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Natural and anthropogenic activities along the coastal region of densely populated Keralamay introduce hazard-
ous components into the coastal environment. The present study aimed to investigate the sources and impacts of
hazardous components in beach sediments by environmental magnetismmethods as additional tools. Magnetic
parameters (such asmass-specific magnetic susceptibility χ=−1.2–154.4 × 10−8 m3 kg−1) and ratios that de-
scribe themagnetic properties of minerals such as Fe-oxides, indicate variable concentration ofmixtures ofmag-
netite and hematite (magnetite/hematite). The direct significant relationships between the variables indicate
that higher concentration magnetic parameters are associated with higher radionuclides and metal contents.
Magnetic properties and multivariate statistical analyses evidence the presence of contrasting groups defined
only using a reduced number of magnetic variables. One of these groups, the central area of the Kerala coastline,
showed the highest magnetic concentrations of mixtures of magnetite/hematite and higher values (up to 6.7) of
pollution load index because of extensive anthropogenic activities.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Coastal sediments act as reservoirs ofmaterials that are derived from
both anthropogenic and natural weathering processes (Song et al.,
2014). The Kerala coastal area in southwestern India is one of the sensi-
tive coastal areas in India with rapid population growth and expanding
industrial activities since the 1980s. It is one of the world's high-level
background radiation areas. Natural radiation level in the region is
higher than normal. This high-level radiation is believed to originate
from rich deposits of monazite-bearing beach sand. The mineral mona-
zite contains radioactive elements, which are themain cause for natural
radiation in the southwestern coastal belt of India (Singh et al., 2007). In
addition, this coastal ecosystemhas been influenced bywide industrial-
ized communities and extensive urbanized activities. Furthermore, this
coastal belt continuously receives substantial loadings of heavy metals
from river discharges, inlets, and estuaries that discharge runoff from
adjacent land areas. Heavy metals in coastal sediments originate from
the physical and chemical weathering of parent rocks, wastewater dis-
charge, and atmospheric deposition. The accumulation and mobility of
heavy metals in coastal sediments is influenced by various factors
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such as the nature of the sediment particles, properties of adsorbed
compounds, metal characteristics, and organic matter (Bastami et al.,
2014).

Knowledge and detailed understanding of the various hazardous
components are essential for monitoring the environmental changes
caused by natural background radiation (radioactive elements) and an-
thropogenic activities (particulate matter, heavy metals, magnetic min-
erals, etc.) (El-Bahi, 2004; El-Gamal et al., 2007; Evans andHeller, 2003).

Magnetic measurements in environmental magnetism have been
performed since the 1980's (Thompson and Oldfield, 1986) as addition-
al tools to investigate the level of natural and anthropogenic activities in
different ecosystems such as soils, estuaries, lakes, and rivers (Yang et
al., 2007; Blundell et al., 2009; Horng et al., 2009; Zhang et al., 2011;
Chaparro et al., 2015a; Prajith et al., 2015). Some authors have applied
multivariate statistical analyses including principal components, clus-
ter, canonical correlation, fuzzy c-means, and linear discriminant analy-
sis to validate the relationship between themagnetic, radionuclide, and
chemical variables and to classify the number of data points according
to the similarities (Petrovský et al., 2001; Hanesch et al., 2001; Wang
and Qin, 2006; Chaparro et al., 2008a, 2012, 2015b).

In the past years, rivers from south India have been studied using en-
vironmentalmagnetism, and such studies have focused on themagnetic
properties of sediments and their relationship with radionuclides and
heavy metals to assess the health of the riverine environment
pollution status of beach sediments from Kerala coast (southwestern
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Fig. 1.Mapof the study area inKerala. Beach sedimentswere collected from sites along the
coast.
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(Ramasamy et al., 2006, 2014a; Chaparro et al., 2008b, 2011, 2013,
2015a; Suresh et al., 2011; Krishnamoorthy et al., 2014). Among these
studies, Ramasamy et al. (2014a) and Suresh et al. (2011) had reported
significant correlations between χ (mass-specific magnetic susceptibil-
ity) and the concentrations of 232Th, 238U, and 40K. In Bharathapuzha
River (Kerala state), Krishnamoorthy et al. (2014) had also reported sig-
nificant correlations between χ and the concentrations of 226Ra and 40K.
They found that higher concentrations of both radionuclides may be as-
sociated with the extensive exploitation of phosphate and potassium
fertilizers in the surrounding agricultural area.

