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Abstract  Assessment of spatial variation in hydrogeochemical characteristics was studied in a tropical estuary, Cochin 
India. Noticeable spatial variations was observed in transparency, turbidity, salinity, PO4

3--P, NH4
+-N, dissolved Cd and Hg. 

Light limitation due to high turbidity reduced the primary production, even under high nutrient conditions. An enrichment of 
both dissolved and sediment Cd, Pb and Hg were noticed in the harbour region associated with high organic carbon and 
silty-clay fraction. The multivariate statistical methods such as factor analysis (FA), cluster analysis (CA), canonical corre-
spondence analysis (CCA) and analysis of variance (ANOVA) were employed to appraise and interpret complex hydro-
geochemical data, to categorize pollution sources for better understanding about various biogeochemical processes. CA and 
CCA showed a meaningful classification of estuarine samples based on spatial criteria. Statistical analysis revealed that 
Secchi disk depth (SD), water salinity, NO2

--N, NO3
--N, dissolved oxygen (DO), total phosphorus (TP), total nitrogen (TN), 

petroleum hydrocarbon (PHC), sediment pH, organic carbon (SOC) and Pb were the most crucial parameters influencing the 
hydrogeochemistry of the estuary.  

Keywords  Cochin Estuary, Multivariate Statistical Analysis, Heavy Metals, Hydrogeochemistry, Factor Analysis, 
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1. Introduction 
The Cochin backwaters, located along the southwest coast 

of India, constitute a system of interconnected channels and 
swamps penetrating the mainland encircling many islands 
within it[1]. Owing to the micro tidal characteristics, the 
estuary is facing gross pollution problems following the 
release of untreated effluents from industries (0.104 x 106  

m3  d- 1) and domestic sectors (0.26 x 103 m3 d-1) over the past 
five decades resulting in deleterious changes in the estuarine 
ecosystem[2, 3]. The major polluting industries in the region 
include fertilizer plant, oil refinery, rare earth processing 
plant, minerals and rutile plant, zinc smelter plant, insecti-
cide factory and organic chemical plant[4]. Further, con-
struction of hydraulic barriers on the northern and southern 
limbs to prevent saline incursion into the upstream agricul-
tural fields has imposed severe flow restrictions and in-
creased sedimentation in the estuary[3, 5]. 

Even though several works have been carried out in the  
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Cochin estuary mentioning the long term changes of phys-
ico-chemical[6, 7] and biological characteristics, no sys-
tematic studies have been reported pertaining to the 
short-term changes of environmental variables using multi-
variate techniques. The objective of the present study is to 
analyze the hydrogeochemical status of Cochin estuary due 
to urbanisation, industrialisation and impact from the har-
bour activities. 

2. Materials and Methods 
2.1. Study Area 

The Cochin backwaters (9° 40’ & 10° 12’N and 76° 10’ & 
76° 30’E), represent a tropical estuary in Kerala having an 
area of about 256 km2 (Figure 1). To the North and South, the 
harbour is continuous with extensive, shallow, brackish 
water areas, with large scale riverine inputs. The backwater 
stretches parallel to the coastline and is permanently con-
nected with the Arabian Sea by a gut; about 450 m wide 
which forms the ship channel at the Cochin harbour region 
and is continuously dredged and maintained at 10 to 13 m[8]. 
Constant mixing with seawater through tidal exchanges has 
given the backwater the characteristics of a tropical estuary[9, 
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10]. Six rivers discharge 2 x 1010 m3 of fresh water annu-
ally[7], into the Cochin backwaters, of which, the Periyar on 
the north and the Pamba on the south, are the largest. The 
bordering areas and islands in the estuary are centres of 
intense human activity. The movements of ships and    
mechanized ferry services keep the water in the harbour area 
churned up to a considerable extent.  

 
Figure 1.  Location of the sampling sites in the Cochin estuary 

2.2. Sample Collection and Pre-treatment 

Water and sediment samples were collected from 7 sta-
tions during February, 2006. Water samples were collected 
using 5 litre Niskin bottles and sediment samples were col-
lected using a Van Veen Grab (0.05 m2). In situ temperature 
was recorded using a thermometer (1–51oC range within ± 
0.1oC; Brannan, UK). DO was estimated according to 
Winkler’s method[11]. Salinity was determined using a digi 
auto salinometer (Model TSK, accuracy ± 0.001) and the 
pH using an ELICO LI 610 pH meter (accuracy ± 0.01). 
Soil pH was determined by adopting the method of Jackson 
(1958). Turbidity was measured by Nephelometer using 
NTU standards. Samples for nutrients (NH4+-N, NO2--N, 
NO3--N, PO43--P, TN and TP) were analyzed following the 
standard methods[11]. For the estimation of PHC content, 
seawater samples were collected in amber coloured 2.5 litre 
glass bottles and were analyzed by fluorescence emission 
measurements, using a Shimadzu RF-5000 spectrofluoro-
meter. Solutions were excited at 310 nm, and the fluores-
cence emission was measured at 360 nm[12].  

Net primary production (NPP) was measured by the 14C 
method following[13] using NaH14CO3 of 5 μCi ml−1 
(Board of Radioisotope Technology, Department of Atomic 
Energy, India). The disintegration per minute (DPM) was 
measured by Wallace 1409 DSA, Perkin-Elmer, USA and 
converted into daily production rates (mg C m−3 d−1) taking 
into account the initial activity in the bottles and the initial 
adsorption of 14C by particles in the bottles[14]. For trace 
metal analysis, water samples were collected in acid washed 
polythene jerry cans and was filtered through pre-ignited 
and pre-weighted Millipore filter paper (0.45 μm) and the 
filtrate was acidified to pH < 2 using concentrated su-
prapure nitric acids.  

