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The present study is based on heavy mineral assemblages (HM) of top 104-cm thick section of gravity
core SK 221 (Lat. 8◦ 7.12 N; Long. 73◦ 16.38 E and water depth – 2188 m) located near the Chagos–
Laccadive Ridge in the southeastern Arabian Sea to evaluate the provenance and paleoenvironmental
changes during the last 32 kyr. The biogenic carbonate, acid insoluble residue, magnetic susceptibility,
total organic carbon (TOC) and clay based humidity index, i.e., kaolinite/illite ratio are also utilized to
correlate with the above paleoenvironmental changes. Ilmenite, garnet, staurolite, pyroxenes, andalusite
and zircon are the dominant HM with moderate to low ZTR (zircon-tourmaline-rutile) index indicating
instability of the sediments and rapid erosion in the source region. The characteristic HM suggest their
mixed sources from the basic igneous, gneisses/granites, high grade metamorphic rocks and sandstones
occurring mainly in the western and southwestern India. The temporal variations of HM, AIR (acid
insoluble residue), MS (magnetic susceptibility), biogenic carbonate and Corg (TOC) during preglacial
and early Holocene suggest intensive weathering, erosion, and transportation of terrigenous detritus from
continental region by ﬂuvial processes and summer monsoon led high biogenic productivity, respectively.
The convective mixing of waters due to intense winter monsoon resulted in very high biogenic carbonate
content during the early stages of glacial period. The HM and associated proxies indicated that the
winter monsoons of Heinrich (H3, H2, and H1) and Younger Dryas (YD) events and summer monsoons
of Bølling/Allerød (BA) event were not strong enough to bring drastic changes in the above parameters.

1. Introduction
Heavy mineral (denser than 2.85 g/cm3 ) analysis
is a signiﬁcant tool to interpret the provenance,
transportation history of the sediments and are
widely applied for ﬂuvial (Tiwari 2008; Joshua and
Oyebanjo 2010), continental-beach-dune-shallow
marine (Jayappa and Subramanya 1991; Hegde
et al. 2006) and deep marine (Mc Knight 1974)
arenaceous sediments. They are also very useful
in evaluating pre-erosional weathering and
tectonic history of the source terrain (Nechaev
and Isphording 1993; Singh et al. 2004), exploration of minerals, and acquiring information on

paleoenvironmental changes in marine sediments
(Okay and Ergün 2005). Earlier, very few attempts
have been made to study the heavy mineral
assemblages (HM) in deep sea sediment for
paleoenvironmental characterization (Nechaev and
Isphording 1993). The processes that determine
availability and size of heavy minerals are weathering, mechanical abrasion, hydraulic sorting and
diagenesis (Morton and Hallsworth 1999). The
changes in relative contributions of diﬀerent source
rocks and the intensity of the earlier four processes provide a compositional indication within
the HM. The diagenetic eﬀects on recent heavy
minerals deposited in marine basin are considered
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to be insigniﬁcant and therefore the provenance of
diﬀerent minerals can be identiﬁed.
The deposition of sediment in the Arabian
Sea can be from a number of sources, i.e., dust
originated from Arabia, ﬂuvial detritus from the
Indian subcontinent and Somalia (Das et al. 2013;
Ishfaq et al. 2013). Based on the chemical composition of the sediments it is suggested that
sediments may also be derived by submarine
weathering of Carlsberg Ridge (Shankar et al.
1987). The supply of terrigenous material to the
Arabian Sea is strongly linked to the intensity of
monsoon (Haake et al. 1993; Ishfaq et al. 2013).
In the eastern Arabian Sea, sediments deposited
are mainly transported by ﬂuvial processes
(Paropkari 1990), whereas, in the western Arabian
Sea they are mainly transported by aeolian processes (Krissek and Clemens 1991; Das et al. 2008).
In the northern Arabian Sea both the ﬂuvial as
well as aeolian processes play important roles in
sediment contribution (Naidu 1991). There is comprehensive information available with regard to
the heavy minerals and placer deposits from the
continental shelf and beaches of western coast of
India (Mallik et al. 1987; Hegde et al. 2006; Nayak
et al. 2012). Jayaraju (2004) studied the distribution patterns of heavy minerals along the southern
tip of India. In this study, we describe the variation of HM from the deep marine sediments of the
southeastern Arabian Sea and its relation to provenance and paleoenvironmental changes during the
past 32 kyr.