The present study focuses on the magnetic properties of Fe-oxides
present in the beach sediments collected from the Kerala coastline
(southwestern India). The aim of the presentworkwas to (a) character-
ize the magnetic particles in beach sediments, (b) determine the possi-
ble differences in the composition of magnetic minerals from surface to
deeper layers (vertical distribution), (c) identify polluted sites along the
coast using the magnetic properties of sediments, and finally (d) study
the relationship between magnetic minerals, radionuclides, and heavy
metals to confirm the use of magnetic parameters as environmental
proxies.

2. Materials and methods

2.1. Study area

Kerala is the most densely populated state in India, with a popula-
tion of 33.3 million (2011 census), and approximately 80% (27.4 mil-
lion) of the population is living in the coastal zone. The coastal
population density in major urban centers such as Cochin, Trivandrum,
Calicut, Alleppey, and Quilon exceeds 2000 persons per sq. km. Kerala
has a coastline length of approximately 560 km. The coastal region in-
cludes 27 estuaries and 7 lagoons. There are approximately 300 large-
and medium-scale industries and 1,66,000 small-scale industries,
most of which are located in the coastal area. Moreover, a major port
at Cochin and 14 minor ports and fishing harbors are situated in this
coastal zone (Ramasamy et al., 2013).

Kerala has a total of ten coastal districts; the present study area
covers four coastal districts: Ernakulam, Alappuzha, Kollam, and Trivan-
drum. The hydrodynamic regime of the coastal marine zone of Kerala
depicts the typical features of a monsoon-dominated tropical coast.
The highest wave and current intensity occurs during the peak mon-
soon months of June–July. The near shore wave intensity decreases
from south to north. The longshore currents generated by the waves
are generally southerly during monsoon (Ramasamy et al., 2013).

2.2. Sampling

The study area covers a total coastline length of approximately
200 km, where 39 successive sampling sites were selected and num-
bered as S1–S39 (from 9°57′49″N, 76°14′16″E to 8°34′21″N, 76°50′09″
E) (Fig. 1). The latitudinal and longitudinal position of the sampling
sites were determined using a hand-held global positioning system
(GPS) (Model: GARMIN GPS-12) unit. Consecutive neighboring sites
were separated by a distance of approximately 4–5 km (Ramasamy et
al., 2013).

The samples were collected at a distance of 5–10 m from the high
tide mark at four different depths: from the upper layer (0–5 cm
depth), the 1 ft below the surface, the 2 ft below the surface, and the
3 ft below the surface. Samples were collected using a plastic spade dur-
ing the summer of 2011, and the collected sampleswere placed in poly-
ethylene bags. The total weight of the collected samples was
approximately 3 kg. In the laboratory, the collected samples were
dried at room temperature in open air for a fewdays. Then, the dry sam-
ples were sieved (2 mm) to remove gravel fraction and packed and
stored in polyethylene bags (Suresh et al., 2015).
Please cite this article as: Chaparro, M.A.E., et al., Magnetic assessment and
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2.3. Magnetic measurements

The air-dried samples were subsampled for magnetic studies using
plastic containers (approximately 2.3 cm3). They were then packed,
weighed, and labeled. Subsequently, all samples were fixed using sodi-
um silicate to prevent unwanted movement when studying remanent
magnetization.

Magnetic susceptibility was measured using the magnetic suscepti-
bility meter MS2 (Bartington Instruments Ltd., 1994) linked to the
MS2B dual frequency sensor (0.47 and 4.7 KHz). The volumetric suscep-
tibility (κ) and mass-specific susceptibility (χ) were computed.