The dissolved metals were extracted using Ammonium 
Pyrrollidine Dithocarbamate (APDC) and Methyl Isobutyl 
Ketone (MIBK) at pH 4.5 and brought back to aqueous 
layer by back-extraction with concentrated nitric acid and 
made up to 20 ml with mille-Q water[15]. The extracts were 
analyzed in the flame AAS (AAanalyst 100 Perkin Elmer) 
for dissolved trace metals, viz Cd and Pb. Sediments were 
collected using Van Veen grab carefully by avoiding con-
tamination and kept frozen till analysis. Soil pH was deter-
mined by adopting the method of[16]. Textural characteris-
tics (sand, silt, clay) were determined following pipette 
analysis[17] and sediment organic carbon (SOC); of the 
composite samples were estimated using chromic acid di-
gestion followed by back titration with ferrous ammonium 
sulphate[18]. For the heavy metal analysis, finely powdered 
and dried (70°C) sediments were digested in a mixture of 
HF-HClO4-HNO3[19]. Complete digestion was ascertained 
by repeating the acidification until a clear solution was ob-
tained and brought into solution in 0.5 M HCl (25 ml) using 
Milli Q water. Samples were analyzed on a flame AAS 
(AAanalyst 100-Perkin Elmer) after calibration with suit-
able E-Merck elemental standards. For cadmium analysis, a 
Graphite-AAS (ZL 4110 Perkin Elmer) was used. The pre-
cision of the analytical procedure was checked by certified 
reference material (BCSS-1) in triplicate (National Re-
search Council of Canada). The standard deviations (SD) 
were typically ± 5% for Cd and Pb. For the estimation of 
dissolved mercury, water samples (one liter) were acidified 
on board with 1.0 ml of concentrated HNO3. The pH of 
water samples after acidification ranged from 1.98 to 2.04 
and the Hg concentrations were determined by ECIL mer-
cury analyzer (MA 5800 E) after a pre-concentration step 
by[20]. Mercury in sediment was determined by cold va-
pour atomic absorption technique after an acid extraction 
procedure[21]. 

2.3. Data Analysis 

Pearson correlation co-efficient (r) and multivariate re-
gression analyses were performed to find the significance 
among the environmental parameters. Hierarchical cluster 
and multidimensional scaling (MDS) analyses were carried 
out using PRIMER to identify the similarity between sta-
tions. PASW was used for analysis of variance (ANOVA). 
Simultaneous representation of stations with influenced 
variables was performed using CANACO statistical pack-
age. Cluster analysis (CA) was executed performed to clas-
sify elements of different sources based on their similarities 
using dendrograms and to identify relatively homogeneous 
groups of variables with similar properties[22]. Factor 
analysis (FA) was employed on the variables those are cor-
related to isolate or determine specific factors that are asso-
ciated with such groupings of hydrogeochemical concentra-
tion to establish their origin. All mathematical and statisti-
cal computations were made using Excel 2007 (Microsoft 
office) and STATISTICA. 

North stations

South stations
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3. Results 
3.1. Hydrographic Cnditions 

The average data of hydrogeochemical variables studied 
are given in Table 1. Cochin had a warm humid climate, with 
air temperature ~32oC. Water column remained relatively 
cool at the surface (30.14 ± 0.69°C). Salinity showed distinct 
variations with maximum of 26.8 at station 1, whereas a 
pronounced decline was noticed in southern stations (20.20 ± 
0.82).  

Table 1.  Variation of water and sediment quality in Cochin estuary 

 

Increased seawater incursion resulted in substantial in-
crease in salinity at mouth region, whereas a marked de-
crease was evident due to high fresh water influx in the 
southern region. pH was slightly higher at northern stations 
(7.76 ± 0.05) as compared to the southern region (7.73 ± 
0.02). Marked variations in pH were obvious towards the 
mouth region whereas restricted towards the southern sta-
tions. Secchi disc levels (43-165 cm), corresponding to tur-
bidity varied from 9.26–34.1 NTU, the maximum values 
being at harbour region and the minimum at southern sta-
tions. Relatively high concentration of DO was observed at 
southern stations (5.48 ± 0.23 mg L-1) as compared to the 
northern stations (4.90 ± 0.20 mg L-1). Spatial variation of 
pH, salinity and DO are well illustrated in Figure 2. 

3.2. Distribution of Nutrients and Primary Productivity 

In general, the Cochin estuary showed the elevated levels 
of inorganic nutrients (Table 1 and Figure 3). The total dis-
solved inorganic nitrogen (DIN= NO3

- + NO2
- + NH4

+) was 
31.89 ± 6.80 μM among these, nitrate has contributed a 
maximum of 83.5 % (26.65 ± 0.39 μM) followed by am-
monia of 12.77 % (4.07 ± 1.58 μM) and nitrite of 3.66%  
(1.17 ± 0.49 μM), respectively. Marginal increase in DIN 
was noticeable at the northern stations as compared to the 
southern, while nitrite was rather less (< 2 μM) in the study 
area during sampling period. The inorganic phosphorous (IP) 
showed minor increase (1.82 ± 0.86 μM) at northern and 
harbour stations as compared to southern stations. The mean 
N:P ratios were well above 16 and also seemed to be incon-
sistent throughout the area. The N:P ratios varied between 
13.38 (station 3) to 44.57 (station 6). From N:P ratio, it was 
evident that nitrogen is the limiting nutrient at the mouth and 
harbour station, whereas at the southern sector phosphate 
proved to be the limiting factor. Dissolved inorganic nutri-
ents generally showed an inverse relationship with salinity. 
Significant positive relationship was found between salinity 
and pH (P >0.01), whereas nitrate and phosphate showed 
insignificant and inverse correlation with salinity and pH, 
respectively. TN concentration varied from 22.73 µM (sta-
tion 6) to 44.91 µM (station 1). The decrease in TN concen-
tration coincided with decrease in the inorganic nitrogen 
concentration during the same period. Total phosphorous 
(TP) showed a minimum value of 10.21 µM (station 7) to a 
maximum of 19.56 µM (station 4). PHC concentrations 
(Table 1 & Figure 4) varied between 9.5 and 69.5 µg l-1. Low 
PHC concentrations were observed in channel entrance 
(station 1) and southern station (station 7). PHC were rela-
tively higher along western arm of the estuary (Mattancherry 
channel) compared to Ernakulam channel of Cochin harbour. 
Primary production exhibited considerable variation in the 
estuarine waters, with higher values in the southern stations. 
The total primary production showed one fold increase in the 
southern estuarine stations (406.23 ± 157.01 mg C m-3 d-1) 
compared to the northern stations (204.78 ± 70.75 mg C m-3 

d-1) during the study period (Table 1 & Figure 5). 

