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ABSTRACT 

The inter-relationship between the environmental magnetic parameters, 

geochemical and granulometric distribution are addressed in this paper to 

assess the environmental conditions employing the surficial sediments of 

Beypore Estuary, Kerala. The magnetic results elucidate the dominance of 

magnetic grain size in the lower estuary, magnetic concentration in the middle, 

and magnetic mineral in the upper estuary, respectively. The magnetic 

parameters confirm the presence of ferrimagnetic minerals such as magnetite 

in the estuary. The geochemical elements affinity attribute  towards the lower 

estuary. Further, intense weathering in the lower estuary and moderate to 

weak weathering in the middle and upper estuary are observed which is 

reflected in the micro-texture features of quartz grains. The Beypore sediments 

are moderately polluted based on the pollution indices. The finding elucidates 

the combination of natural and anthropogenic activities, controlling the 

environmental conditions in the estuary. 

Keywords : Estuary, Environmental magnetism, Geochemistry, Sediment 

texture 

 

I. INTRODUCTION 

 

An estuary is a dynamic system that connects the river 

and the ocean. The sedimentary archives are preserved, 

and several more sediment proxies aid in defining the 

depositional environment. The estuary is divided into 

three sections: the marine or lower estuary (free 

connection to the open sea), the middle estuary 

(mixing of saline and freshwater), and the upper 

estuary (upper or fluvial estuary) [1]. They are the 

natural sinks for heavy metals and magnetic minerals 

from a variety of sources, including natural and 

anthropogenic activities. Magnetic particles in coastal 

sediments are frequently produced from terrestrial 

http://www.ijsrst.com/


International Journal of Scientific Research in Science and Technology (www.ijsrst.com) | Volume 9 | Issue 3 

 B. S. Praseetha  et al Int J Sci Res Sci & Technol. May-June-2022, 9 (3) : 314-334 

 

 

 315 

sources and transported by rivers and winds [2]. For 

the investigation of the source of pollution and 

identifying the method of transfer from source to sink, 

the link between magnetic susceptibility and heavy 

metal concentrations in marine, estuarine, and river 

sediments is well-established globally [3][4][5]. For a 

long time, the mode of transport, deposition, and 

diagenetic processes of magnetic minerals are 

influenced by environmental changes caused by 

climate deviations [6] [7]. Environmental magnetism 

(EM) has been shown to be a diagnostic tool in 

determining sediment provenance [8], post-

depositional diagenetic changes [5], their source of 

pollution [10], [11a, b] [12] [13] [14], and paleo-

monsoon variability [15] [16][17]. The magnetic 

characteristics of sediments are determined by the 

source-area composition [18], climatic circumstances, 

length and energy of the type, quantity, and particle 

size of magnetic minerals [19]. Sediment origin, 

hydrodynamic circumstances during transport, and the 

sedimentary environment will all influence these 

parameters. The steady state of geochemical 

distribution along the estuary is maintained in part by 

geochemical processes inside the estuarine sediment. 

[20] proposed a systematic investigation of magnetic 

characteristics of sediments for the central Kerala coast 

based on the Bharathapuzha River bed sediments to 

correlate the influence of both natural and human 

activities. The paper infers that higher concentrations 

of the pollution load index and combinations of 

magnetite and hematite have been related to extensive 

anthropogenic activities in the central Kerala region. 

Beypore, in northern Kerala, is noted for boat 

construction (named Uru), fishing, and timber 

business, as well as factories such as Gwalior Rayon, tile 

manufacture, and so on. Mud banks in the nearshore 

region of Beypore are very well-known. In the Beypore 

Estuary, numerous studies have been published, 

including those on saline intrusion [21], hydrography 

[22], monthly trends of residual salt and water fluxes, 

and transportation of suspended sediments [23], 

textural parameters and total organic carbon content 

[24], and suspended sediment distribution and mixing 

of water [25] and study on foraminifera [26]. However, 

because the environmental magnetic analysis of the 

Beypore sediments has a gap in research records, the 

integration of environmental magnetic, sedimentology 

and geochemical issues is considered with the ensuing 

objectives: (i) to determine the magnetic behavior of 

sediments in the environment and their pattern of 

dispersion, (ii) evaluating geochemical features in 

order to better understand the processes, transport 

pathways, weathering, and pollution aspects in the 

estuary; and (iii) decoding the environmental processes 

impacting the sediments using magnetic, geochemical, 

and textural affinity. 

 

A. Beypore Estuary 

The Beypore Estuary is the fourth largest estuary in 

Kerala (Fig.1a), the major riverine input to the estuary 

is the Chaliyar River (length of 169 km). Beypore is the 

point where the estuary meets the Arabian Sea and 

mangrove swamps stretch along the estuary's borders. 

The Chaliyar River (total drainage area of 2923 km2) 

flows through Nilambur, Edavanna, Areekode, 

Vazhakad, Mavoor, Aakode, Feroke, and Beypore areas 

[27]. Many rivers, including the Chaliyarpuzha, 

Kallayipuzha, Korapuzha, and Poonoorpuzha, flow 

through the city, transporting sediments to the 

Arabian Sea. The harbours of Puthiyappa and Vellayil 

are located 8km north of the estuary. The average 

temperature in the basin ranges from 23.7°C to 30.9°C, 

with an average annual rainfall of 3000mm [28]. Some 

of the industries perceived in, around the estuary are 

textile, and sawmills, shipbreaking facilities, tile, and 

brick manufacturers. Physiographical, the territory is 

divided into three sections: sandy coastal plain, lateritic 

midland, and rocky highland. A sandy coastal strip and 

lateritic midland surround the region, which has an 

elevation of >1m MSL along the shore. Backwater with 

interconnecting canal networks receiving drainage 

from Kozhikode city characterizes the lowland area 

[29].  

B.  Geology of the area 
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The region's basement rock is composed of Archean  

 

charnockite and gneisses like biotite-hypersthene 

gneiss and biotite-hornblende-hypersthene gneiss [30]. 

Pebble beds are present on the banks of the Chaliyar 

River and the Beypore Estuary on rare occasions [31] 

[32]. Within the gneissic terrain to the north, east, and 

south of the Beypore, pockets of charnockite are 

recorded (Fig.1b) [27] [31] [33].  

