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Abstract Environmental magnetic and grain size mea-

surements were carried out on sand samples collected from

nine sand pits along a 20-km coastal stretch of Arnala

Beach, North Maharashtra, India. This study sets out to

identify the potential heavy (magnetite) mineral-rich sites

in a dynamic coastal system and decipher their enrichment

processes. Combination of rock-magnetic and grain size

data of the sand pits mirrors the differential heavy mineral

fluxes along the coast. Two distinct and well-separated

bands of magnetite enrichments were identified. The upper

magnetite band (UMB) is more pronounced and shows

uniform magnetite enrichment representing the present-day

beach erosional state. A well-separated lower magnetite

band (LMB) had highest magnetite concentration at Vai-

tarna River mouth and depicts a strong decrease in mag-

netite content and clastic (mean) grain size away from the

river mouth. This suggests that the NW–SE-directed coast-

parallel sediment transport in the past played a major role

in the formation of magnetite-rich layers of LMB. A non-

enriched zone (NEZ) between UMB and LMB is magnet-

ically weak and showed large variations in clastic grain

sizes and possibly represents a period of sediment accre-

tion. A strong correlation between magnetite concentration

and magnetic grain size was found for all the sand pit

samples, with highest magnetic susceptibility values being

dominated by coarser magnetic grains. This relationship

needs to be further exploited as a potential fingerprint to

identify the heavy mineral lag deposits in coastal envi-

ronments. Our study explores the potential of using

environmental magnetism and sedimentological methods

to identify the potential areas enriched in heavy (magnetic)

minerals and explains the mechanism of their formation.

Keywords Environmental magnetism � Heavy mineral

enrichment � Grain size � Beach erosion � Maharashtra

Introduction

Heavy minerals such as magnetite, ilmenite, chromite,

zircon, garnet amongst others are widespread in coastal

systems and help to unravel information related to sedi-

ment provenance, transport pathways and depositional

environments. These minerals are often found concentrated

as lag deposits in rivers, estuaries, dunes, beaches, near-

shore and shelf environments. Such lag deposits are formed

as a result of a combined action of significant accumulation

of detrital heavy mineral concentrations by physical pro-

cesses including waves, winds and currents (Komar and

Wang 1984). Amongst the heavy minerals, the environ-

mental specificity and analytical sensitivity of the magnetic

minerals provide an opportunity to explore and utilize them

as potential markers for understanding the coastal zone

processes.

In placer forming coastal settings, the environmental

magnetic methods have been successfully used to map the

spatial distribution of magnetic minerals (Zhang et al.

2010), and to identify and discriminate the provenance of

heavy minerals (Cioppa et al. 2010; Gawali et al. 2010).

The composition and distribution pattern of magnetic

minerals were examined to assess sediment sorting and

recognize the sites of accumulation and erosion (Hatfield

et al. 2010). Based on magnetic mapping of surficial sed-

iments, Badesab et al. (2012) reported the occurrence of
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shore-parallel magnetite-enriched belts in nearshore region

and explained their formative mechanisms. Gallaway et al.

(2012) used magnetic susceptibility measurements in

combination with fluorescent paint tracer to examine the

enrichment mechanisms and transport dynamics of mag-

netic minerals in swash zone.

Onshore placers commonly termed ‘‘black sand’’ placer

deposits are known to occur along the central west coast of

India (Patel 1936; Krishnan and Roy 1945; Roy 1958;

Mukherjee and Saxena 1976; Siddiquie and Rajamanickam

1979; Gujar et al. 2004, 2010a, b; Iyer et al. 2010) and were

identified based on geophysical, geochemical, mineralogi-

cal and petrological studies. The studies concluded that the

Deccan trap basalts are a major source of the black sands

and the sediments transported by southwest monsoon were

sorted resulting in the accumulation of heavy mineral

deposits at several areas (offshore and onshore) along the

west coast (Siddiquie and Rajamanickam 1979; Gujar et al.