Parameters Sector Mean ± SD Minimum Maximum 

Depth (m) 
Northern sector 8.50 ± 4.53 2.5 13.5 
Southern sector 6.17 ± 2.89 4.5 9.5 

Overall 7.50 ± 3.82 2.5 13.5 

Air.Temp°C 
Northern sector 31.60 ± 0.39 31.2 32.1 
Southern sector 32.20 ± 0.20 32 32.4 

Overall 31.86 ±0.44 31.2 32.4 

W.Temp°C 
Northern sector 30.13 ± 0.95 29.5 31.5 
Southern sector 30.17 ± 0.29 30 30.5 

Overall 30.14 ± 0.69 29.5 31.5 

pH 
Northern sector 7.76 ± 0.05 7.72 7.83 
Southern sector 7.73 ± 0.02 7.72 7.75 

Overall 7.75 ± 0.04 7.72 7.83 

S.Disc (cm) 
Northern sector 72.00 ± 2.00 43 94 
Southern sector 152.00 ± 10.00 145 165 

Overall 106.00 ± 6.00 43 165 

Turbidity (NTU) 
Northern sector 31.71 ± 2.05 29.2 34.1 
Southern sector 13.95 ± 4.57 9.26 18.38 

Overall 24.10 ± 9.96 9.26 34.1 

Salinity 
Northern sector 23.81 ± 66 21.1 26.8 
Southern sector 20.20 ± 0.82 19.3 20.9 

Overall 22.26 ± 2.74 19.3 26.8 

D.Oxygen (mgl-1) 
Northern sector 4.90 ± 0.20 4.65 5.13 
Southern sector 5.48 ± 0.23 5.23 5.68 

Overall 5.15 ± 0.37 4.65 5.68 

I. Phosphate (µM) 
Northern sector 2.45 ± 0.12 2.36 2.62 
Southern sector 0.97 ± 0.58 0.59 1.64 

Overall 1.82 ± 0.86 0.59 2.62 

Nitrate  (µM) 
Northern sector 29.42 ± 5.35 24.64 37.01 
Southern sector 22.96 ± 2.89 20.19 25.95 

Overall 26.65 ± 0.39 20.19 37.01 

Nitrite (µM) 
Northern sector 1.27 ± 0.29 0.92 1.62 
Southern sector 1.03 ± 0.74 0.58 1.88 

Overall 1.17 ± 0.49 0.58 1.88 

Ammonia (µM) 
Northern sector 5.04 ± 1.28 4.21 6.93 
Southern sector 2.79 ± 0.83 1.89 3.52 

Overall 4.07 ± 1.58 1.89 6.93 

T.Phosphorous (µM) 
Northern sector 13.66 ± 0.60 10.21 18.35 
Southern sector 17.40 ± 2.01 15.59 19.56 

Overall 15.26 ± 3.44 10.21 19.56 

 
T. Nitrogen (µM) 

Northern sector 32.95 ± 11.26 22.38 44.91 
Southern sector 36.72 ± 0.23 35.92 38.14 

Overall 34.57 ± 8.24 22.38 44.91 

PHC  (µg l-1) 
Northern sector 50.83 ± 9.83 26 69.5 
Southern sector 26.73 ± 24.28 9.5 54.5 

Overall 40.50 ± 3.64 9.5 69.5 

Dissolved  Cd  (µg g-1) 
Northern sector 0.27 ± 0.04 0.23 0.32 
Southern sector 0.19 ± 0.02 0.17 0.21 

Overall 0.24 ± 0.05 0.17 0.32 

Dissolved Pb  (µg l-1) 
Northern sector 1.59 ± 0.12 1.44 1.72 
Southern sector 1.39 ± 0.08 1.31 1.47 

Overall 1.50 ± 0.14 1.31 1.72 

Dissolved Hg  (ng l-1) 
Northern sector 158.01 ± 16.52 133.67 169.89 
Southern sector 111.93 ± 21.73 92.24 135.24 

Overall 138.26 ± 30.01 92.24 169.89 

Net.PP mg C m-3 d-1 
Northern sector 204.78 ± 70.75 132.2 286.2 
Southern sector 406.23 ± 157.01 228.8 527.2 

Overall 291.11 ± 149.39 132.2 527.2 

Sediment pH 
Northern sector 7.43 ± 0.89 6.62 8.27 
Southern sector 7.40 ± 0.42 6.92 7.68 

Overall 7.41 ± 0.68 6.62 8.27 

Sediment Cd  (µg g-1) 
Northern sector 2.40 ± 0.83 1.4 3.4 
Southern sector 1.70 ± 0.50 1.2 2.2 

Overall 2.10 ± 0.76 1.2 3.4 

Sediment Pb  (µg g-1) 
Northern sector 45.35 ± 9.02 34 54 
Southern sector 40.67 ± 9.07 31 49 

Overall 43.34 ± 8.63 31 54 

Sediment Hg  (µg g-1) 
Northern sector 0.63 ± 0.10 0.51 0.72 
Southern sector 0.49 ± 0.07 0.41 0.53 

Overall 0.57 ± 0.11 0.41 0.72 

SOC  (mg g-1) 
Northern sector 55.18 ± 19.04 32.4 73.23 
Southern sector 43.19 ± 18.19 31.21 64.12 