 

 

II.  METHODS AND MATERIAL  

 

In April 2015, the Van-Veen grab sampler was used to 

collect 16 surface sediment samples from the Beypore 

Estuary. The estuary is separated into three sections for 

ease of interpretation and discussion: upper estuary 

(B1-B5), middle estuary (B6-B12), and lower estuary 

(B13-B16). The fetched sediments were well-mixed for 

the magnetic, geochemical, and textural analyses. The 

low field magnetic susceptibility (χ), Frequency-

dependent susceptibility (χfd), Anhysteretic Remanent 

Magnetization (χARM), Isothermal Remanent 

Magnetization (IRM) of different field strength was 

analyzed following the standard procedure by 

employing the Barrington Susceptibility Meter (Model 

MS2B), Molspin AF demagnetizer and Magnetometer 

at the Environmental Magnetism Laboratory, 

Mangalore University [16] [34] [35] [36]. The sediment 

raw samples (wet) were packed into 8cm3 non-

magnetic plastic bottles, which were tightly packed 

using polyethylene covers. Barrington Susceptibility 

meter with a dual-frequency sensor was utilized to 

measure magnetic susceptibility at low (χlf: 0.47 kHz) 

and high (χhf: 4.7 kHz) frequencies. The sensor was 

calibrated by using the standard Fe3O4 (1%) solution. 

The frequency-dependent susceptibility (χfd %) was 

calculated from the low- and high-frequency 

susceptibility [34]. A Molspin AF demagnetizer (with 

an ARM attachment) was used to induce an 

anhysteretic remanent magnetization (ARM) in the 

samples, set with a peak alternating field of 100 mT and 

a DC biasing field of 0.04 mT. A Molspin spinner 

fluxgate magnetometer was used to measure the ARM. 

The susceptibility of ARM (χARM) was obtained by 

dividing the mass-specific ARM by the size of the 

biasing field [36]. Isothermal remnant magnetization 

(IRM) was induced in the samples at different field 

strengths (20, 60, 100, 300, 500, 600, and 1000 mT) 

using a Molspin pulse magnetizer. 1000mT was the 

maximum field, attainable in the environmental 

magnetism at the laboratory and was considered as the 

saturation isothermal remanent magnetization (SIRM). 

Inter-parametric ratio; S-ratio, χARM/χlf, 

χARM/SIRM, and SIRM/χlf were calculated to 

determine the magnetic mineralogy and grain size 

(Walden 1999b). The magnetic parameters and inter-

parametric ratios investigated, as well as their units and 

interpretations [7] [9] [37].  

 

The major oxides viz., SiO2, Al2O3, MgO, MnO, Fe2O3, 

K2O, Na2O, TiO2, and P2O5 were determined by using a 

sequential wavelength dispersive X-ray spectrometer 

(XRF Bruker model S4 Pioneer installed at XRF 

Laboratory, NCESS, Thiruvananthapuram). The LOI 

samples were converted into pellets under a hydraulic 

press at 20 Ton. The pressed pellets were subjected to 

XRF analysis based on the standard procedures (see the 

details, www.ncess-xrf.gov.in). The trace elements of 

the sediments were analysed by ICP-MS (Thermo-X 

series 2) at the Geosciences Division, Physical Research 

Laboratory (PRL), Ahmedabad. ∼0.3g of the dried and 

powdered samples were exposed to closed digestion by 

treating with an acid mixture (HNO3, HCl, and HF) in 

a microwave digestion system (Milestone, Start D). The 

Figure 1. Study area map and the geological settings of 

the Beypore Estuary 
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accuracy and precision of the results were monitored 

by repeat measurements of reference sediment 

standards (marine sediment standards MAG-1 and 

NOVA) and were recorded to be better than ±6 and 

±4%, respectively [38].  The Rare Earth Element (REE) 

were analysed using ICP-MS (Perkin Elmer SCIEX 

Model 6100 ELAN DRCII at the National Geophysical 

Research Institute, Hyderabad, India). The powdered 

samples were analyzed based on the standard 

procedures and reference materials therein (MESS-3 

and PAAS) [39].   

 

The textural analysis of the samples was carried out 

following the method of [40]. The sediments were pre-

treated with 30% H2O2 and 1N HCl to remove the 

organic matter and CaCO3 contents. The representative 

of the treated samples was subjected to pipette analysis 

based on Stoke’s law [41]. The pipetted and the sand 

fractions were processed based on the Gradistat 

software programme [42] for the computation of sand-

silt-clay percentages and statistical parameters. The 

clay fraction (< 2μm) obtained from the pipette analysis 

is mounted on a grounded glass slide followed by the 

smearing technique [43]. The clay slide is then scanned 

(5°to 40° at 2°2θ/minute) using the PANalyticalX’pert 

PRO XRD facility at NCESS for the identification of 

clay-sized minerals and was confirmed by standard 

references [44] [45].  

 

The surface micro-textures of quartz grains derived 

from the estuarine environment have been examined 

using a Scanning Electron Microscope (SEM) 

technique (SEM-EDS, TESCAN VEGA 3 LMU, SEM 

Laboratory, NCESS). The observed micro-texture 

features obtained from the SEM analysis were 

confirmed based on the standard references [46] [47]. 

The calcium carbonate and organic carbon contents 

were   analysed by the titration methods [48]. The 

spatial distribution of heavy metal and magnetic 

parameters were plotted by interpolation methods 

through an IDW algorithm (Arc GIS 10.3). The 

multivariate statistical analyses; correlation matrixes, 

cluster analyses, and Principal Component Analysis 

(PCA) were performed by using SPSS software. 

 

To assess the present pollution status of the estuary, the 

Geoaccumulation Index (Igeo), Enrichment Factor 

(EF), Contamination Factor (CF), and Pollution Load 

Index (PLI) were applied. According to [49], Igeo was 

calculated as follows; 

         Igeo=log2 [Cn/1.5*Bn] 

Where Cn is the estimated value of the analytical metal 

n in the sediments, Bn is the background value of the 

continental crust averages [50].   