2009). However, hardly any attempts have been made to

investigate the economically low coastal stretch of Arnala

Beach located between Vaitarna River (North) and Ulhas

River (South) within the central west coast of Maharashtra,

India. In this study, we set out to magnetically fingerprint

the potential heavy mineral-rich zones in the highly tran-

sient and ecologically sensitive open-coast environment of

Arnala Beach and investigate the influence of littoral zone

processes on the enrichment and transport dynamics of the

heavy minerals.

Study area and geology

The study area lies within the Thane District of Maha-

rashtra located along the central west coast of India. The

20-km coastal stretch of Arnala Beach between the Vai-

tarna and Ulhas River mouths is 100–400 m wide and has a

flat, gentle beach morphology. In addition, there are berms,

raised beaches, sand ridges, mud flats, creeks, runnels,

small sand spits and sand bars (Fig. 1).

The geology is dominated by Deccan trap basalts that

were emplaced through fissures eruptions during the Upper

Cretaceous (*60 Ma) (Fig. 2). These basalts are por-

phyritic to non-porphyritic in texture and their mineralogy

comprises of magnetite, ilmenite, labradorite, clinopyrox-

ene, olivine, augite and traces of basaltic glass (Anon

1976). The Vaitarna River in the north and Ulhas River in

the south are the two major river systems delivering sig-

nificant sediment load to the study area. The Vaitarna River

is about 150 km long, originates from the Triambak hill in

the Nasik district and has a drainage area of about

3637 km2. The average annual run-off is 2937 million

cubic metres and the average sedimentation load from June

to December is around 3082.5 tons/day (Anon 1976). The

Ulhas River is about 135 km long and originates at Tun-

garli near Lonavala. It has a total drainage area of about

4637 km2.

Materials and methods

A total of sixteen sand pits, each of about of 1 9 1 9 1 m,

were dug along the study area. The distance between pits

was about 1 km (Fig. 1). The sediment layers present in the

pits were examined and photographed during the field

surveys (Fig. 3). In this study, we analysed nine sand pits

that had more than two layers (light and heavy) within the

pits. The layers were sub-sampled based on the occurrences

of the heavy and light mineral layers using a hand-held

plastic shovel, and the sub-samples were packed in poly-

thene bags for further analysis. In the laboratory, the

material from each layer was mixed thoroughly and four

representative fractions were picked and analysed for

magnetic measurements. Hence, the one sample point in

Figs. 4 and 5 represents the average value of four samples

from each layer.

Environmental magnetic measurements

The sub-samples of sand pits were dried and packed in

1-inch cylindrical sample bottles. The magnetic measure-

ments were carried out at the paleomagnetic laboratory of

CSIR-National Institute of Oceanography (NIO) and Indian

Institute of Geomagnetism (IIG), Panvel Mumbai. Mag-

netic susceptibility measurements were performed using a

Bartington MS2B dual-frequency susceptibility meter.

Susceptibility was measured at two different frequencies

vlf = 0.47 kHz and vhf = 4.7 kHz. Anhysteric remanent

magnetisation (ARM) was imparted using 100 mT AF field

superimposed with a fixed DC bias field of 50 lT and

measured using a Molspin Minispin spinner magnetometer.

Susceptibility of ARM is calculated as mass-normalized

ARM divided by the DC bias field. Isothermal remanent

magnetisation (IRM) of 1T in forward direction and

-300 mT in the backward direction were imparted to the

sediment samples using MMP10 pulse magnetizer and

measured using Molspin Minispin spinner magnetometer.

