropical
estuary (Cochin Estuary), India. Estuar. Coast. Shelf Sci. 78, 551-562.

Simpson, S. L., Batley, G. E., 2007. Predicting metal toxicity in sediments: a critique of current
approaches. Integr Environ Assess Manage, 3, 18-31.

Sparks, D. L., 2005 Toxic Metals in the Environment: The Role of Surfaces. Elements 1, 193-198.

Srinivas, K., Revichandran, C., Maheswaran, P. A., Mohammed Ashraf, T. T., Nuncio, M., 2003.
Propagation of tides in the Cochin estuarine system, southwest coast of India. Indian Journal of
Marine Science, 32, 14-24.

Srinivas, K., Revichandran, C., Mohamed Asharaf, T. T., Thottam, T. J.,, Maheswaran, P. A.,
Nuncio, M., 2004. Sea level and currents in the upper reaches of the Cochin estuarine system
during October 2000. Indian Journal of Marine Science, 33, 155-163.

Taylor, S. R, McLennan, S. M., 1985. The continental crust: its composition and its evolution [B].
Blackwell, Oxford, p 312.

Unnikrishnan, P., 2000. Phase transitions of trace metals in the aquatic environment of Kuttanad,
Kerala, Ph.D Thesis, Cochin University of Science and Technology, Cochin. pp. 70-111.

Viers, J., Dupre, B., Gaillardet, J., 2009. Chemical composition of suspended sediments in World
Rivers: new insights from a new database. Science of the Total Environment 407, 853-868.

Vinita J, Revichandran, C., Manoj, N. T., 2017. Suspended sediment dynamics in Cochin estuary,
west coast, India. Journal of Coastal Conservation, 21, 233-244.

Vinita, J., Shivaprasad, A., Revichandran, C., Manoj, N. T., Muraleedharan, K. R., Binzy, J., 2015.
Salinity response to seasonal runoff in a complex estuarine system (Cochin Estuary, West Coast
of India), Journal of Coastal Research, 31, 869-878.

Zwolsman, J.J.G., Van Eck, G. T. M., 1999. Geochemistry of major elements and trace metals in
suspended matter of the Scheldt estuary, southwest Netherlands, Marine Chemistry, 66 (1-2), 91-
111.

Zwolsman, J.J.G,, Van Eck, G.T.M. (1993) Dissolved and particulate trace metal geochemistry in the
scheldt estuary, S. W. Netherlands (water column and sediments). Netherlands Journal of Aquatic
Ecology 27, 287-300.


../../../../../../AppData/Roaming/Microsoft/Word/Sci%20Rep, 
javascript:void(0)
javascript:void(0)

B it
10°10°0"N h s
g

Arabian Sea

R3

R4,

RS

T
76°10'0"E 76°20'0"E 76'30'0"E 76°40'0"E

Figure 1 Cochin Estuary and the 6 rivers draining into the system; the red dots symbolize the station
locations for the present study.



1604 (3)

120

Fresshwater discharge (m3/s)

0_
R1 R2 R3 R4 RS R6
40
(b)
£ 20 ~
3
3
g 0-
«
z
220 -
12 15 18 21 24 27 30 33 36 39
Time (hrs)
(© Salinity
0 = 7 5 73 0 w35
L Wl . -~ 30
5
E .25
g |20
a2 10 g
E 15
Z
ZE10
15 F
1 B
=]

12 15 18 21 24 27 30 33 36 39
Time (hrs)
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Figure 3 Variation in SPM (mg/L) at Cochin inlet during 3-4 November 2015.
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Figure 4 Variation in dissolved (a) Fe, (b) Mg, (c) Cr, (d) Mn, (e) Ni, (f) Zn and (g) Cd at Cochin
inlet during 3-4 November 2015.
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Figure 5 Variation in particulate (a) Fe, (b) Mg, (c) Cr, (d) Zn, (e) Mn, (f) Ni, (g) Co and (h) Pb at
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Cochin inlet during 3-4 November 2015.
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Figure 6 Variation in the fluxes (gs?) of particulate (red) and dissolved (blue) Zn and Cr in the

surface, mid and bottom of Cochin inlet during 3-4 November 2015.
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Fi
gure 7 Variation in the fluxes (gs) of particulate (red) and dissolved (blue) Fe and Mn in the surface,

mid and bottom of Cochin inlet during 3-4 November 2015.
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Figure 8 Variation in the fluxes (gs™) of particulate (red) and dissolved (blue) Mn and Ni in the
surface, mid and bottom of Kochi inlet during 3-4 November 2015.



Table 1 Location of sampling stations in the Cochin estuary

SI No Station name Station code Latitude Longitude

1 Periyar R1 10° 10' 22.3"N 76° 27' 38.1"E
2 Muvattupuzha R2 9°48'21.1"N 76° 27 14"E

3 Meenachil R3 9° 40' 34.6"N 76° 36' 33.9"E
4 Manimala R4 9° 25'55.9"N 76° 40' 3.4"E
5 Pamba R5 9°19'43.6"N 76°41'6.2"E
6 Achankoil R6 9°14'2.7"N 76° 38' 20.6"E
7 Purappillikkavu S1 10° 8' 39.2"N 76° 16' 59.9"E
8 Moolampilly S2 10° 2'17.6"N 76° 16'8.2"E

9 Cochin inlet S3 9°58'15.3"N 76°14'42.1"E
10 Murinjupuzha S4 9°49'17.3"N 76° 23'31.8"E
11 Ithipuzha S5 9° 46'50.6"N 76° 22' 29.6"E
12 Kariyar S6 9°42'5.8"N 76° 24' 10.9"E
13 Kumarakom S7 9° 35'47.8"N 76° 25'46.3"E
14 Pallathuruthy S8 9° 27" 47.2"N 76° 21' 46.5"E




Table 2. Input (kg/d) and export (kg/tidal cycle) fluxes of heavy metals in the Cochin estuary

Input fluxes Export fluxes

Metal from 6 rivers (kg/d)  (kg/tidal cycle)
Dissolved Zn 334.8 150.2
Particulate Zn 111.9 1397.0
Dissolved Cr 82.9 514.8
Particulate Cr 236.9 1635.5
Dissolved Fe 2432.7 3271.3
Particulate Fe 86301.6 332122.4
Dissolved Mn Nd 102.4
Particulate Mn 604.8 1747.5
Dissolved NI 259.3 4.6
Particulate Ni Nd 586.3

‘D’ & ‘P’ represent dissolved and particulate fractions of heavy metals. Nd represents non-detectable