Anhysteretic remanentmagnetization (ARM)was determined using
a device attached to a shielded demagnetizer (Molspin Ltd.),
superimposing a DC bias field of 90 μT (71.6 A/m) to a peak alternating
field (AF) of 100mT in the AF interval 100–2.5-mT and an AF decay rate
of 17 μT per cycle. The remanent magnetization was measured using a
pollution status of beach sediments from Kerala coast (southwestern
olbul.2017.01.044
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Fig. 2. The King's plot (χARM vs. χ) for beach samples. As a general trend, samples with
higher magnetic concentration-dependent parameters showed coarser magnetic grain
sizes.
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spinner fluxgate magnetometer (Minispin, Molspin Ltd.). Anhysteretic
susceptibility (volume κARM and mass-specific χARM) was estimated by
linear regression for ARM acquired at different DC bias fields of 10, 60,
and 90 μT (7.96, 47.7, and 71.6 A/m). The κARM/κ and King's plot (χARM
versus χ, King et al., 1982) were also studied.

The isothermal remanent magnetization (IRM) acquisition studies
were performed using a pulse magnetizer, model IM-10-30 (ASC Scien-
tific). Each sample was magnetized by exposing it to stepwise growing
DC fields from 4.3 to 2470 mT. The remanent magnetization after each
stepwasmeasured using the abovementionedmagnetometerMinispin.
In these measurements, IRM acquisition curves and the saturation of
IRM (SIRM = IRM2470 mT) were determined using forward DC fields.
Remanent coercivity (Hcr), S-ratios (S−300 = − IRM−300 mT/SIRM;
S−100 = − IRM−100 mT/SIRM), HIRM [=0.5 × (SIRM + IRM−300 mT)],
and L-ratio [=(SIRM + IRM−300 mT)/(SIRM + IRM−100 mT)] were also
calculated using backfield measurements once the SIRM was reached.

2.4. Radionuclides and PLI of metals data

The surface (0–5 cm) beach sediment samples (n = 39) were sub-
sampled andprepared according to theprotocol, and activity concentra-
tions of 238U, 232Th, and 40K (gamma ray spectrometer) were measured
as reported by Ramasamy et al. (2013). The below detectable limit for
each radionuclide is 5.5 Bq kg−1 for 238U and 232Th and 21.5 Bq kg−1

for 40K.
The level of heavymetals (Cd, Cr, Cu, Ni, Pb, and Zn) in and pollution

load index (PLI; Tomlinson et al., 1980) of all layer sampleswere report-
ed by Suresh et al. (2015). The concentrations of the abovementioned
radionuclides and heavy metal data were obtained from Ramasamy et
al. (2013) and Suresh et al. (2015), respectively, to make a correlation
with magnetic parameters.

2.5. Statistical methods

Statistical analyses of the dataset were performed to determine
whether there are (a) significant differences in the values of each mag-
netic parameter with depth and between sites; (b) relationships be-
tween magnetic parameters, radionuclide variables, and the PLI; and
(c) samples with similar magnetic properties to allow contrasting
grouping of sites along the coastline. Multivariate statistical analyses
were performed using the R free software: R version 3.2.2 (R Core
Team, 2015).

To determine significant differences between depth levels (0, 30, 60,
and 90 cm) for each magnetic parameter, the Friedman's test (or
Friedman's ANOVA) was applied for all magnetic parameters. This test
is a non-parametric version of ANOVA for repeated measures; it is
used to detect differences in treatments across multiple test attempts.
The Friedman's test is used for one-way repeated measures ANOVA by
ranks.

The relationship between the magnetic parameters, radionuclides,
and PLI were analyzed by principal component analysis (PCA) withma-
trix correlation. Before the PCA, the measure of sampling adequacy
(MSA) of factor-analytic data matrices was estimated. This value indi-
cates whether it is appropriate to apply PCA for the dataset matrix. In
addition, a nonhierarchical k-means clustering (CA) with Euclidean dis-
tance was performed. The coordinates of the rows obtained from the
PCA were used to build the clusters.