Mass-normalized IRM acquired with a peak field of 1T is

assumed to be the saturation isothermal remanent magne-

tization (SIRM) (Thompson and Oldfield 1986). The

magnetic grains were separated from the bulk sand samples

using magnetic extraction technique and were later anal-

ysed for temperature-dependent magnetic susceptibility

measurements using a Bartington (v-T) system at the

Indian Institute of Geomagnetism (IIG), Panvel, India.
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Grain size determination, heavy mineral separation

(magnetic and non-magnetic)

Determination of grains size was made following the method

of Folk (1968). The sand samples were washed, dried, coned

and quartered. The sub-samples were further treated with

10% HCl to remove carbonate content. Later the samples

were dried and sieved at� phi intervals. The grain sizes were

calculated from the graphic and moment measures using a

computer program (Blott and Pye 2001). The heavy mineral

extraction was carried out using bromoform following the

procedure of Milner et al. (1962). The separated heavy

minerals were thoroughly washed with methanol to remove

bromoform coating from the minerals. These separated heavy

minerals were subjected to magnetic separation using a hand-

held magnet and SG Frantz isodynamic separator (Model L1)

following the methods of Hutchinson (1974).

Electron microscopy and mineralogy

A scanning electron microscope (SEM JEOL JSM-5800

LV) at an accelerating voltage of 15–20 kV was used to

capture images of the magnetic and non-magnetic grains in

normal and backscattered electron mode. The identification

Fig. 1 Location map of the

study area and sampling sites of

sand pits (P-9, P-10, P-2, P-11,

P-4, P-14, P-5, P-6, P-7)
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of minerals of selected samples was carried out using a

Rigaku X-Ray Diffractometer (Ultima IV). The samples

were run from 0� to 60� 2h at 1 �/min scan speed and Cu

Ka radiation (v = 1.5414 Å).

Results

Down-pit and alongshore distribution of magnetite

concentrations

The magnetic susceptibility (vlf) generally indicates the

concentration of magnetic minerals while the inter-para-

metric ratio (SIRM/v) mainly reflects the variations in

magnetic grain sizes (Thompson and Oldfield 1986). In the

study area, magnetic susceptibility data showed alongshore

and down-pit variations in magnetic mineral concentration

and magnetic grain sizes (Figs. 4, 5b, c). The average

values and standard deviation of different magnetic

parameters and mean grain size of samples of nine sand

pits are listed in Table 1. Based on magnetic susceptibility

data of nine sand pit samples, two bands of magnetite

enrichments were identified along the study area (Fig. 4).

The upper magnetite band (UMB) which extends from

Vaitarna River mouth to near the Ulhas River inlet has a

relatively low and uniform magnetite concentration. This

band occurs within the depth interval of top 0–58 cm. A

well-separated lower magnetite band (LMB) showed

Fig. 2 Geological map of the

study area showing the

distribution of main lithologies

in the study area (modified from

Pandian and Sukhtankar 1989)
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highest magnetite enrichment near Vaitarna River mouth

(P-9, P-10) and further the concentration decreases with an

increase in alongshore distance. The vertical depth of this

band varies along the coast (Figs. 4 and 5c). These two

bands are separated by a zone of magnetically weak sand

interval termed as non-enriched zone (NEZ). A general

trend of down-pit decrease in magnetic susceptibility is

observed in all the nine sand pits (Fig. 4). In LMB, the

higher magnetite concentrations were found at three sites

(P-9, P-10, P-2) which are close to Vaitarna River mouth,

while in UMB the highest magnetite content was found at

pits P-11, P-4 and P-14 located at the central part of the

Fig. 3 An example of beach area and field sampling location of sand pits (dimension 1 9 1 9 1 m)

Fig. 4 Lithology and magnetic susceptibility data of the sand pits (P-9, P-10, P-2, P-11, P-4, P-14, P-5, P-6, P-7) collected along the Arnala

Coast, Northern Maharashtra
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coastal stretch covering Kalamb and Bhuigaon Beaches

(Figs. 1, 4, 5c). A general NW–SE trend of coarsening in

magnetic grain size is observed in all the sand pits as

indicated by a decrease in SIRM/v ratio (Fig. 5b). The

representative curves of temperature-dependent magnetic

susceptibility for samples from UMB and LMB are shown

in Fig. 6a, b. A sharp decrease in susceptibility at high

temperatures (above 550 �C) indicates that the magnetic

mineralogy is dominated by titanomagnetite (Fig. 6a–b).