Overall 50.04 ± 18.24 31.21 73.23 

Sand (%) 
Northern sector 25.33 ± 29.20 1.2 63.1 
Southern sector 12.70 ± 7.47 4.1 17.5 

Overall 19.91 ± 22.15 1.2 63.1 

Clay (%) 
Northern sector 50.95 ± 28.77 26 78.4 
Southern sector 39.87 ± 7.28 20.7 71.1 

Overall 46.20 ± 26.40 20.7 78.4 

Silt (%) 
Northern sector 23.73 ± 12.37 10.7 40.4 
Southern sector 47.43 ± 32.02 12.4 75.2 

Overall 33.89 ±  24.06 10.7 75.2 
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Figure 2.  Variation of salinity, pH and DO in the estuary 

 
Figure 3.  Variation of inorganic nutrients in the estuary 

 
Figure 4.  Variation in PHC along the estuary 

 
Figure 5.  Net primary production at various sampling locations 

3.3. Distribution of Organic Carbon and Sediment  
Texture 

The sediments were generally rich in organic carbon and 
predominantly silty-clay in texture. The textural analysis of 
the sediment showed higher sand fractions at the bar mouth 
(63.1%) followed by at station 2 (33%), (Table 1 & Figure 6). 
The sediments were generally rich in organic carbon and 
predominant in silty-clay fraction. The study region is 
mainly dominated by clay (40%). Silt was slightly lower, 
showing 39% were as its percentage composition reached up 
to greater than 70% at stations 4 and 6. The concentration of 
organic carbon was also high and irregular in its distribution 
with comparatively lower concentrations at stations 1, 6 and 
7 (Table 1 & Figure 8). The bar mouth (station 1) and station 
7 have recorded low values of organic carbon, with low 
percentage of clay, silt and high percentage of sand. pH in 
the sediment ranged between 6.62 and 8.27. The sediment 
pH was high in barmouth and low in the channels (Table 1 & 
Figure 8). 

 
Figure 6.  Percentage composition of sediment texture 

 
Figure 7.  Variation of dissolved metals along estuary 

 
Figure 8.  Variation of metals in sediment along the estuary 

3.4. Distribution of Heavy Metals in the Estuary 

There was a sharp increase in dissolved heavy metal 
concentrations (Cd, Pb and Hg) in the harbor region (Table 1, 
Figure 7 & 8). In the present study concentrations of all three 
elements in the sediment were higher than that of water and it 
is in the order of Pb> Cd> Hg. Pb concentrations in the 
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sediment was found to be higher (54 µg g-1 dry wt.) among 
the elements estimated. In water, Pb concentration was 1.5 ± 
0.14 µg l-1. There is considerable variation in the concentra-
tion of Pb in the estuarine sediments. The maximum con-
centration (>50 µg g-1) was observed at the proximity to 
harbour (station 3 and 4); while the lowest value of 31 µg g-1 
recorded at station 7. Cd concentration in sediment was 
found to be 2.1 ± 0.76 µg g-1 (dry wt.) with dissolved Cd 
concentration of 0.24 ± 0.05 µg l-1. Hg recorded mean value 
of 0.57 ± 0.11 µg g-1 dry wt. in sediment, whereas the same in 
water was 138.26 ± 30.01 ng l-1. The highest concentration of 
dissolved Hg (164.89 ng l-1) and sediment Hg (0.72 µg g-1 
dry wt.) were recorded at station 4 and 2, respectively. 

3.5. Correlation Analysis 

Variables such as pH, DO, SD salinity, NO2
--N, NO3

--N, 
IP, NPP, Cd, Pb, Hg, sediment organic carbon (SOC) 
showed a significant correlation among themselves and with 
other variables. The correlations among hydro geochemical 
parameters were studied and the results are presented in 
Table 2. 

3.6. Cluster analysis (CA), Canonical Component  
Analysis (CCA) and Analysis of Variance (ANOVA) 

Group average clustering from euclidean distances (CA) 
and canonical correspondence analysis (CCA) biplot re-
vealed a grouping of stations (sector ways) which was con-

firmed by dendrogram plot for the same location. Dendro-
gram plot based on the hydrographical condition provided a 
fairly convincing grouping of stations. Station 1 and 2 falls 
quite dissimilar corresponding to northern sector which 
represents estuarine mouth. Stations 3 and 4 formed another 
group, comprising of the harbour (ship channels). Stations 5 
and 6 represented southern sector, station 7 falls separately 
with respect hydrogeochemical condition (Figure 9 and 10). 
Comparison of the results obtained by the above two me-
thods indicates that several stations may be clustered to 
different groups; for example the northern stations (1 and 2), 
as obtained from the tree diagram (Figure 9) are highly in-
fluenced by variations in seawater characteristics. The sta-
tions which receive maximum urban sewage and port activ-
ities (e.g. 3 and 4) were grouped together in the CA and CCA 
analysis and they also form a part of a larger group. These 
groups of stations influenced by the most relevant point 
sources. Subsequently, the southern stations which are away 
from the proximity of port activities and highly influenced 
by freshwater influx (station 5, 6 and 7) is also grouped 
together in both cluster and biplot analyses. The station 3 and 
4 represented by intense port activities which is most pol-
luted among all stations evident from elevated dissolved and 
sediment metal concentrations associated with high organic 
load. Biplot of sites and elemental concentrations identifies 
three clusters as mouth, harbour and south sector reveal that 
station 3 and 4 stations are highly prone to anthropogenic 
activities as compared to other stations (Figure 10).  