2. Materials and methods
2.1 Location, sampling and age of core
A 5.5-m long gravity core (SK-221) was recovered from the southeastern region of Arabian Sea
(ﬁgure 1) near Chagos–Laccadive Ridge during
ORV Sagar Kanya cruise 221 from a water depth
2188 m at 8◦ 7.12 N and 73◦ 16.38 E. This study is
based on the samples collected from top 104 cm
of the core. The sediment was subsampled at 1.0
cm intervals from 0–52 cm of the core and at 3.0
cm intervals for the rest. The samples for the magnetic susceptibility (MS) and total organic carbon
(TOC) analyses were taken at 1 cm intervals. The
clay-based humidity index, kaolinite/illite ration
was taken from Das et al. (2013). The age model
is based on the three AMS 14 C dates in planktonic
foraminifer samples separated from the depths
0–1, 50–51, and 100–102 cm (Das et al. 2013). The
average sedimentation rate for the core was ∼3.6
cm/kyr over the period of study.
2.2 Separation of heavy minerals
The measured bulk sediment samples were oven
dried at 50◦ C and decalciﬁed with 20% hydrochloric
acid. The dried residue was treated with 30%
hydrogen peroxide to remove the organic matter.
The acid-insoluble residue (AIR) was calculated
by subtracting the organic and carbonates percentages from the total. The sand was isolated

Figure 1. A map showing the location of core site SK-221 in southeastern Arabian Sea with bathymetric contours
(redrawn after Debrabant et al. 1991) and various geological units of southwestern India (redrawn after Ramakrishnan and
Vaidyanadhan 2008).
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from mud by sieving the AIR samples through a
63 µm ASTM mesh. The sand sized grains from
each sample were mounted onto a glass slide with
araldite and viewed using an optical petrological
microscope. Each heavy mineral could be identiﬁed based on the standard optical characteristics
like colour, shape, and appearance. For each sample, all the heavy mineral grains (opaques and nonopaques) were counted by point counting method.
The abundance of each non-opaque mineral was
calculated as a percentage of the total grains
counted for each sample. The zircon–tourmaline
rutile (ZTR) index, a measurement for the sediment maturity as proposed by Hubert (1962) has
also been calculated. To minimize the inaccuracies
associated with the sample mounting procedures,
identical sample preparation and quantiﬁcation
methods were followed.
2.3 Measurement of MS and TOC
The MS of dried sediment samples was calculated
using the Bartington MS-2 magnetic susceptibility meter linked to an MS2B dual frequency sensor (465 and 4650 Hz). The samples were air dried
and packed in small plastic cylindrical pots (10
cm3 ). The MS meter was ﬁrst calibrated with the
given pots (blank run). The following magnetic
parameters were measured: (a) low frequency χlf
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(465 Hz), (b) high frequency χhf (4650 Hz), and
(c) frequency dependent susceptibility (χfd %) was
determined using the formula: χfd % = (χlf − χhf )/
χlf × 100 (Mullins and Tite 1973). MS were measured for each sample as the mean of ﬁve repeat
measurements with low and high frequency settings
and presented as mass speciﬁc values in 10−8 m3 /kg
SI units. The mass speciﬁc MS value is approximately proportional to the concentration of ferromagnetic minerals within the samples and, in
general, is an expression of the detrital input and
subsequent dilutions by dia- and other paramagnetic
minerals. The MS value increases as the concentration of magnetic materials in the sediment
increase. While the frequency dependent MS indicates the presence of viscous grains lying in the
stable domain/superparamagnetic boundary and
their delayed response to the magnetizing ﬁeld
(Kumar et al. 2005).
The TOC content of 100 samples from this
core section was estimated by titration method
(Gaudette et al. 1974).
3. Results
3.1 Biogenic carbonate, AIR, TOC and MS
Table 1 shows the range and average of the previously studied parameters. Downcore variations

Table 1. Data range and average values of the studied parameters and minerals.
Various parameters and
minerals studied
Biogenic carbonate (%)
Acid insoluble residue (%)
Total organic carbon (%)
Magnetic susceptibility (SI units)
Frequency dependant susceptibility
Kaolinite/illite ratio
Total number of heavy minerals counted
Opaque minerals (nos)
Non-opaque minerals (nos)
ZTR index (%)
Non-opaque minerals
Staurolite (%)
Garnet (%)
Pyroxene (%)
Zircon (%)
Rutile (%)
Andalusite (%)
Kyanite (%)
Chlorite (%)
Monazite (%)
Apatite (%)
Hornblende, tremolite, actinolite, epidote,
sillimanite, tourmaline and biotite

Holocene
Range
Av.