Trends in grain size distribution

The sediment grain sizes in the study area vary from fine to

coarse sand (100–650 lm). A trend of down-pit and

alongshore fining in clastic grain size is observed (Fig. 5a).

The sand pits close to Vaitarna River mouth (P-9, P-10)

showed the coarsest sand particles, but the grain size

Fig. 5 Plots show variations in

a mean grain size, b magnetic

grain size indicator (SIRM/k)

and c magnetic susceptibility in

sand pit samples. The upper

magnetite band (UMB) is

marked by cyan and the lower

magnetite band (LMB) is

marked by purple colour,

respectively. Each data point

marked in black closed circles

indicates the geo-mean value of

magnetic and clastic grain size

parameter. Please note that the

scale on y-axis has been

reversed. The lower SIRM/k

indicates coarser and higher

values indicating finer magnetic

grains

Table 1 Average values and standard deviation of different magnetic

parameters and mean grain size of samples of nine sand pits

Magnetic parameters Average value (mean) Std. dev

vlf 9 10-5 m3 kg-1 78.168 11.166

SIRM 9 10-5 m3 kg-1 14861.47 1096.095

SIRM/vlf 9 10-5 m3 kg-1 202.77 13.115

Median grain size (lm) 188.47 10.803
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decreases gradually (alongshore) towards the southernmost

Ulhas River inlet (Fig. 5a). The UMB and LMB are

dominated by fine to medium sand (\280 lm), while the

sand from NEZ showed a wide range in grain size distri-

butions (100–600 lm) (Figs. 5a, 8c).

Mineralogy

The representative x-ray diffraction curves of magnetic and

non-magnetic mineral assemblages from UMB, LMB and

NEZ are shown in Fig. 7a, b. Magnetite, titanomagnetite

and ilmenite are the dominant minerals in the studied

samples. In addition, other minerals including maghemite,

rutile/titanite, brookite, hypersthene, ulvospinel, quartz and

trace quantities of pyroxenes and zircons were also iden-

tified (Fig. 7a, b).

The electron microscopic images of the representative

heavy mineral grains (magnetic and non-magnetic) from

UMB and LMB sections are shown in Fig. 7c–h. Mag-

netite, titanomagnetite and ilmenite occur as opaque grains

of variable shapes and sizes. The grains appear to be fresh,

unaltered and with minimal surface indentation (Fig. 7c–

e). Quartz grains have conchoidal fractures, V-shape not-

ches, pits and grooves suggesting that the intense rework-

ing of these grains for prolonged periods must have taken

place at the depositional site (Fig. 7f–h).

Relationship between magnetic and clastic grain size

The magnetic parameters v and SIRM mainly reflect the

concentration of ferrimagnetic minerals such as magnetite/

titanomagnetite. A positive correlation between v and

SIRM for the sand samples indicates the dominance of

ferrimagnetic minerals because paramagnetic and dia-

magnetic minerals hardly affect the SIRM values (Fig. 8a).

There are differences in v and SIRM for sand samples from

different layers of the sand pits. The NEZ samples pos-

sessed the lowest v and SIRM values compared to UMB

and LMB samples (Fig. 8a). A significant relation between

magnetic susceptibility and magnetic grain size (SIRM/v)
is observed in all the samples, with highest susceptibility

values being dominated by coarser magnetic grains

(Fig. 8b).

A correlation between clastic sediment grain size and

magnetite content is noticed (Fig. 8c). The higher suscep-

tibility values are associated with the finer clastic grain

sizes and vice versa. In general, a relatively weak coupling

between magnetic and clastic grain sizes is seen (Fig. 8d).