Table 2.  Simple correlation co-efficient (r) for the hydrogeochemical variables in Cochin estuary 

 

**. Correlation is significant at the 0.01 level (P<0.01), *. Correlation is significant at the 0.05 level (p<0.05). 

Depth At Wt pH SD turbi salinity DO IP NO3 No2 NH4 TP TN PHC D.Cd D.Pb D.Hg NPP S.pH S.Cd S.Pb S.Hg SOC sand clay silt
Depth 1
AT .015 1
WT -.190 .134 1
pH .444 .208 -.237 1
SD -.424 .574 .279 -.648 1
turbi .251 -.824* -.103 .250 -.889** 1
salinity .314 -.320 -.478 .784* -.907** .659 1
DO -.328 .530 .379 -.591 .961** -.871* -.917** 1
IP .136 -.689 -.099 .357 -.887** .960** .717 -.915** 1
NO3 .053 -.547 .586 -.093 -.447 .701 .145 -.417 .673 1
No2 -.205 -.316 .214 -.288 -.184 .477 .034 -.361 .569 .682 1
NH4 -.153 -.710 -.067 .247 -.764* .817* .711 -.779* .832* .604 .401 1
TP -.079 .240 .593 -.723 .773* -.548 -.905** .839* -.676 .044 -.082 -.589 1
TN .548 .763* .295 .447 .130 -.375 -.068 .163 -.305 -.094 -.164 -.515 .179 1
PHC .267 -.571 -.125 -.378 -.288 .588 .044 -.396 .512 .535 .738 .262 .009 -.251 1
D.Cd .182 -.761* .333 -.018 -.639 .884** .295 -.588 .819* .927** .597 .663 -.144 -.258 .632 1
D.Pb -.076 -.711 .411 -.068 -.563 .812* .300 -.549 .788* .956** .669 .793* -.144 -.336 .522 .937** 1
D.Hg .042 -.831* .103 -.041 -.686 .934** .417 -.708 .903** .847* .705 .792* -.325 -.444 .709 .945** .930** 1
NPP -.112 .708 .008 .053 .629 -.875** -.380 .712 -.878** -.763* -.822* -.650 .349 .332 -.837* -.865* -.816* -.951** 1
S.pH .020 .270 -.401 .719 -.277 -.137 .595 -.229 -.067 -.492 -.627 .192 -.557 .105 -.720 -.463 -.362 -.395 .496 1
S.Cd -.023 -.633 .512 -.415 -.250 .627 -.097 -.251 .557 .928** .748 .457 .225 -.266 .720 .890** .885** .837* -.794* -.744 1
S.Pb -.033 -.594 .298 -.600 -.099 .507 -.194 -.168 .423 .759* .798* .332 .290 -.331 .870* .730 .726 .749 -.777* -.828* .930** 1
S.Hg .179 -.871* .129 -.298 -.493 .820* .138 -.470 .691 .781* .582 .543 -.014 -.452 .816* .915** .815* .908** -.865* -.619 .886** .853* 1
SOC -.107 -.543 .332 -.505 -.133 .538 -.179 -.217 .520 .765* .879** .304 .163 -.296 .833* .758* .728 .775* -.838* -.862* .920** .941** .822* 1
sand .244 .228 -.465 .928** -.585 .185 .832* -.616 .335 -.249 -.204 .302 -.846* .282 -.354 -.179 -.156 -.082 .054 .799* -.531 -.620 -.397 -.534 1
clay -.001 -.338 .326 -.468 -.019 .390 -.287 -.111 .395 .636 .837* .055 .219 -.091 .806* .630 .541 .613 -.744 -.918** .808* .847* .695 .955** -.520 1
silt -.223 .161 .070 -.341 .559 -.599 -.450 .689 -.742 -.469 -.731 -.339 .539 -.160 -.559 -.526 -.449 -.597 .767* .272 -.397 -.359 -.396 -.556 -.349 -.618 1
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Figure 9.  Dendrogram showing euclidean distance based similarity of 
stations 

 

Figure 10.  Canonical correspondence analysis biplot showing samples 
and environmental variables 

Stations 5, 6 and 7 which were found to be least polluted 
are discriminately shown in one group. Analysis of variance 
(ANOVA) was made with environmental parameter between 
sectors (Table 3). Significance at the 0.01 level (<0.01) was 
observed only for Secchi disc readings, turbidity, IP, while 
DO, salinity, ammonia, dissolved Cd and Hg recorded sig-
nificance at 0.05 level (<0.05). 

3.7. Factor Analysis (FA) 

Factor analysis was applied to Cochin estuary data and the 
results present the eigen values and percentage of variance 
with factor loadings (varimax normalized), maximum like-
lihood factors and marked loadings >0.70 (Table 4). The 

correlation matrix of variables was generated and factors 
extracted by the centroid method, rotated by varimax rota-
tion. The factor analysis generated four significant factors 
which explained 87.59% of and sediment pH. Factor 2 ex-
plains 19.0% of the total variance and pH, Salinity, PO4 and 
sand (positive loading), Secchi disc reading, DO and TP 
(negative participation). Factor 3 and 4 recorded a total 
variance of 7.44% and 6.34% with positive loading of air 
temperature and TN in factor 3 and water temperature, ni-
trate and dissolved Pb in factor 4, respectively. 

Table 4.  Factor loadings (Varimax normalized) extraction, Maximum 
likelihood factors (Marked loadings are > 0.70) 

 

4. Discussion 
The Cochin estuary is extremely complex, partly due to 

the strong influence of different sources of pollution (indus-
trial, urban and harbour) and the tidal inflow and outflow. 
The results presented above suggest that the spatial vari-
ability of the system is the result of changes in temperature, 
salinity and the non cyclic evolution of the loads of dissolved 
nutrients and trace metals which are discharged into the 
estuary by the rivers and other point sources. The salinity in 
southern estuary was less than that in the northern estuary 
due to fresh water influx from Cochin backwater.  
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Variable Factor 1 Factor 2 Factor 3 Factor 4 
Depth      
Air.Temp   0.842046  
W.Tem    0.762906 
pH  0.806657   
Secchi disc depth   -0.838001   
Turbidity      
Salinity  0.927410   
D.Oxygen   -0.886276   
I. Phosphate   0.707990   
Nitrate    0.810048 
Nitrite  0.834079    
Ammonia     
T.Phosphorous   -0.916234   
T.Nitrogen   0.808541  
PHC  0.842904    
Dissolved  Cd      
Dissolved Pb     0.755852 
Dissolved Hg       
Net.PP  -0.759212    
Sediment pH -0.816747    
Sediment Cd      
Sediment Pb  0.777362    
Sediment Hg      
SOC  0.882570    
Sand   0.859346   
Clay  0.941229    
Silt      
Eigenvalue 12.94896 6.98090 2.00836 1.71211 
% of Variance 47.95910 25.85518 7.43838 6.34113 
Cumulative % 47.95910 73.81428 81.25266 87.59380 
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Table 3.  Analysis of variance (ANOVA) in the environmental parameters at Cochin estuary 