 

Enrichment Factor (EF) measures the extent of 

anthropogenic influence on the sediments [51]. In this 

study, Fe is used for the normalizing elements [52]. The 

geochemical background values are followed with the 

reference of [50].  

According to [53]  

 
EF

=
Trace element concentration in

sample

Fe
content in the sample

Trace metal content in the
UCC

Fe
content in the UCC

 

 

Contamination Factor (CF) is calculated by using the 

formula 

CF=Cmetal/Cbackground value 

 

Where Cmetal is the total metal content, and Cbackground 

represents the background value of the sediments [50].  

PLI was calculated using the following equation [54]   

PL1= (CF1*CF2*CF3*CF4*………*CFn) 1/n 

Where n is the number of elements and CF represents 

the contamination factor.  

 

III. RESULTS AND DISCUSSION 

 

The magnetic mineral variability, elemental 

concentration, textural characteristics, and their 

implications for the environmental processes for the 

Beypore Estuary sediment are discussed. 
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A. Magnetic concentration, grain size, and mineralogy 

of the sediments 

The magnetic susceptibility (χlf) is a concentration-

dependent parameter viz., signals from the 

ferrimagnetic and canted antiferromagnetic minerals. 

χlf may also be influenced by the presence of 

diamagnetic and paramagnetic minerals [7] and, the 

composition and grain size of the magnetic minerals 

[11] [12]. χlf of sediments shows fluctuation ranging 

from 15.84*10-8 m3/kg to 135.43*10-8 m3/kg with an 

average of 58.08*108 m3/kg. The maximum value of χlf 

is recorded in B6 and B8 stations with the least value 

in the bar-mouth (stations B15 and B16). The spatial 

distribution for the magnetic properties of sediments 

reveals a dissimilarity in their pattern (Fig.2 A to G).  

 
Figure 2. Spatial variation of  magnetic parameters for 

the samples along the estuary 

The χfd%, ARM, HIRM, and χARM distributions 

display low values whereas, χlf and SIRM show 

moderate values, and only S-ratio shows a higher value 

in the upper estuary. The middle estuary shows a 

critical high variation in the magnetic parameters viz., 

χlf, ARM, S-ratio indicates the                 anthropogenic 

activities and the course of the water flow in the form 

of meandering loops in the middle estuary. In the 

lower estuary, the magnetic parameters such as SIRM, 

HIRM, and χlf display lower values whereas, χfd%, 

ARM, S-ratio, and χARM exhibit a higher 

concentration indicating coarse grain size parameters. 

This may be related to the hydrodynamic activities like 

the winnowing action of the sediments being 

dominant as well as the dredging activities more 

dynamic in this region. The S-ratio gives the relative 

proportions of ferrimagnetic and anti-ferromagnetic 

minerals (a high ratio means = a relatively high 

proportion of ferrimagnets). The S-ratios vary between 

0.894 and 0.981, indicating the presence of 

ferrimagnetic minerals (value corresponds close to 1 to 

the predominance of ferrimagnetic minerals, Fig.2D). 

The values of ARM and SIRM vary from 0.109 to 

0.291*10-5 m3/kg and 122.24 to 687.55*10-5 Am2/kg 

(Table 1) with low values towards the bar-mouth 

(lower estuary). The observed results from these 

parameters (χlf, ARM, SIRM) indicate the presence of 

ferrimagnetic minerals such as magnetite in the estuary 

[17]. The χARM/SIRM ratio ranges from 33.73 × 

10−5mA−1 to 186 × 10−5 m A−1  ; moderately low for upper 

and middle estuary compared to higher in the lower 

estuary. The magnetic grain size distribution was 

determined using the χARM/SIRM vs. χfd% biplot (Fig. 

3) [34].  
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Figure 3. Bivariate plot of χARM/SIRM vs. χfd% 

reveals that the sediment samples falls in the coarse 

SSD region with <50% SP grains and <8 χfd% 

 
Figure 4. Scatter plots of (a) χlf vs χfd% reveals the 

presence of SP and coarser non-SP grains (b) χlf vs 

SIRM suggesting that the magnetic signal of the surface 

sediments are dominated by magnetically strong 

ferrimagnetic minerals (c) χlf vs IRM20mT/SIRM plot 

corroborates the results of magnetic grain sizes and (d) 

χlf vs S20 reflects lesser proportions of MD grains 

 

The plot reveals that the sediment samples falls in the 

coarse SSD region with <50% SP grains and <8 χfd%, 

respectively. Fine grain size of magnetic minerals is 

indicated by larger values of the χARM/SIRM and 

coarser magnetic grains by smaller values [55]. 

Frequency-dependent susceptibility (χfd) is an 

indicator of the proportion of ultrafine 

superparamagnetic (SP) grains [56]. The χfd values in 

this study ranged from 0.08 to 9.73% (Table 1). The χfd% 

(0.09 to 9.73) reflects the presence of multi-domain and 

stable single domain size [7]. High χfd% values suggest 

significant concentrations of superparamagnetic grains 

in the sediments [56], whereas low χfd% values < 

2%indicate the absence of SP grains [34] (Table 1). The 

bivariate plot of the percentage of frequency-

dependent (χfd %) versus χlf reveals the presence of SP 

and coarser non-SP grains (Fig.4a). The scatter plot (Fig. 

4a) between χlf and χfd%) exhibit that majority of the 

estuary samples possess χfd% values < 10% and fall in 

the region of “Admixture of SP + coarse grain to no SP 

grains” suggesting contribution from SP grains to the 

magnetic properties of the Beypore surface sediments 

[57].  Negative correlation is evident between χlf and 

χfd % (Fig. 4a), and a statistically strong positive 

relationship is evident between χlf and SIRM (r = 0.99, 

n = 25; Fig. 4b) suggesting that the magnetic signal of 

the surface sediments from Beypore is dominated by 

magnetically strong ferrimagnetic minerals. The χlf vs 

IRM20mT/SIRM plot corroborates the results of 

magnetic grain sizes (Fig. 4c). The S20 (IRM20 mT/ARM) 

indicate a mixed assemblage of coarse SSD and MD 

grains [57]. The lower S20 values in this study reflects 

lesser proportions of MD grains and IRM20 mT/ARM 

values <10 indicate significant contributions from SSD 

grains (Fig.4d) [55]. This also confirms with negative 

correlation of the parameter. 