Glacial
Range

Av.

Preglacial
Range
Av.

68–81
17–31
0.22–2.39
1.5–5.6
8.1–40.5
0.32–1.62
4–190
0–144
3–51
0–100

78
21
1.14
3.1
21.9
1.03
42
24
17
14

66–86
13–33
0.07–1.69
1.2–6.0
1.6–38.5
0.27–1.40
2–98
0–85
2–36
0–67

76
23
0.51
3.6
14.6
0.72
45
30
12
32

68–82
17–31
0.10–1.20
2.6–4.4
1.6–13.8
0.91–1.49
11–92
1–70
1–42
0–100

76
24
0.41
3.5
5.1
1.15
51
33
18
38

0–50
0–55
0–57
0–17
0–11
0–9
0–28
0–32
0
0

9
13
14
2.1
1.4
0.6
3.2
4.8
0
0

0–25
0–50
0–36
0–7
0–29
0–15
0–14
0–25
0–50
0–50

7
7
4
2
8.2
2
1.2
1
2.8
3.1

0–31
0–14
0–36
0–14
0–23
0–27
0–7
0
0–18
0–9

8
5
8
1.8
7.3
6.5
0.6
0
1.5
0.9

Each <1%
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of biogenic carbonate and AIR in core are shown
in ﬁgure 2(a, b). The carbonate content (66–86%,
av. 77%) shows distinct ﬂuctuations with high
CaCO3 content during the major stages of preglacial (68–82%, av. 76%), glacial (22–19 ka)
(78–86%, av. 81%), and Holocene periods (68–81%,
av. 78%; table 1). However, biogenic carbonate

content remained comparatively low during Heinrich Events H3 (68–75%, av. 73%), H2 (70–76%,
av. 75%) and H1 (67–80%, 74%) and Younger
Dryas Event (YD) (68–74%, av. 70%) (ﬁgure 2a).
The AIR content varied between 13 and 33% (av.
22%) and showed inverse relationship with biogenic
carbonate content (ﬁgure 2b). The TOC ranged
between 0.07 and 2.4% with an average of 0.6%
and showed almost similar pattern to that of biogenic carbonate content (ﬁgure 2c). MS values are
mostly <5 SI units and positively correlated with
the AIR contents (ﬁgure 2d). The MS remained
moderately high during H3 (2.9–4.4 SI units, av.
3.9 SI units), H2 (3.8–4.8 SI units, av. 4.2 SI units)
and YD events (3.7–6 SI units, av. 5 SI units). The
high frequency dependent MS values coincide with
the low MS values of samples (ﬁgure 2e).
3.2 Clay-based humidity index
(kaolinite/illite ratio)
The clay-based humidity index kaolinite/illite
(K/I) ratio was calculated for samples from the
relative abundance of each mineral (Das et al.
2013). The ratio (K/I) varied between 0.27 and
1.62 with an average of 0.95. It showed relatively
higher values during preglacial (av. 1.2), parts of
glacial (20–17 ka) (av. 1.1), and Holocene periods
(av. 1.03) (ﬁgure 2f). It remained signiﬁcantly low
(0.4) during ∼22 ka and 17–10 ka (av. 0.4). The
ratio remained moderately high during H3 (av. 1.2)
and H2 (av. 1) and low during H1 (av. 0.3) and
YD (av. 0.3) events. A minor increase (av. 0.5) in
the ratio was recorded during the Bølling/Allerød
(BA) event.
3.3 Heavy mineral analysis

Figure 2. Temporal variations of biogenic carbonate, AIR,
TOC (Corg ), MS, frequency dependant susceptibility
(χfd %), kaolinite/illite (K/I) ratio, and total heavy minerals (THM). MIS: marine isotopic stages; H1, H2 and H3:
Heinrich events; YD: Younger Dryas; BA: Bølling/Allerød
event. Ages of MIS (marine isotopic stages) boundaries after
Imbrie et al. (1984).