 

** Correlation is significant at the 0.01 level (P<0.01) * Correlation is significant at the 0.05 level (p<0.05), NS – Not significance 

Due to an array of physical processes taking place together, 
this estuarine environment becomes more dynamic and there 
exists a greater degree of salinity variations. Lower salinity 
(19.3) in the southern sector could be related to dilution as a 
consequence of addition of freshwater. Higher values in the 
harbour could be attributed to the restricted entry of fresh-
water, greater depth and higher resident time of saline wa-
ter[23]. Even though, the salinity regime of Cochin lagoon 

remains lower, the pattern of distribution is in agreement 
with the observations in Pulicat Lake[24] and Ashtamudi 
Lake[25], where such constant decrease was reported to-
wards freshwater resources. 

Throughout the period of observation, light penetration 
was considerably low, the maximum Secchi disc depth being 
165 cm. This was attributed to the turbidity factor as the 
Cochin estuary carries large quantity of suspended materials 

Parameters
Source of 
Variation

Sum of 
Squares df

Mean 
Square F Sig.

Depth (m) Between Groups 9.333 1 9.333 .597 .475
Within Groups 78.167 5 15.633 NS

Air.Temp0C Between Groups .617 1 .617 5.714 .062
Within Groups .540 5 .108 NS

W.Temp0C Between Groups .003 1 .003 .005 .945
Within Groups 2.854 5 .571 NS

pH Between Groups .002 1 .002 1.211 .321
Within Groups .007 5 .001 NS

Secchi. disc depth (cm) Between Groups 11086.012 1 11086.012 32.275 .002**
Within Groups 1717.417 5 343.483

Turbidity (NTU) Between Groups 540.868 1 540.868 49.840 .001**
Within Groups 54.260 5 10.852

Salinity Between Groups 22.310 1 22.310 4.944 .077*
Within Groups 22.565 5 4.513

D.Oxygen (mgl-1) Between Groups .587 1 .587 12.748 .016*
Within Groups .230 5 .046

I. Phosphate (µM) Between Groups 3.763 1 3.763 26.460 .004**
Within Groups .711 5 .142

Nitrate  (µM) Between Groups 71.669 1 71.669 3.493 .121
Within Groups 102.591 5 20.518 NS

Nitrite (µM) Between Groups .102 1 .102 .378 .566
Within Groups 1.343 5 .269 NS

Ammonia (µM) Between Groups 8.685 1 8.685 6.955 .046*
Within Groups 6.244 5 1.249

T.Phosphorous  (µM) Between Groups 24.011 1 24.011 2.559 .171
Within Groups 46.920 5 9.384 NS

T.Nitrogen (µM) Between Groups 24.365 1 24.365 .318 .597
Within Groups 383.120 5 76.624 NS

PHC (µg l-1) Between Groups 994.986 1 994.986 2.109 0.206
Within Groups 2358.894 5 471.779 NS

Dissolved  Cd  (µg g-1) Between Groups .012 1 .012 11.495 .019*
Within Groups .005 5 .001

Dissolved Pb  (µg l-1) Between Groups .067 1 .067 5.898 .059
Within Groups .057 5 .011 NS

Dissolved Hg  (ng l-1) Between Groups 3639.530 1 3639.530 10.321 .024*
Within Groups 1763.200 5 352.640

Net.PP ( mg C m-3 d-1) Between Groups 69575.074 1 69575.074 5.408 .068
Within Groups 64321.454 5 12864.291 NS

Sediment pH Between Groups .002 1 .002 .003 .959
Within Groups 2.744 5 .549 NS

Sediment Cd  (µg g-1) Between Groups .840 1 .840 1.628 .258
Within Groups 2.580 5 .516 NS

Sediment Pb  (µg g-1) Between Groups 37.600 1 37.600 .460 .528
Within Groups 408.937 5 81.787 NS

Sediment Hg  (µg g-1) Between Groups .034 1 .034 4.652 .084
Within Groups .037 5 .007 NS

SOC (mg g-1) Between Groups 246.377 1 246.377 .704 .440
Within Groups 1749.891 5 349.978 NS

Sand (%) Between Groups 273.241 1 273.241 .512 .506
Within Groups 2669.588 5 533.918 NS

Clay (%) Between Groups 210.583 1 210.583 .265 .629
Within Groups 3972.117 5 794.423 NS

Silt (%) Between Groups 963.574 1 963.574 1.919 .225
Within Groups 2509.994 5 501.999 NS
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in the form of detritus and sediments (terrestrial and riverine 
origin) throughout the year; the resultant water column tur-
bidity limits the light penetration in the euphotic zone[26]. 
Low Secchi disk depth shows inverse relation with turbidity 
especially in the harbour might be due to the extensive 
dredging, movement of ships and mechanized ferry service 
that keeps the water churned up to a considerable extent and 
bring large quantity of suspended matter in water column. In 
our present study, harbour stations recorded low NPP com-
pared to north and south stations, which indicated that light 
limitation significantly reduces the photosynthesis. Hence 
the optical property is significantly affected by such massive 
addition of suspended sediments has been reported in other 
coastal ecosystems elsewhere[25, 27]. This suggests that 
turbidity acts as the key factor controlling the photic property 
of the estuarine environment[27, 28]. The range of dissolved 
oxygen in different sectors shows that the backwater is well 
saturated. High oxygen values were correlated with areas of 
high freshwater influx and NPP (southern station). The bio-
logical processes associated with photosynthesis and de-
composition might be the reason for spatial variation of DO 
for this estuary[29].  