 

The IRM reading v/s different field strengths (20, 60, 

100, 300, 500, 600, and 1000 mT) indicates that 

estuarine sediments are saturated at the field below 300 

mT depicting the presence of a high magnetic 

concentration of ferrimagnetic mineral; magnetite or 

Ti-magnetite (Fig.5).  
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Figure 5. Isothermal remanent magnetization (IRM) acquisition curves for surficial sediment samples of 

Beypore Estuary 

 

Table 1. Statistics of the mineral magnetic parameters of the Beypore Estuarine sediments 

 

 

The condition of χARM/χ <40 and χARM/χfd <1000 

indicate the absence of bacterial magnetite. The 

concentration parameters (χlf, χARM, SIRM) is more 

dominant in the middle whereas the grain size of 

magnetic particles is dominant in the lower estuary. 

The mineralogy shows mixed variety. In the lower 

estuary, magnetic grain size doesn’t have any control 

over textural grain size 

 

 

 

 

B. Geochemical appraisal- spatial distribution, paleo-

weathering, and anthropogenic activities 

 

The average concentration of SiO2, MnO, and Na2O are 

enriched in the upper estuary (avg: 72.53, 0.034, 1.24, 

respectively) whereas other elements (TiO2, Al2O3, 

Fe2O3, CaO, MgO, K2O, P2O5) are depleted. In the 

lower estuary, the average value of Al2O3 (14.73%) and 

TiO2 (0.65%) is enriched with depletion of SiO2 

indicating the fineness of grain size linked to 

fractionation processes. The trace elements, attribute 

higher concentration in the lower estuary as compared 

to the middle and upper estuary. The average 

concentrations of Cr (169 ppm), Ni (49.26 ppm), Zn 
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(50.16 ppm), and Pb (10.32 ppm) are enriched in the 

lower estuary except for Cu (35.86 ppm). Generally, 

the concentration of Ni, Cu, Zn, Cr, and Pb varies from 

13.4-82.3 ppm, 10.8-80.4 ppm, 17.2-107 ppm, 71-240 

ppm, and 4.1-168 ppm, individually along the estuary. 

At the B4 station, the Cr and Cu concentration are 

higher than in the adjacent station as it could be due to 

the terrigenous influx of domestic waste. Moreover, 

the B4 station is located in the meandering loop of the 

Chaliyar River below the Feroke railway bridge. The 

spatial distribution (Fig. 6) reveals that in the middle 

estuary (B6 station), there is a depletion in the Cr and 

Cu concentrations with no change in Zn and Pb 

contents. In the lower estuary (particularly B12 and 

B13 stations), the Cr and Ni contents are reduced with 

minor variation in Cu, Zn, and Pb concentration where 

the smaller tributaries adjoined to the main channel 

leading to the accumulation of heavy metals. 

 

The higher concentration of Cu in the upper estuary 

may be related to industrial activities. The high 

enrichment of Al, Fe, Cr, and Ni contents in the upper 

estuary may be attributed to the entrapment of these 

metals in the fine-grained sediments which were 

derived from the fluvial inputs. 

 

The plot for the normalization of major and trace 

elements against Upper Continental Crust (UCC) [58] 

[59] is illustrated in figure 7. In the lower estuary, the 

oxides viz., TiO2, MgO, Fe2O3, and K2O show 

enrichment whereas depletion of Al2O3, MnO, CaO, 

Na2O, and K2O are observed as compared to UCC 

values. The middle and upper estuary show similar 

trends of depletion for Fe2O3, MgO, Na2O, K2O except 

for SiO2 and TiO2 contents. While in the case of trace 

elements (Fig. 7b), Cr and Ni have a high concentration 

in all three sections (upper, middle, and lower) of the 

estuary. The trace elements such as Cr, Ni, Cu, Ga, Rb, 

Sr, Ba, La, and Ce show similar trends in the upper and 

middle estuary except for Zn content. 

 

 
Figure 6. Spatial distribution of heavy metal 

assemblages in Beypore Estuary sediments 

 

The higher concentration of Cr, Cu, in the estuarine 

sediments could be the residual of earlier deposited 

polluted effluents from the surrounding factories. 

During the pre-monsoon, the pollution load in the 

estuary will be difficult to flush out, since the 

buoyancy of the incoming freshwater is inadequate to 

overcome the mixing caused by strong tidal currents at 

the bar-mouth and estuary area [60].  

 

 
Figure 7. The normalization of major &trace elements 

against Upper Continental Crust UCC: [58] [59] 

 

The REE elements (La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, 

Er, Tm, Yb, Lu) were analyzed to define the 

concentration and trend of estuarine sediments. The 

concentration of total REE is high in the lower estuary 

(119.31 ppm) than in the upper (70.33 ppm) and middle 

(58.18 ppm) estuary. The dominance of LREE is more 

pronounced as compared to HREE in the estuarine 

sediments. The concentration of LREE exhibit two-

fold enrichment in the lower estuary (106.64 ppm) as 
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compared to the middle (62.37 ppm) and upper (51.88 

ppm) estuary. The calculated Ce anomaly in the study 

area ranges from -0.022 to 0.039 ppm. A positive Ce 

anomaly occurs, when Ce is enhanced relative to its 

adjoining elements and might have resulted from the 

existence of Fe–Mn oxyhydroxides [61] [62]. A 

negative Ce-anomaly represents the presence of 

siliceous organisms and Bementite [62]. The positive 

Ce-anomaly could be resulted due to the oxidation of 

Ce3+ to Ce4+ and assimilation into Mn oxyhydroxide 

phases as CeO2. It is observed that Ce-anomaly in the 

tropical rivers and estuaries is mainly due to the 

leaching of Ce in oxides, especially iron oxyhydroxides 

[63]. Most of the station in the study area shows a 

positive Ce anomaly depicting the predominance of an 

oxic environment. 