3. Results and discussion

3.1. Magnetic minerals in beach sediment

Values of mass-specific susceptibility ranged between −1.2 and
154.4 × 10−8 m3 kg−1 (values of magnetic susceptibility and other
magnetic parameters of all sites are given in Supplementary Data).
The variation in the values indicates the presence of changes not only
Please cite this article as: Chaparro, M.A.E., et al., Magnetic assessment and
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in themagnetic concentration ofminerals but also in themagneticmin-
eralogy. Approximately a half (n = 73) of the beach samples showed χ
values below 10.0 × 10−8 m3 kg−1, indicating that the magnetic signal
is possibly regulated by diamagnetic/paramagnetic minerals, i.e., there
is a dominance of diamagnetic/paramagnetic minerals over ferrimag-
netic and antiferromagnetic ones (Dearing, 1999). Among the diamag-
netic minerals, quartz and calcite were the main minerals found in
these beach sediments as the amount of major lightminerals decreased
in the order quartz N calcite N microcline feldspar N kaolinite
(Ramasamy et al., 2014b).

Such values are, in this sense, interpreted as a first approach of the
presence of mineral mixtures and relative contribution of the main
magneticmineral categories: diamagnetic, paramagnetic, and ferrimag-
netic/antiferromagnetic. As observed from the remanent magnetic pa-
rameters in Fig. 2 (χARM) and Fig. 3 (HIRM, Hcr and ARM/SIRM), a
small amount of ferrimagnetic and antiferromagnetic minerals were
also present in these 73 samples (S2, S4–S12, S19, S30–S33, and S35–
S39), which included 10 samples with negative values of mass-specific
susceptibility.

Presence ofmixtures of ferrimagnetic (magnetite Fe3O4) and antifer-
romagnetic (hematite Fe2O3) minerals, i.e., magnetite/hematite, were
confirmed from the analysis of IRM curves and a wide variation in rem-
anent coercivity values (31.6–267.8mT). Presence of softer (magnetite)
and higher (hematite) coercivity minerals can be predicted from their
characteristic values (e.g., Peters and Dekkers, 2003). In the present
study, the quartile values (Q1–Q3)were 60.5–122.4mT, and themedian
value of Hcr was 99.9 mT. The remanent coercivity of natural samples
composed of ferrimagnetic and antiferromagnetic mineral mixtures de-
pends on their contribution. As shown by Chaparro and Sinito (2004),
the Hcr values can vary widely according to the hematite andmagnetite
ratio, e.g., Hcr= 605.5mT (for 420:1, 420 parts of hematite per one part
of magnetite) and Hcr = 57.2 mT (for 110:1). Among these magnetic
minerals, the quantity of magnetite and ilmenite were determined by
Ramasamy et al. (2014b) as the main heavy minerals after the most
abundant mineral monazite in such samples. Although hematite was
not observed in those samples, it is possible that this mineral was not
distinguished in mixtures of magnetite/hematite or in ilmenite/hema-
tite minerals.

The S-ratio is a measure of the relative abundance of high-coercivity
minerals in a mixture containing ferrimagnetic minerals. The beach
sediments in the present study showed a relative variation of both
minerals, which could be observed from the S-ratio values that ranged
pollution status of beach sediments from Kerala coast (southwestern
olbul.2017.01.044
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Fig. 3. Spatial distribution of concentration - (χ and HIRM) and mineralogy-dependent (Hcr and ARM/SIRM) magnetic parameters for different depths.
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(S−300.) from 0.58 to 0.76. As detailed in Fig. 4, the S-ratio statistically
correlates with Hcr. HIRM is used as a measure of the mass concentra-
tion of high-coercivity magnetic minerals such as hematite (Liu et al.,
2012). In the present study, because HIRM is not correlated with the
L-ratio and the latter is relatively stable (L-ratio = ~0.36), it is expected
that theseHIRMvalues indicate a variation in the concentration of high-
coercivity minerals.

The grain size of magnetite minerals varied between 1 and 5 μm for
samples with higher magnetic concentration (χ N 10 × 10−8 m3 kg−1)
(Fig. 2), and finer magnetic grains of 0.2–1 μm and b0.1 μm were ob-
served for lower magnetic values of χ = 1.5–10 × 10−8 m3 kg−1 and
b1.5 × 10−8 m3 kg−1, respectively.

Results of other magnetic grain-size indicative parameters ARM/
SIRM (Fig. 3) and κARM/κ showa similar behavior, with a relative narrow
variation, e.g., the Q1–Q3 of κARM/κ was 1.8 ̶ 4.7.
Fig. 4. Biplots using mineralogy-dependent parameters. S-ratios vs. Hcr.