It is interesting to note that this relationship is strong in the

samples that possessed clastic grains having\250 lm sizes

(Fig. 8d). The UMB and LMB samples showed wide range

in magnetic grain sizes, but majority of samples possessed

relatively uniform clastic grain sizes, i.e. 70–250 lm
(Fig. 8d). The NEZ samples showed large variations in

clastic grain sizes but exhibited a narrow range of sus-

ceptibilities (Fig. 8c).

Discussion

Beach zone processes and heavy mineral

enrichments

Heavy minerals are often found concentrated in rivers,

estuaries, beaches, nearshore and shelf environments. They

are important indicators of sediment transport, provenance

and erosive and accretive states of the coastal regions

(Slingerland 1977; Komar and Wang 1984; Frihy and Lotfy

1997; Bryan et al. 2007; Zhang et al. 2010). The formation

of placers in beach environments depends on the

Fig. 6 Plot shows representative temperature-dependent magnetic susceptibility curves on sample from the upper magnetite band (UMB) and

lower magnetite band (LMB). The red and blue lines indicate the heating and cooling curves
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mechanisms of sediment sorting, selective entrainments,

winnowing, swash zone processes, coastal erosions and

amount of terrestrial mineral (placer rich) fluxes supplied

by the river systems to the coast. The magnetic suscepti-

bility data of the sand pits samples from Arnala Coast

showed the occurrence of two distinct and well-separated

bands (UMB and LMB) of magnetite enrichment. The next

task was to decipher the formative mechanism of UMB and

LMB.

Past studies based on the mineralogy of placer deposits

demonstrated that the highest amount of heavy mineral

enrichment occurs in the areas experiencing higher sand

erosion (Rao 1957; Frihy et al. 1995; Frihy and Dewidar

2003). They concluded that the episodic erosional events

Fig. 7 X-ray diffraction profiles data of representative samples from

a upper magnetite band (UMB) and b lower magnetite band (LMB);

and electron micrographs of the magnetic (c–e) and non-magnetic

sand (f–h), respectively. The numbers in XRD plot (7a) correspond to

(1) quartz, (2) rutile, (3) titanite, (4) titanite, (5) magnetite, (6) titanite,

(7) brookite, (8) magnetite and (9) maghemite. In Fig. 7b, the peaks

correspond to (1) quartz, (2) and (8) rutile/titanite, (3), (7), (9)

hypersthene and (4), (5), (6) ulvospinel
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preferentially remove the lighter mineral grains and cause

accumulations of heavy mineral grains as placer deposits.

Using the preferential erosion hypotheses of Frihy et al.

(1995), it was suggested by Hatfield et al. (2010) that

higher magnetic susceptibility is associated with areas

which are enriched in heavy minerals and experience

highest sand erosion in the beach sands of Point Pele

National Park, Ontario, Canada. In our study area, we

observed that the magnetic susceptibility values in UMB

samples are relatively low but possess uniform magnetite

concentration except at sites P-11, P-4, P-14, P-5. There-

fore, we propose that UMB is probably formed as a result

of intense sand erosional processes occuring along the

coast. The higher magnetic susceptibility and dominance of

coarse-grained magnetic particles at sites P-11, P-4, P-14

and P-5 could be due to increased amount of heavy

(magnetite) rich fluxes supplied by the proximal creeks

(Bhuigaon, Rangaon) especially during monsoons when

the river run-offs are much higher (Fig. 5b, c). It is highly

possible that during fair weather conditions, as the

Fig. 8 Scatter plots a–d to compare the magnetic parameters and clastic (median) grain sizes of the sub-samples from sand pits

Environ Earth Sci (2017) 76:257 Page 9 of 13 257
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transport energy decreases these denser magnetic grains

gets quickly settled and buried into the sand bed as the

result of gravitational sorting forming the enriched zone of

UMB. A similar pattern of magnetite enrichment caused by

rapid burial of magnetite particles was observed in a swash

zone of northern Lake Erie, Canada (Gallaway et al. 2012).