Eu anomaly is expressed as Eu/Eu* where Eu is the 

concentration of Eu in the sediments normalized with 

shale value and Eu* is a predicted value obtained by 

linear interpolation of Sm/Sm* and Gd/Gd*. The Eu 

anomaly in the Beypore sediments ranges from 0.76 to 

2.54 indicating a significant positive anomaly relating 

to the origin of REEs from the alkali-feldspars [58]. 

Processes of seawater dilution and acid neutralization 

cause significant effects upon REE fractionation 

between the aqueous solution and sediments. This 

study described [64] the results of a recent 

investigation into such processes in the sediments of 

the Tinto and Odiel estuary. 

The Chemical Index of Alteration (CIA) is used to 

quantify the degree of weathering intensity of clastic 

sediments and sedimentary rocks [65]. CIA measures 

the degree of alteration of feldspar to clay minerals, 

during weathering; accordingly leaching of Ca, Na and 

K through soil solution subsequently increases the 

relative abundance of Al content in the sediments 

resulting in the enrichment of CIA values [65]. The 

CIA value is calculated using the molecular 

proportions [65] as shown in the equation below: 

CIA= [Al2O3/ (Al2O3+CaO*+Na2O+K2O)] x 100, 

 Where, CaO* is the amount of CaO assimilated in the 

silicate fraction of the rock (correction for CaO from 

carbonate contribution was not computed due to the 

absence of CO2 value). 

Thus, to calculate CaO* from the silicate fraction, the 

hypothesis proposed by [66] is assumed. In this regard, 

CaO values were accepted if CaO < Na2O; subsequently, 

when CaO > Na2O, it was presumed that the 

concentration of CaO equals that of Na2O. The CIA 

values for the upper, middle, and lower estuary ranges 

from 73.51-84.6 (avg. 77.46); 72.14-81.77(avg. 77.47); 

73.14-80.99 (avg. 77.25) respectively indicating the 

moderate weathering. The variation in the weathering 

intensity of the study area advocates that physical 

sorting of sediments during transportation and 

deposition leads to the enrichment of quartz and 

feldspar with heavy minerals in the coarse fraction and 

weathered minerals in the suspended load sediments 

[67].   

To distinguish the source rock composition, diagenetic 

effects, and tectonism in the source area, the A-CN-K 

diagram was plotted using the molar ratios of Al2O3 

(aluminous clays), CaO + Na2O (plagioclase), and K2O 

(K-feldspar) [68] (Fig. 8a). Generally, the Beypore 

sediments are clustered differently indicating low-

moderate-high weathering intensity. Moreover, most 

of the samples fall on the line of A-CN line which 

indicates the source is maybe from the plagioclase 

domain. The plot reveals that the upper estuary falls 

along the marginal line of weak and intermediate 

weathering except for one sample falling in the 

intermediate and strong weathering. The middle 

estuary and the lower estuary depict intermediate and 

strong weathering. The Index of compositional 

variability (ICV) is applied to evaluate the original 

detrital mineralogy and is calculated using the formula 

ICV = [(Fe2O3 + K2O + Na2O + CaO + MgO + TiO2)/Al2O3] 

[69]. The upper, middle and lower estuary sediments 

have ICV values ranging from 0.77 to 0.92, 0.8 to 1.1, 

and 0.84 to 1.11, respectively. The ICV and CIA values 

were plotted in order to understand the weathering 

and sediment maturity [70]. The plot reveals that most 

of the upper estuary sediments fall in the marginal line 

of immature and mature weak weathering as compared 



International Journal of Scientific Research in Science and Technology (www.ijsrst.com) | Volume 9 | Issue 3 

 B. S. Praseetha  et al Int J Sci Res Sci & Technol. May-June-2022, 9 (3) : 314-334 

 

 

 323 

to PAAS value (0.85) (Fig. 8b). The sediments of the 

middle estuary show a mixing of weak and intense 

weathering along the margin line of immature and 

mature conditions whereas the lower estuary shows 

immaturity under intense weathering. 

 

 
 

Figure 8. (a) A-CN-K (Al2O3-CaO*+Na2O-K2O, in 

molecular proportion) general weathering trend and 

intensity of weathering in the source region is shown 

in the ternary diagram(after [65]), (b) ICV vs CIA plot 

shows the maturity and intensity of chemical 

weathering for the sediment (after [70]) 

 

This confirms that the estuarine sediments are 

geochemically immature and derived from weak to 

moderately weathered sources with rich in rock-

forming detrital minerals than clay minerals [69]. The 

SiO2/Al2O3 ratio varies from 2.94 to 8.23 (upper 

estuary), 4.42 to 7.00 (middle estuary), and 2.64-7.99 in 

the lower estuary showing more than the PAAS value 

(SiO2/Al2O3 ~ 3.3), indicating high textural maturity. 

The sediment source rocks can be identified based on 

the Al2O3/TiO2 ratios to identify these elements 

associated with felsic and mafic minerals, respectively 

[71]. The Al2O3/TiO2 ratio ranging from 3 to 8, 8-12, 

and 21-70 demarcate mafic, intermediate, and felsic 

igneous source rocks. The result of the Al2O3/TiO2 ratio 

of sediments exhibits values ranging from 21.25 to 

27.47 for the upper, 16.24 to 27 for the middle, and 

18.98 to 34.1 for the lower estuary indicating a felsic 

igneous source. The K and Rb are used as an indicator 

for source composition that is sensitive to sedimentary 

recycling process [72]. In the K2O vs. Rb (Fig. 9a) plot 

attributes the sediments of the lower estuary are 

acid+intermediate composition and the upper and 

middle estuary are basic in composition, this is because 

of enrichment of quartz and depletion of clay minerals. 

All the sediments are falling along the marginal line 

showing a uniform K/Rb ratio of 230. The high Rb 

concentrations (> 40 ppm) in the lower estuary 

elucidate the chemically coherent nature and are 

derived from rocks of intermediate and acidic 

compositions [73] [74].  In addition, a major oxide-

based discriminant function diagram [75] is utilized to 

understand the provenance signature of the studied 

sediments from the estuary (Fig. 9b). The discriminant 

diagram depicts that the sediments from the upper 

estuary clustered in the domain of quartoze 

sedimentary provenance whereas the middle and the 

lower estuary clustered in the mafic igneous 

provenance which indicates that these quartzose 

sediments are derived from the recycled source of 

mature continental provenance [75]. Moreover, the 

sediment pattern along the upper estuary reveals the 

dominants of sand content enabling the SiO2 content. 