Please cite this article as: Chaparro, M.A.E., et al., Magnetic assessment and
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3.2. Magnetic variables, PLI, and natural radionuclides

The Friedman's test (or Friedman's ANOVA)was applied for all mag-
netic parameters revealing that there are no significant differences
(p b 0.001) between depth levels from 0 to 90 cm. Because there were
no significant differences between the depth levels, the statistical anal-
yses were performed only for beach sediment samples from the surface
level.

The bivariate analysis showed significant correlations between
the magnetic variables, radionuclides 238U and 232Th, and the PLI.
The concentration-dependent magnetic variables χ, ARM, SIRM, and
HIRM were correlated with PLI and radionuclide variables. Significant
correlations of magnetic variable were observed with PLI (R = 0.480–
0.527) and 238U (R = 0.504–0.596) and 232Th (R = 0.375–0.467)
(p b 0.01). Mineralogy-dependent magnetic variables were correlated
with PLI and radionuclides. Moreover, ARM/SIRM and S-ratios (S−300

and S−100) were inversely correlated with PLI and 238U, and Hcr was
directly correlated with 232Th and 238U.

Some investigations have shown a correlation between radionuclide
concentrations and magnetic minerals (McCubbin et al., 2004; Montes
et al., 2012). Suresh et al. (2011) found that χ is directly correlated
with the concentration of 232Th (R = 0.603) and inversely correlated
with the concentration of 238U. They found that the activity concentra-
tion depends on the composition of clay minerals (kaolinite). In addi-
tion, Ramasamy et al. (2014a) reported significant direct correlations
between χ and the concentration of 232Th (R = 0.751) and 238U (R =
0.774) in Vaigai River. They showed that both correlated variables and
the magnetic parameter could be controlled by a common mechanism.
Furthermore, significant direct correlations between concentration-de-
pendent magnetic variables and PLI were found not only in other stud-
ies in South India (Chaparro et al., 2011), but also in other pollution
studies (Chaparro et al., 2015b). They documented the use of magnetic
parameters to determine the PLI.

For multivariate analyses, the MSA was previously estimated to the
PCA. The estimated MSA (0.76) indicated that it was appropriate to
apply a PCA. The PCA with correlation matrix was performed for mag-
netic parameters (χ, ARM, SIRM, HIRM, ARM/SIRM, Hcr, S−300, S−100),
pollution status of beach sediments from Kerala coast (southwestern
olbul.2017.01.044
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radionuclides (238U, 232Th, 40K), and PLI. Thefirst three principal compo-
nents (PCs) accounted for the 82% of the dataset variation. From the
loading analysis of PC, loadings of variables N0.75 ∗ max (loading PC#)
were identified as the main contribution for each PC. It is worth to
note that the first PC (PC1) is composed of the concentration magnetic
parameters (χ, ARM, SIRM, HIRM, and Hcr). These parameters showed
direct relationship and S−100 showed an inverse relationship, as ob-
served in the plane PC1–2 in Fig. 5. In addition, the radionuclides 238U
and 232Th and the PLI evidence a direct relationship in this plane. It is
worth mentioning that the angle between the two variables on coordi-
nate planes is an indicator of the correlation between the variables.
Thus, the magnetic variables χ, ARM, SIRM and HIRM seem to correlate
with the PLI, 238U, and 232Th. In the plane PC1–3, a direct (and inverse)
relationship between 238U and Hcr (S−300 and S−100) can be observed;
in addition, concentration-dependentmagnetic variables seem to corre-
late with 238U (Fig. 5).

These results support the use of concentration-dependent magnetic
parameters as indicators of the PLI and concentration of radionuclides
238U and 232Th in beach sediments from Kerala coastline. Among these
magnetic parameters, χ is a very good choice for assessing the PLI and
concentration of 238U and 232Th because its measurements are easy,
prompt, and cost-effective to perform (Petrovský and Ellwood, 1999).
3.3. Spatial distribution of magnetic parameters