A well-separated lower magnetite band (LMB) showed

highest magnetite concentrations only in the vicinity of

Vaitarna River mouth (for P-9: vlf = *150 9 10-6

m3 kg-1 and for P-10: vlf = *192 9 10-6 m3 kg-1).

Therefore, it is highly likely that the higher enrichment at

these two sites (P-9, P-10) could be due to the higher

accumulation of magnetite-rich load supplied by the

proximal Vaitarna River to the coast. Furthermore, these

magnetite-rich sands remain accumulated at the sites close

to the river mouth forming enriched zones. Once the

riverine material reaches the coast, the alongshore sedi-

ment transport plays a major role in distribution of sedi-

ments along the coast. The sediments are transported

further depending upon the energy of the alongshore

transport system. In our study area, the strong decrease in

magnetite concentration and clastic (mean) grain size away

from the Vaitarna River mouth can be directly attributed to

the decrease in energy of the alongshore sediment transport

system (Fig. 5a,c). Therefore, the majority of the magnetic

fraction remain accumulated close to the Vaitarna River

mouth forming enriched zones of LMB at sites P-9 and

P-10 (Fig. 5c). Therefore, it is highly possible that the

alongshore sediment transport played a major role in the

formation of magnetite-rich layers of LMB unlike beach

erosion which is the dominant process and accounts for the

formation of UMB together with inputs from the Bhuigaon

and Rangaon creeks. Similar observations were made by

Badesab et al. (2012) along Bay of Plenty Coast, North

Island, New Zealand. They identified highest concentra-

tions of magnetite at the southern inlet of Tauranga Har-

bour and the concentration decreases along the coast. They

proposed that a decrease in energy of alongshore sediment

transport and increasing distance from the source (southern

inlet) are the major responsible factors for the observed

alongshore reduction in magnetite concentration and fine

sand content along the Bay of Plenty Coast, New Zealand.

The above explanation provides reasons why magnetite-

rich sand supplied by the river and its subsequent along-

shore transport are the major factors in the formation of

LMB.

Influence of sediment provenance on magnetic

susceptibility of beach sands along Arnala Coast

Magnetic minerals are indicative of sediment constituents

in coastal systems. The sediment source can significantly

affect the magnetic susceptibility of sediments (Oldfield

et al. 1985). In the studied area, Vaitarna and Ulhas Rivers

are the major drainage systems that flow over the proximal

Upper Cretaceous Deccan trap basalts (Anon 1976). In

addition, sediments are also contributed from and dis-

tributed by the two major creeks, Bhuigaon and Rangaon.

In our studied samples, the rock-magnetic mineralogy

diagnostic parameters (temperature-dependent magnetic

susceptibility) and mineralogical (XRD, SEM) (Figs. 6a, b,

7a–h) data indicated that the beach sands are mostly

dominated by relatively higher ferrimagnetic Fe–Ti-rich

grains which is mainly sourced from proximal Deccan

basalts (Anon 1976) (Figs. 2, 6a, b , 7a–h). This suggests

that sediment provenance is not the vital factor affecting

the magnetic susceptibility values of beach sands.

Relationship between magnetic susceptibility,

magnetic grain size and clastic grain size

We examined the relationship between magnetic suscep-

tibility, magnetic grain size and clastic grain size in beach

sands to gain information on the enrichment and transport

dynamics of heavy (magnetic) minerals (Fig. 8a–d). In

studied samples, the coupling between magnetic suscepti-

bility and clastic grain size is weak (Fig. 8c). The UMB

and LMB samples had higher susceptibility in a narrow

range of clastic grain sizes (\300 lm), while the NEZ

samples showed more uniformity in susceptibility and

variable clastic grain sizes (80–600 lm) (Fig. 8c). It is

possible that intensive sediment sorting during episodic

erosional events might have caused frequent wash out of

light and mixed-sized clastic sand fractions of NEZ

enabling quick settling and burial of fine and dense mag-

netic particles on the sand bed leading to formation of

enriched zones of UMB. Similar observations were repor-

ted in estuarine and nearshore sediments of Tauranga

Harbour, New Zealand (Badesab et al. 2012) and Lake

Erie, Canada (Gallaway et al. 2012). We propose that the

relationship between clastic and magnetic grain size needs

to be tested in different sedimentary environments to clo-

sely examine the grain size and density-based fractionation

and settling of heavy (magnetic) minerals in the coastal

environments.