Cochin estuary is a recipient of excessive nutrient delivery 
from industrial and domestic activities. But, insignificant 
relationships between salinity and nitrate could be consid-
ered as the consequence of the addition of nitrate by de-
composition of organic matter altering the inverse relation-
ships. It is the same with the case of NH4

+-N, NO2
--N and TN. 

Settlement of rich organic silt, driven from the terrigenous 
origin and degradation of vast point sources could also act as 
contributing factor for the recycling of dissolved nutrients in 
the south and harbour of the estuary. Positive correlation 
between phosphate and salinity indicates the source of 
phosphorous is not fresh water origin but is of autochthonous 
origin. A similar high phosphate value under low salinity 
regimes has also been reported in Vellar estuary[30]. Varia-
tions can also be caused by various processes like adsorption 
and desorption of phosphate under low pH[31, 32]. Primary 
production by phytoplankton in Cochin estuary is highly 
controlled availability of light and nutrients. In the estuary 
the N: P ratio usually remains less than the normal Redfield’s 
ratio (16:1), because biological removal of nitrogen relative 
to its availability is higher than that of the phosphorous. 
Reverse situation of high N:P ratio was also observed, which 
was due to high rate of nitrogen input through freshwater. In 
this study overall N:P ratio suggested that nitrogen was a 
limiting in the estuary. Dissolved nutrient concentrations 
also remained high in the inner parts of the estuary, receiving 
discharges from several point sources such as petrochemical 
and fertiliser industries[33]. Thus, the estuary acted as a sink 
for the nutrients, flushing out only a portion of the pollution 
load that it receives. In these areas, high nutrient concentra-
tions were accompanied by low salinity. Results showed a 
boom of all nutrients especially in the northern and harbour 
region of the estuary. This could be due to the intensive 
dredging activity inside the harbour, which leads to regen-
eration of nutrients from the bottom layers. The enhance-

ment with respect to these nutrients in Cochin estuary 
showed the signs of eutrophication. However, these en-
hanced nutrient levels in the present study have not lead to 
any oxygen depletion possibly because of river discharge 
and tidal exchange which may be sufficient enough to renew 
the estuarine waters and prevent deoxygenation. High TP 
concentrations input from fresh water into the estuary were 
evidenced by strong inverse relationship with salinity (Table 
2).  

Low concentrations of PHC observed in the harbour and 
mouth stations of estuary revealed concentrations of PHC 
were high along the Mattanchery and Ernakulam channel. 
Petrochemical industries, disposal of ballast water and urban 
runoff enriched with lubricating oils and polycyclic hydro-
carbons are the responsible factors. Sediment pH ranged 
between 6.62 and 8.27. It was high in mouth and low in the 
harbour possibly due to redox changes in the sediments and 
water column apart from the influence of freshwater[34]. 
The low value of sediment pH indicating acidic condition 
recorded in the harbour stations could be due to the oxidation 
of  FeSO4 and FeS to H2SO4[35]. 

4.1. Influence of Sediment Organic Matter on Trace 
Metals in the Estuary 

Irregular load of organic carbon was observed with high 
values at stations 2, 3, 4 & 5. The bar mouth region recorded 
low organic carbon, with low percentage of clay, silt and 
high percentage of sand. The distribution of SOC closely 
followed the distribution of sediment type i.e. low clay 
sediment contains low SOC and vice versa[34]. The organic 
carbon in coastal sediments is derived from primary pro-
duction within the aquatic ecosystem (autochthonous 
sources) and also from terrestrial biota (allochthonous 
sources) by the transportation of leached and eroded mate-
rial[36]. In addition to this an increase in organic matter 
content in the sediments may be due to the fine nature of 
sediments (clayey and silt sediments) and high rate of 
sedimentation[37], and decomposition of domestic sewage 
which is coming from domestic settlements. Apart from this, 
the montmorrilonites in the coastal environment are respon-
sible for greater accumulation of organic matter due to their 
larger surface area. 

The distribution of dissolved metals with Pb > Cd > Hg in 
all the seven sampling stations exhibited a unique spatial 
pattern with highest values at harbour stations. This variation 
may be attributed by petrochemical industries and number of 
factors like distribution, mobility, biological availability of 
chemical elements, pH, redox potential and availability of 
reactive species such as complex forming ligands (organic 
and inorganic), particle surface for adsorption and colloidal 
matter to be a probable factor behind the high value en-
countered along the harbour stations. In the present study, 
significant negative correlations between aquatic pH and 
dissolved heavy metals confirm the role of pH as one of the 
major factor influencing chemical speciation of the heavy 
metals in the estuarine conditions. The dilution factor results 
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in the decrease of salinity and pH will facilitate the dissolu-
tion of the precipitated form of metals and increase the 
amount of metallic ions in solutions[38]. Dissolved Cd and 
Pb in the estuary indicated that salinity and pH plays a major 
role in the depletion of the dissolved metals during estuarine 
mixing. As salinity increases, the concentrations of dissolved 
Pb and Cd decreased. The decrease in the concentration of 
heavy metals with salinity shows that the contribution from 
fresh water sources is insignificant which indicates that point 
sources and physical mixing of anthropogenic inputs by 
industrial, harbour activity, sewage is controlling the metal 
concentrations.  