The spatial variation of different concentration-dependentmagnetic
parameters, i.e., χ, ARM, SIRM, and HIRM, shows a similar pattern (Fig.
3), indicating that the highest values were present in the central part
along the Kerala coast, i.e., in sites S13–S18, S20–S29, S1, S3, and S34.
Such similarities between distribution patterns were also observed
and supported by the CA (the central part corresponding to group G3,
Fig. 6), and the correlation results between such concentration-depen-
dent magnetic parameters were statistically significant (p b 0.01),
with Pearson's coefficients varying between 0.95 and 0.99. The parame-
ter χ showed a clear contrast between diamagnetic/paramagnetic
(χ=−1.2–10.0 × 10−8 m3 kg−1) and ferrimagnetic/antiferromagnetic
minerals according to the sites along the coast. This pattern is similar to
the quartz distribution reported in these beach sediments byRamasamy
et al. (2014b). In general, the higher contents of quartz are in agreement
with lower values of the parameter χ (Fig. 3) and vice versa. Although
there is a clear difference of χ value between differentmagneticmineral
types, small amounts of ferrimagnetic/antiferromagnetic minerals are
also present in samples with high diamagnetic/paramagnetic mineral
content. Thus, it is interesting to note that the remanence parameters
ARM, SIRM and HIRM are only dependent on the content of
Fig. 5. Multivariate analysis (PCA) representation of the magnetic variables (magnetic concen
parameters: Hcr, S−300 and S−100; and magnetic grain size-dependent parameters: ARM/SIRM

Please cite this article as: Chaparro, M.A.E., et al., Magnetic assessment and
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ferrimagnetic/antiferromagnetic minerals and have a similar behavior
to parameter χ.

Higher magnetic concentrations for all depth layers are mainly
found in central sites (from S13 to S29) and correspond to the third
quartile of magnetic parameters: χ (Q1–Q3 = 1.2–
59.5 × 10−8 m3 kg−1), ARM (Q1–Q3 = 8.4–99.0 × 10−6 A m2 kg−1),
SIRM (Q1–Q3 = 0.4–6.7 × 10−3 A m2 kg−1) and HIRM values (Q1–
Q3=0.03–1.40×10−3 Am2 kg−1). Reported concentration of radionu-
clides (Ramasamy et al., 2013) and the pollution index PLI (Suresh et al.,
2015) also show a similar pattern for surficial sediments in this central
area. Higher values correspond to the third quartile of both, the pollu-
tion index PLI (Q1–Q3 = 2.69–4.53) and the radionuclides 238U (Q1–
Q3 = 9.3–195.2 × Bq kg−1) and 232Th (Q1–Q3 = 12.0–
613.2 × Bq kg−1).

Most of these central sites evidence a similar remanent coercivity
values belonging to the Q3 (Hcr = 122.4 mT, Fig. 3) in contrast with
the other sites (with lower magnetic concentration) belonging to the
Q1 (Hcr = 60.5 mT). The distribution of such grains can be appreciated
in Fig. 3 from the magnetic grain-size indicative parameter ARM/SIRM.
Lower values of this parameter correspond to the 1st quartile (Q1 =
0.01) and indicate coarsermagnetic grains inmineralmixtures (magne-
tite-hematite) that belong to the central sites (S13–S29) along the Ker-
ala beaches. On the contrary, the finestmagnetite grains are observed in
sites S4–S12 and S19, and slightly finer in sites S30–S33 and S35–39
(3rd quartile of ARM/SIRM, Q3 = 0.03).

The existence of groups of surficial samples with similar features
was analyzed by a CA (with Euclidean distance) where each cluster is
characterized only by magnetic variables. Among the variables, the
magnetic parameters χ, HIRM, ARM/SIRM and Hcr are presented in
such CA. The sample set was partitioned into three groups made of 5
(G1), 17 (G2) and 17 (G3) samples characterized with different mag-
netic centroids (Table 1). These multivariate results support the ob-
served spatial behavior of magnetic parameters as discussed above.