In an earlier study, Badesab et al. (2012) reported a

positive correlation between magnetic susceptibility and

magnetic grain size in the nearshore sand samples of

Tauranga Harbour (New Zealand) and further high-

lighted it to be a diagnostic of lag deposits. In our studied

samples, we observed a similar relationship between

magnetic susceptibility and magnetic grain size

(Fig. 8b). Our results support the findings of Badesab

et al. (2012) and further demonstrate that this relation-

ship could be used as a potential proxy for fingerprinting

lag deposits.
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Effect of clastic sediment grain size on variations

in magnetic susceptibility of beach sand

Studies by Oldfield and Yu (1994), Zhang et al. (2001) and

Hatfield (2014) have demonstrated that there is a close link

between particle size and variations in magnetic properties.

Previous studies have demonstrated that magnetite parti-

cles are also found to occur as mineral inclusion in silicate

grains and these may have significant influence on the

magnetic properties (magnetic susceptibility and magnetic

grain size) of the bulk sediments (Hounslow and Maher

1996; Maher et al. 2009). Further, Maher et al. (2009)

highlighted the significance of using magnetic mineral

inclusions to fingerprint the sediment sources in a tropical

fluvial and marine environment of Great Barrier Reef

Lagoon, north-eastern, Australia. The magnetic property

data of Arnala sands showed that the NEZ samples pos-

sessed low susceptibility in a narrow range, but showed a

wide range in clastic grain sizes, while UMB and LMB

samples showed the reverse trend (Fig. 8c). Now, the

question arises as to how the light and coarse-grained

([200 lm) silicate minerals could exhibit such magnetic

signals. It is highly possible that the magnetic signal in

coarse sand fractions ([200 lm) is probably due to the

occurrence of such fine magnetite particles which occur as

inclusions (Fig. 8c).

Recently Badesab et al. (2012) suggested that the weak

coupling between magnetic grain size and physical grain

size is due to the occurrence of fine magnetite inclusions in

the coarse clastic grain size fractions in relict pleistocene

deposits of Bay of Plenty Coast, New Zealand. Interest-

ingly, the presence of iron-stained quartz in the Arnala

beach sediments has already been reported by Ghate et al.

(1990). It is possible that the presence of such quartz grains

bearing fine iron inclusions may have led to the observed

low susceptibility and provides the reasons for the occur-

rences of wide range of clastic grain sizes in the NEZ

samples. The above explanation also provides the reasons

for the observed weak correlation between magnetic grain

size and clastic grain size in NEZ samples (Fig. 8d).

Influence of coastal morphology on enrichment

and distribution of magnetic minerals

The morphology of the coast plays an important role in the

distribution and enrichment of heavy magnetic minerals in

coastal systems. Different types of barriers including rocky

platforms, headlands, tidal inlets and artificially developed

jetties, groynes and harbours alter the natural sediment flow

and dispersal system resulting in accumulation of sedi-

ments on one side and erosion on the other side of the

barrier causing imbalance in sediment equilibrium of the

coastal systems. Along Bay of Plenty Coast, Badesab et al.

(2012) revealed that the headland at the southern Tauranga

Harbour (New Zealand) entrance acted as a major barrier to

the normal littoral sediment transport system resulting in

accretion of sediments on the upper drift side of the tidal

inlet and erosion on the lower side. Similar observations

were also made near the Oregon Coast where highest

concentrations of heavy minerals were found on the upper

side of the headland (Peterson et al. 1986).