The average concentrations of trace metals in surficial 
sediments of Cochin estuary (Table 1) followed the order 
Pb  > Cd > Hg in all the seven sampling stations and ex-
hibited a unique spatial pattern with highest values at har-
bour stations. Such spatial variations observed in the present 
study could be due to the difference in the source of heavy 
metals, determined by a complex equilibrium governed by 
various physical, chemical and biological factors[39]. Lu and 
Chen[40] have shown that trace metals are relatively static 
under reducing conditions because of increased organic load 
leading to an accumulation in the sediment. Thus the indus-
trial complex consisting of fertilizer, refinery, smelters, etc. 
discharging their effluents through run off via Thanner-
mukkam bund to the harbour might be responsible for the 
accumulation of heavy metals in sediments. Further, the 
reduced flushing in Cochin harbor Balachandran et al.,[41] 
may increase the organically rich domestic sewage, leading 
to settlement of particles to the bed.  

In the Cochin estuary, sediment metals (Cd and Pb) pos-
sess strong affinities towards clay, silt and organic carbon, 
whereas sediment Hg has association with SOC. The pref-
erence of Cd towards the clay fraction is notable in the har-
bour region. A striking difference in the geochemical char-
acteristics of the harbour stations (station 3 and 4), the 
southern stations (5, 6 and 7) and channel entrance (station 1) 
was the association of these elements with organic carbon 
and texture and their inertness towards pH. The above 
variation in metals with respect to the carrier phases (clay, 
organic carbon and silt) is indicative of a basic shift in the 
geochemical properties in response to the texture on moving 
from south to north estuary. In the station 1 sediments, 
normalization of metals among the three carrier phases is 
probably masking their enrichment[41]. Flocculation prop-
erties, co-precipitation of iron hydroxide along with scav-
enging of other elements could be the probable mechanism 
behind the accumulation of metals in the Cochin estuary.  

4.2. Statistical Interpretation of Hydrogeochemical  
Parameters 

Cluster analyses were performed on the data using group 
linkage with euclidean distance as a similarity measure and 
were synthesized as dendrogram plots for various stations 
(Figure 3). Harbour stations were merged into one cluster 
because of same hydrogeochemical characteristics. On this 

basis, clusters (groups) of three sectors were identified. The 
dendrogram clarified the influence and association of the 
clusters or groupings by their relative elemental concentra-
tions at each site. Therefore, on the basis of similarity coef-
ficients, stations forms different groups comprise of same 
characteristics. Biplot of hydrogeochemical concence- 
ntrations (Figure 10) discriminiates petrochemical and 
harbour activities are the point sources of Cd, Pb and Hg, 
apart from SOC, NO2

--N, NO3
--N and clay texture. Salinity, 

pH, depth and sandy texture are characteristic features of 
barmouth and are quite reasonable. Whereas southern sector 
characterized by of high NPP, DO, SD, TP and silty texture. 
The association of NPP with SD can be explained on the 
premise that high SD will help in the process of photosyn-
thesis their by increased NPP and thereby DO.  

Factor analysis was performed to establish the possible 
factors that contribute to hydrogeochemical concentration 
and source apportionment (Table 4). Three axes with eigen 
values >1 were extracted. The first three factors accounted 
for over 75% of the total inertia or variance. Factor analysis 
of the entire data set evolved four factors with Eigen values > 
1.0 and 87.63% of the total variance in the water quality data 
set. The first factor (F1) accounted for 47.95% of total 
variance and had strong positive loading with NO2

--N, PHC, 
Pb, SOC and clay and negative loading with NPP and 
sediment pH. These results could be interpreted as influences 
from point sources such as municipal and industrial effluents. 
The second factor (F2) accounted for 25.85% of the total 
variance and has strong positive loading with water pH, 
salinity, IP, sand and moderate negative loading with SD, 
DO, TP which again indicating the influence of seawater 
mixing. In this study, water quality parameter with a strong 
factor loading (> 0.700) was considered to be a significant 
parameter contributing to variations of the hydrogeochemi-
cal quality in Cochin estuary. NO2

--N, NO3
-N, PHC, sedi-

ment pH and Pb, salinity, SOC, clay, SD, DO, TP, TN, and 
dissolved Pb, are the most important parameters affecting the 
hydrogeochemical quality of Cochin estuary (Table 4).  

High and positive scores for dissolved and sediment met-
als on varifactors 1 or 2 indicated high anthropogenic metal 
inputs through point source (Figure 11). It can be seen in 
these figures that: (i) AT, NPP, DO and SD were included in 
the same quadrant, (ii) sediment pH, water pH, sand and 
salinity formed another quadrant (iii) NH4

+-N, IP, turbidity, 
NO2

--N, NO3
-N, PHC, along with sediment SOC, Hg and 

dissolved Pb, Cd, Hg in same quadrant. The presence of 
multiple variables in the same quadrant suggested close 
association among them. The association between NPP, DO, 
SD and AT was understandable and explained basis that high 
SD and AT helped in the plankton production and thus of 
high primary production. The presence of NH4

+-N, NO2
--N, 

NO3
-N, IP in the same quadrant indicated that the sources of 

these inorganic nutrients was identical. Influx of nutrients in 
the estuarine waters from the Periyar River discharges car-
ries the waste effluents from the fertilizer units might sub-
stantiate this finding.  
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Figure 11.  Scores loadings of the first four principal components (factor:1, factor: 2, factor: 3, factor: 4) explained ~70% of the total variance 

5. Conclusions 
In this study, different multivariate statistical techniques 

were used to evaluate variations in hydrogeochemical char-
acteristics of the Cochin estuary. Cluster analysis grouped 
seven sampling sites into three clusters of similar water 
quality characteristics. Principle component analysis helped 

in identifying the factors or sources responsible for water and 
sediment quality variations. The main cause of degradation 
of the estuary is the discharge of industrial, harbour and of 
municipal sewage from the upper northern areas of greater 
Cochin. Movement of ships, barges, fishing boats, extensive 
dredging, and shipping activities were also among the major 
sources responsible for deterioration of hydrogeochemical 
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quality of Cochin estuary. This study illustrates the useful-
ness of multivariate statistical techniques for the analysis and 
interpretation of complex data sets, which helps for the 
identification of pollution sources and understanding varia-
tions in hydrogeochemical quality for any effective man-
agement plan. 
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