Some of the lower and middle estuaries fall in the mafic 

igneous provenance, which shows the presence of 

more mafic minerals (i.e. pyroxenes and biotite) [76]  

TiO2 vs. Ni diagram (after  [72]) were plotted for the 

estuary sediments (Fig. 9c). 

 

 
Figure 9. (a) K2O vs. Rb plot shows the provenance field, 

representing coastal environments b) Discriminant 

function diagram of the core sediments from coastal 

plain, estuary and offshore depositional settings [75]. 

The discriminant functions are: Discriminant Function 

1 = (-1.773×TiO2) + (0.607×Al2O3) + (0.760×Fe2O3) + (-

1.500×MgO) + (0.616×CaO) + (0.509×Na2O) + (-

1.224×K2O) + (-9.090); Discriminant Function 2 = 

(0.445×TiO2) + (0.070×Al2O3) + (-0.250×Fe2O3) + (-

1.142 ×MgO) + (0.438×CaO) + (1.475×Na2O) + (-

https://link.springer.com/article/10.1007/s12517-018-3406-9#Fig7
https://link.springer.com/article/10.1007/s12517-018-3406-9#Fig7
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1.426×K2O) + (-6.861). (c) TiO2 vs. Ni diagram for the 

core sediments representing coastal environments of 

southern Kerala (after  [72]) 

 

A few sediment samples from the upper and middle 

estuary falls clustered near the domain of acidic 

composition whereas the middle and lower estuary 

falls away from the acidic domain indicating the 

fractionation of sediments. Moreover, the higher Ni 

content is observed for the upper and middle estuary 

which indicates that Ni is more fractionated from the 

source rocks which are meagre in TiO2-bearing 

minerals and thus comparable to intermediate to felsic 

source rocks. Also, Ni content in the estuarine 

sediments can be originated from the laterite and is 

related with the clay fraction of the sediments [76]. 

The sediments of lower estuary are composed of silty 

clay  which corroborate the fractionation of Ni content. 

The pollution status of the estuary is studied with the 

determination of the Geoaccumulation Index (Igeo), 

Enrichment Factor (EF), Contamination Factor (CF) 

and Pollution Load Index (PLI). There are seven classes 

of sediment quality based on Igeo index, i.e., 

0<uncontaminated; 0-1 uncontaminated to moderately 

contaminated; 1-2 moderately contaminated; 2-3 

moderately to strongly contaminated; 3-4 strongly 

contaminated; 4-5 strongly to extremely 

contaminated; >5 extremely contaminated. The results 

reveals that the Cr and Cu are unpolluted to 

moderately contaminated category and other heavy 

metals are within the uncontaminated class (Fig. 10a). 

 
Figure 10. Box plots for (a) Geo-accumulation index, (b) 

Enrichment factor, (c) Contamination factor and (d) 

Pollution load index of the Beypore Estuary sediment. 

 

The sources of these elements into the river and 

estuary are from tile factory, electroplating, metal 

manufacturing etc. similar observation were reported 

elsewhere [77]. The EF is applied to assess the extent of 

anthropogenic influence on the sediments. The Cr 

content in Beypore sediments exhibit moderate 

enrichment, the Ni and Cu are having minor 

enrichment (Fig. 10b).These contamination may be 

due to the domestic effluent discharges, small scale 

industries such as tile factory and dredging in the port 

areas [78]. The CF index is effectively used for the 

assessment of metal pollution. The CF values are 

categorized into four groups. <1 low contamination; <3 

moderate contamination; <6 considerable 

contamination; and >6 very high contamination [79]. 

The result Cr shows considerable contamination, Ni 

and Fe is in moderate contamination, and other heavy 

metals indicate low contamination (Fig. 10c). Based on 

PLI values, the Beypore Estuary sediments are 

categorized under the non-polluted sediments, the 

station B15 and B16 of the confluence zone are placed 

under a polluted environment (PLI >1) (Fig. 10D). 
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C. Sedimentological and Mineralogical behavior of the 

sediments- grain size, transport and depositional 

environment. 

 

The textural study (Table 2) shows that the sediments 

in the upper estuary are primarily sand (84.67 to 

93.11%), with the exception of one station (B4; 12.48 

percent) where the material is clayey sand. In the 

upper estuary, fine sediment is almost negligible. With 

low silt content and a rise in clay content, the middle 

estuary sand ranges from 74.31 to 93.09 percent (Fig. 

11 and Table 2), showing a mixed variety of sediment 

types in the form of sand, clayey sand, and sandy clay, 

respectively. 

The heavy mineral concentration is more 

prevalent in the middle estuary (range: 0.28 to 22.96 

percent, avg.10.33 percent), followed by the upper 

(range: 3.35 to 13.57% avg.8.53%) and lower estuaries 

(range: 1.14 to 13.6%, avg.6.48 %). The presence of 

heavy minerals and the diversity in sediment 

distribution corroborate the deposition of 

heterogeneous (sand, clayey sand, and sandy clay) 

sediments in the investigated area. This could be 

attributed to energy fluctuations and sediment 

fractionation dependent on the hydrodynamic regime 

that exists in the estuary. The lower estuary (range: 

1.28 to 18.08%, avg. 10.58%) has a higher calcium 

carbonate enrichment than the upper (range: 0.08 to 

16.48%, avg. 6.2%) and middle estuaries (range: 2.08 to 

10.28%, avg. 5.8%), respectively. The average TOC 

content in the upper and middle estuaries is minimal 

(avg. 0.28%; 0.41%, respectively), but the lower 

estuary shows considerable enrichment (avg. 3.31%). 