In our study area, the open-coast stretch of Arnala Beach

is bounded by the basaltic coast-parallel rocky platform

which mostly remains submerged during high tide and is

exposed during low tide. The Arnala Island, situated at the

mouth of Vaitarna River inlet, is another potential natural

barrier for the normal sediment exchange between riverine

and nearshore region (Fig. 9). We suggest that during fair

weather conditions, this coast-parallel rocky platform

probably restricts the transport of sand delivered by Vai-

tarna River, Bhuigaon and Rangaon creeks and also pre-

vents any further cross-shore transport of riverine sand to

the offshore regions. Hence, the sand remains accumulated

and is forced to moves back and forth (along and cross-

shore) between the beach zone and coast-parallel rocky

platform (Fig. 9). During monsoon especially when wave

energies are higher, i.e. during peak flood, the accumulated

sand from the nearshore region is moved into the rivers,

creeks and backshore region of the coast. Simultaneously,

the sand gets trapped into the backshore region and remains

accumulated within the dense mangrove vegetations.

During ebb tide, it is highly possible that some of the heavy

minerals which had already reached the backshore regions

during flooding are not transported back to the nearshore

region and in-turn remains deposited in the backshore

region forming enriched zones along the coast. The highest

enrichment of coarse magnetic grains at sites P-11, P-4,

P-14 and P-5 provides support to the above interpretation

(Fig. 5b, c).

Conceptual model

We combined our findings into a conceptual model to

explain the heavy mineral dynamics on the Arnala Beach

of Maharashtra (Fig. 9). The entire stretch of Arnala Beach

represents a small littoral cell of the Maharashtra Coast

with its distinct sediment supplier (Vaitarna River, Bhui-

gaon Creek, Rangaon Creek) and open-coast dominated flat

gentle beach and nearshore region that acts as a potential

sink for the sediments to get deposited. The UMB is

formed as a result of intense sand erosional processes and

represents the erosive state of beach in present-day con-

ditions. The highest magnetite enrichment found at P-11,

P-4, P-14 and P-5 can be attributed to the accumulation of

high concentration of magnetite-rich load supplied by the

proximal Bhuigaon and Rangaon creek. The LMB has been
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formed where the sediment supplied by the dominant

Vaitarna River diffuses away from NW Vaitarna inlet and

settles as the transport energy decreases. The NW–SE trend

decrease in magnetic susceptibility and mean clastic grain

size supports the interpretation. The coast-parallel rocky

platform and Arnala Island are the potential barriers which

constrain the sediment exchanges and restrict offshore

transport of riverine and creek sediments.

Conclusions

Our study explores the potential of using environmental

magnetism and sedimentological methods to identify the

areas which are enriched in heavy (magnetic) minerals and

explains the mechanism of their formation. Our findings

are incorporated into a conceptual model which can be

applied to understand the enrichment and transport

dynamics of heavy minerals in other coastal settings. The

upper magnetite band (UMB) is more pronounced and

formed, mainly as a result of intense erosional processes

occurring along the coast. The lower magnetite band

(LMB) is formed as a result of diffusion and alongshore

transport of magnetite-rich sand supplied by the Vaitarna

River.

The sands along the Arnala Coast are dominated by high

concentrations of Fe–Ti-rich magnetic and non-magnetic

minerals, and their distributions are spatially variable along

the coast. Higher magnetic susceptibility was found to be

associated with the sites which are enriched in heavy

(magnetic) minerals as a result of intense sand erosion

occurring along the coast. These observations provide clues

on the transport and enrichment dynamics of heavy

(magnetic) minerals. Our study demonstrates that mea-

surement of bulk magnetic susceptibility of the sand sam-

ples allows identification of heavy (magnetic) mineral-rich

sites in coastal settings and can also be used as a tool for

rapid mapping of placer mineral deposits.
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