GroupG3 is composed of the samples belonging to the central part of
the coast (Fig. 6). These samples have the highest values of concentra-
tion-dependent magnetic parameters (e.g.: the centroid of χ =
81.4 × 10−8 m3 kg−1) as well as high coercivity minerals (centroid of
Hcr = 120.4 mT) and coarser magnetic grain sizes (lower values of
ARM/SIRM). In contrast, samples corresponding to groupG1 are charac-
terized by the lowest values of concentration-dependent magnetic pa-
rameters and finer magnetic grain. Group G2 is composed of a half of
total of samples comprising sites located on the southern part of the
Kerala coast. Such samples show a relatively low concentration-depen-
dent magnetic parameters (centroid of χ = 9.4 × 10−8 m3 kg−1),
though they are characterized by low-coercivity minerals (centroid of
Hcr = 64.5 mT, Table 1).
tration-dependent parameter: χ, ARM, SIRM and HIRM; magnetic mineralogy-dependent
) and the PLI in the coordinate planes PC1–2 and PC1–3.

pollution status of beach sediments from Kerala coast (southwestern
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Fig. 6. Cluster analysis. Three groupswere obtained using onlymagnetic parameters. Groups are highlighted in different colors: G1 in black, G2 in red, and G3 in green color. The size of the
symbols is represented considering the standardized value of each sample with respect the range of corresponding variable (i.e., 3Spar(i)/(max(Spar)-min(Spar)), where Spar is the value
of a variable for the ith sample). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

An integrated analyses of magnetic parameters validate the pres-
ence of mixture of magnetite/hematite minerals in all the samples.
Thismixture variedwidely among the beach sites because of the chang-
es in magnetic concentration (χ varies between −1.2 and
154.4 × 10−8 m3 kg−1; HIRM= 0.00–3.86 × 10−3 A m2 kg−1), magne-
tite and hematitemineral contribution (S−300=0.03–1.00;Hcr=31.6–
267.8 mT) and magnetic grain sizes (between 0.1 and 5 μm; e.g.: ARM/
SIRM = 0.01–0.08). Although in some sites, the diamagnetic/paramag-
netic mineral (quartz) contribution is dominant along with the small
amount ferrimagnetic and antiferromagnetic minerals. The statistical
analyses of all magnetic parameters revealed no significant differences
(p b 0.001) observed in magnetic parameters between surface sedi-
ments and the other depth levels (30, 60, and 90 cm).

Because the magnetic parameters such as χ, ARM, SIRM, HIRM, and
Hcr are statistically correlated with the pollution index PLI of metals
and concentrations of natural radionuclides 238U and 232Th, the inte-
grated magnetic methods can be a substitution for assessing the levels
of heavy metals and radionuclide concentrations in beach sediments
from coastlines similar to those of Kerala. Direct correlations among
the variables are indicative of higher concentration of magnetic, radio-
nuclides, and heavy metals. Among these magnetic parameters, χ is a
good alternative method to assess these pollutants because susceptibil-
ity measurement is prompt, non-destructive, and cost-effective.

The CA shows that the central area (groupG3)with thehighestmag-
netic concentrations is characterized by coarser grains and by higher
Table 1
Results from multivariate analysis, CA. Centroids for each group and corresponding mag-
netic parameters are detailed. Plus (+) and minus (−) indicate if the value is higher or
lower than the overall mean. Asterisks (*) indicate that the centroid value is not different
from the overall mean.

Magnetic parameter G1 G2 G3 Overall mean

χ [10−8 m3 kg−1] 0.9(−−) 9.3 81.4(++) 39.6
HIRM
[10−3 A m3 kg−1]

0.01(−−) 0.14 1.79(++) 0.84

Hcr [mT] ***** 64.5(−−) 120.5(++) 90.1
ARM/SIRM [a.u.] 0.05(++) ***** 0.01(−−) 0.02

Please cite this article as: Chaparro, M.A.E., et al., Magnetic assessment and
India), Marine Pollution Bulletin (2017), http://dx.doi.org/10.1016/j.marp
contribution of hematite in mixtures of magnetite/hematite, and high
concentrations of studied heavy metals and PLI values (PLI up to 6.7).
In contrast, group G1 has lowest PLI values that are characterized by
lowmagnetic concentrations and finer grains. The obtained relationship
between magnetic parameters and PLI is re-confirmed with CA. Hence,
the present study recommends that to make an accurate pollution as-
sessment, magnetic susceptibility measurement can be used as a first
approach and othermagnetic parameters can bemeasured consequent-
ly and used for assessment.
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