 
Figure 11. a) The variation of Sand-Silt-Clay 

percentages of the Beypore estuarine sediments. b) 

Sediment distribution of Beypore Estuary 

 

Table 2. Textural parameters of Beypore estuarine 

sediments 

 

 
 

The heavy mineral concentration is more 

prevalent in the middle estuary (range: 0.28 to 22.96 

percent, avg.10.33 percent), followed by the upper 

(range: 3.35 to 13.57% avg.8.53%) and lower estuaries 

(range: 1.14 to 13.6%, avg.6.48 %). The presence of 

heavy minerals and the diversity in sediment 

distribution corroborate the deposition of 

heterogeneous (sand, clayey sand, and sandy clay) 

sediments in the investigated area. This could be 

attributed to energy fluctuations and sediment 

fractionation dependent on the hydrodynamic regime 

that exists in the estuary. The lower estuary (range: 

1.28 to 18.08%, avg. 10.58%) has a higher calcium 

carbonate enrichment than the upper (range: 0.08 to 

16.48%, avg. 6.2%) and middle estuaries (range: 2.08 to 

10.28%, avg. 5.8%), respectively. The average TOC 

content in the upper and middle estuaries is minimal 

(avg. 0.28%; 0.41%, respectively), but the lower 

estuary shows considerable enrichment (avg. 3.31%). 

 

Climate, hydrography, geology, geography, and 

denudation processes are all factors in the creation of 

clay minerals [43]. The clay minerals in the sediment 

show that kaolinite is the most abundant, followed by 

illite, gibbsite, and Montmorillonite. The presence of 

Montmorillonite in the lower estuary may be seen in 

the down variation of the clay mineral (Fig. 12), 

whereas kaolinite and gibbsite have a well-crystalline 

peak in the region. It's possible that the occurrence of 

montmorillonite is attributable to the movement of 
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these minerals from the Deccan Trap [80]. The 

chemical weathering of the region's hinterland, 

including laterite, charnockite, and gneisses, is linked 

to the prevalence of kaolinite and gibbsite. The fluvial, 

aeolian, marine, and glacial environments and 

sedimentation processes are distinguished by the 

micro-texture of quartz grain [46] [81]. In the upper 

estuary, grains are angular and show dominant 

mechanical features such as conchoidal fracture, 

mechanical upturned plates, parallel steps, and fracture 

plates, breakage blocks plates, and abrasion (Fig. 13 A-

C), whereas chemical features such as etch pits (Fig. 13 

D) are negligible, indicating micro-textures of high 

mechanical features of crystalline rocks and grain to 

grain collision of river water sediments under high-

energy conditions [82] [83] [84]. 

 

 
Figure 12. Distribution of clay minerals, Beypore 

Estuary (M-Montmorillonite, I-Illite, G-Gibbsite, K-

Kaolinite) 

 

In the middle estuary, the grains are sub-angular 

exhibiting the mechanical features such as conchoidal 

fracture, arcuate steps, and abrasion (Fig. 13 E, F) 

indicating mechanical processes. But these features are 

modified through silica solution in the form of silica 

plastering leading to the formation of chemical features 

like silica pellicle, chemical etching and traces of 

amorphous silica (Fig. 13. G, H). The results signifies 

the grains underwent mechanical and chemical 

alterations. The quartz grains of the lower estuary are 

sub-rounded (Fig. 13 I) indicating a substantial 

quantity of reworked sediments [81]. Here, the 

mechanical features such as conchoidal fracture, 

fracture plates and upturned plates are totally masked 

through the chemical solution leading to the formation 

of branching solution, silica crevasses, pressure 

solution, solution pits and dissolution etching (Fig. 13 

J-L) indicating prolonged resident time leading to 

diagenesis [85].  

 

Here, the mechanical features such as conchoidal 

fracture, fracture plates and upturned plates are totally 

masked through the chemical solution leading to the 

formation of branching solution, silica crevasses, 

pressure solution, solution pits and dissolution etching 

(Fig. 13 J-L) indicating prolonged resident time leading 

to diagenesis [85].  

 

 
Figure 13. Quartz grains micro-textures of Upper 

estuary: A- Angular grains, B- Conchoidal fractures, C-

Mechanical upturned plates, D- Parallel steps with 

amorphous silica; Middle estuary: E- Sub-angular, F- 

Arcuate steps, G- Silica pellicles, H- Chemical etching; 
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Lower estuary: I- Sub-rounded, J- Branching solution, 

K- Silica crevasses and L- Dissolution etching 

 

The features further confirm that the grains were 

exposed to a high-energy chemical environment [46] 

under fluvio-marine conditions [84] [86].These results 

corroborate the sediment type of silty clay and the 

intermediate to strong weathering in the lower estuary. 

 

D. Implication of environmental processes 

 

To better understand the dynamic sedimentary 

environment, which can be reflected in sediment size, 

magnetic, heavy metals, and trace elements, Pearson’s 

correlation analysis, factor analysis (PCA), and cluster 

analysis were employed using these variables. In this 

study, the χfd values suggest that the sediment contains 

an admixture of both SP and coarse magnetic grains. It 

exhibits a negative correlation with the χlf suggesting 

that the SP grains do not have any control on χlf values. 

The negative and positive correlation of χlf with 

geochemical elements (Cu, Cr, Zn, Ni, Pb) signifies the 

magnetic minerals are derived from terrigenous 

sources [87]. The ratios, χARM/SIRM and SIRM/ χlf 

show a negative correlation with χlf (r= -0.73 and -0.72 

respectively, n=16) indicating that χlf is being 

controlled by the coarse magnetic grains [7]. A 

significant positive linear correlation exists between χlf 

and SIRM (r= 0.99, n=16) signify these parameters are 

chiefly controlled by a common type of magnetic 

minerals [88]. The χlf and χfd% are negatively 

correlated (r= -0.62) (Fig. 3) and a positive linear 

correlation between heavy metals and magnetic 

minerals in moderate polluted areas. The SIRM reveals 

a trend be contingent on the χlf and same as χARM and 

ARM values. The χfd% are of higher values at the bar-

mouth except at the B4 station, further confirming the 

presence of anthropogenic inputs. The Al2O3 content 

shows significant negative correlation with sand (r= -

0.88, n=16) and significant enrichment of silt (r= 0.75, 

n=16) and clay (r= 0.87, n=16) contents, respectively. 

These parameters confirm the association of these 

elements in the detrital origin of estuarine sediments 

[24]. The principal component analysis was employed 

for the sediments, and results are presented in the Fig. 

14a. A varimax rotation was done for the variables, and 

it formulated three components. The first component 

accounts for 49.98% of total variance with an eigen 

value of 10.49. It has high positive loading on silt, 

CaCO3, clay, Cr, Ni, Pb, SIRM/χlf and χARM/χlf. At 

the same time, strong negative loading on sand, χlf and 

SIRM. These parameters indicates the association in 

the fine sediments. The second component comprises 

with a positive loading of Zn, Pb, Ti, S-ratio and HM% 

with an eigen value of 3.85, variance of 18.32% and 

cumulative percentages of 68.31. This confirms the 

effluent discharges from the industrial areas and the oil 

spill from the harbor indicating the presence of 

anthropogenic and pollution activities. Finally, the 

third component comprises of positive loading of χlf, 

ARM, and χARM with an eigen value of 2.34 and 

variance of 11.14%. The PCA analysis reveals that the 

elements show significant correlation among each 

other, which corroborates the results from correlation 

analysis indicates the influence of grain size in the 

distribution. 

 

 
Figure 14. (a) Factor plots depicting the associations 

between the selected parameters, (b) Hierarchical 

cluster dendrogram (wards method) exhibits the 

similarities among the sampling stations in the study 

area 

 

The cluster analysis were carried out to understand the 

similarity among the magnetic, geochemical and 

sedimentological characteristics. The result reveals the 
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association of 4 cluster (Fig. 14b). The first cluster 

represents the stations viz., B2, B3, B5, B9, B11, B4 and 

B13 showing similar affinity of magnetic, trace, heavy 

metals and grain size composition, specifies the 

influence of sediment source from the Chaliyar River. 

 

The second cluster (B8, B12, B16, B10, B14 and B15) 

signifies the characteristic of estuarine nature. The 

B6 and B7 represent the cluster 3, situated on the 

north-west side of the Beypore Estuary. They are 

close to each other and surrounded by mangrove 

vegetation. In the present study, the trace element 

shows a varying trend from upper to lower estuary, 

which may be due to the dredging activities and 

development of Beypore, fishing harbor (2013 

onwards). Moreover, the construction of a 

breakwater with a length of 1130m and 860m on the 

south and north side of the Beypore played a crucial 

role on sediment grain size and trace elements 

variation from upper to lower estuary. The present 

study was compared with the previous findings [24], 

reveals the two-fold enrichment of Cr and Cu, 

whereas depletion of Pb, Mn, Fe2O3, and non-

traceable of Co contents.  

The dynamic sedimentary environment can be 

reflected in the relationship between sediment size 

and magnetic properties. Based on the distribution, 

correlation coefficient, and factor analysis between 

the magnetic (χfd%, SIRM, HIRM χARM, 

χARM/SIRM, χARM /χlf) and grain size parameters 

for the Beypore Estuary, the result corroborate the 

enrichment of magnetic parameters in the particular 

sediment fraction and their distributions are 

influenced by particle size. Similar results were 

reported elsewhere [89]. The enhanced chemical 

weathering and fluvial discharge will increase the 

χlf, χfd, Cu and Pb contents. These results suggest 

the presence of enhanced anthropogenic activities in 

the region. The precipitation increases the 

weathering, erosion, and transportation of 

terrigenous materials result in relatively higher 

accumulations of minerals. The tidal surges control 

the distributions of metals in the lower parts of the 

estuary. The correlation between χ and SIRM 

suggests that the majority of the sediments are 

dominated by ferrimagnetic minerals, whereas para 

and diamagnetic minerals have very less influence. 

The processes of trace metals in the estuarine 

environment directly influence the various 

processes associated with the hydrological processes 

within the transitional estuarine zone. The possible 

reasons for the enhancement of geochemical and 

magnetic elements may be the industrial effluents, 

sludge, and urban wastewater, and the high rate of 

natural weathering due to the alterations of the land 

area and rainfall. 

 

 

III. CONCLUSION 

 

We draw the following conclusions based on the 

environmental magnetic investigations of the Beypore 

sediments: 

 

• The magnetic behavior, geochemical affinity and 

grain size parameters for the Beypore Estuary and 

their influence on environmental processes are 

elucidated.  

• The magnetic parameters viz., χlf, χfd%, ARM, 

HIRM, χARM, S-ratio, and SIRM shows a 

dissimilarity in their distribution from upper to 

lower estuary.  

• The magnetic parameters such as S-ratios, χlf, 

ARM, SIRM and IRM confirms the presence of 

ferrimagnetic minerals such as magnetite in the 

estuary.  

• The elemental distribution of major, trace, and 

REEs exhibits enrichment and depletion, inferring 

the variation in geochemical affinity throughout 

the estuary.  

• The weathering indices (CIA, A-CN-K plot) 

attributes intense chemical weathering in the lower 

estuary, intermediate and weak weathering in the 

middle and upper estuary. Further, the Beypore 
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sediments exhibit immaturity (CIA and ICV ratios) 

with weak to intense chemical weathering. 

• The textural analysis reveals the distribution of 

sediments, from coarse grained to silty clay type 

from upper to lower estuary indicating different 

depositional setting. 

• The micro-texture of quartz grains attributed that 

the sediments of the upper estuary are deposited by 

the mechanical processes. The middle estuary are 

reflected by mechanical-chemical processes 

whereas the lower estuary underwent intense 

chemical weathering and prolonged diagenesis. 

This further corroborate with the results of 

geochemical analyses.   

• The physical and chemical weathering, industrial 

and domestic effluents are the primary source of 

heavy metal assemblages based on metal 

enrichment (Cr>Zn>Cu>Ni>Pb) in the estuary. In 

addition, the pollution indices (Igeo, EF and CF) of 

Cr, Cu and Ni shows moderately contaminated in 

the estuary.  

• Magnetic enhancement, grain size distribution, and 

heavy metal enrichment in the sediments are 

attributed to hydrodynamic processes (waves, 

currents and tides), diagenetic changes, and 

anthropogenic interface (dredging, and 

construction of coastal structures).  

• The relationship between the magnetic variability, 

heavy metals, trace elements and the grain size 

decipher the combination of natural and 

anthropogenic activities, controlling the 

environmental processes in the estuary. 
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