The sand sized (0.063–2 mm) particles studied
under the microscope showed plenty of broken tests
of siliceous microfossils (Radiolaria and diatoms)
and chert, quartz, feldspar, with some opaque (two
types of minerals) and non-opaque heavy minerals
(17 types of minerals). Although only a relatively
small number (2–190 nos, av. 46) of heavy mineral grains were recovered, certain trends were also
noted. The mineral grains were dominantly subangular to angular with few subrounded to rounded
grains. The total heavy mineral content showed
very high (22–190 nos, av. 80) values during
10–7 ka, early parts of Holocene (ﬁgure 2g). During the major parts of glacial (2–98 nos, av. 45)
and preglacial stages (11–92 nos, av. 51) the number of heavy mineral grains remained moderately
high with some ﬂuctuations. The heavy mineral
contribution remained moderately high during H3
(31–92 nos, av. 51), H2 (66–98 nos, av. 78) and
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YD (4–79 nos, av. 46) and low during H1 (4–38
nos, av.19) events. The heavy mineral contribution
showed an increasing trend during the BA event.
Ilmenite was recorded as the dominant opaque
mineral with few grains of magnetite. The dominant non-opaque heavy minerals were garnet
(colourless, brown and reddish), staurolite (golden
yellow), pyroxenes (pale green to oﬀ white), rutile
(deep red), zircon (colourless and pale pink) and
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andalusite (colourless to grayish-white). Other
important but minor heavy minerals recorded were
hornblende (green to light yellow), tremolite, actinolite, kyanite (colourless and light blue), sillimanite, biotite (brown and green), chlorite (green),
apatite (colourless), monazite (brownish red), epidote (lemon yellow) and tourmaline (pale yellow,
greenish yellow, blue, brown and pink). The
ZTR index of majority of the samples remained
either around 60% or much lower than this value
(ﬁgure 3a). It was signiﬁcantly low (av. 14%) during most of the Holocene. Staurolite showed almost
a continuous contribution pattern till the early
Holocene, but decreased steadily during the later
parts of Holocene (ﬁgure 3b). Holocene was characterized by relatively higher occurrence of garnet
(0–55%, av. 13%) and pyroxene (0–57%, av. 14%)
(ﬁgure 3c and d). Zircon contribution was significantly low/absent between 29–22 ka and early
Holocene, whereas rutile was nearly absent during
Holocene (ﬁgure 3e, f). Andalusite showed contributions only during parts of preglacial and early
parts of glacial stages (ﬁgure 3g).

4. Discussion
4.1 Provenance discrimination

Figure 3. Temporal variations of ZTR index and various
non-opaque heavy minerals. Ages of MIS (marine isotopic
stages) boundaries after Imbrie et al. (1984).

Provenance of arenaceous sediments can be determined by the total compositional suite, cumulative
properties of speciﬁc detrital fraction and speciﬁc varietal features of the single detrital components (Bahlburg and Floyd 1999). Some of the
heavy minerals are diagnostic (e.g., garnet and
staurolite high rank metamorphic rock; apatiteacid igneous rock; ilmenite and magnetite-basic
igneous rock) of a particular source rock type
(Pettijohn et al. 1973). Others are more ubiquitous and may occur nearly in all the possible types
of parent rocks. The ZTR index for most of the
studied samples lies below 60% indicating moderate to low sediment maturity which indicates
rapid erosion in the source region and short transportation (Hubert 1962). It also indicates moderate
to high relief in the source region. Occasionally, high (>60%) values of ZTR index during
the preglacial stage indicates derivation of sediment from ancient sandstone and/or recycled
sediment.
The heavy minerals are dominantly angular to
subangular, but few grains are subrounded to
rounded. The angular to subangular mineral grains
indicate their derivation from the primary igneous
and metamorphic rocks. Besides, the rounded to
subrounded grains are indicative of sedimentary
and meta-sedimentary source (Garzanti and Andó
2007).
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The non-opaque heavy mineral assemblage consists of ultrastable minerals (e.g., zircon, tourmaline and rutile); moderately stable minerals (e.g.,
garnet, staurolite, kyanite, sillimanite, pyroxenes),
and unstable minerals (e.g., hornblende, apatite,
and andalusite) (stability classiﬁcation after
Pettijohn et al. 1973). The presence of garnet predominantly reﬂects the metamorphic source rocks.
Colourless garnet is assumed to have been derived
from metapelitic schists, reddish garnet from ultrabasic igneous rocks and ultra-high pressure metamorphic rocks, and brownish garnet from igneous
and metamorphic rocks, particularly crystalline
gneisses and schists (Deer et al. 1982). Staurolite may have been derived from medium to
high grade metamorphic rocks such as schists and
gneisses. Although staurolite is typically developed in rocks with rich alumina, it can also occur
in some metamorphosed impure carbonate rocks
and sandstones. Pyroxenes are mostly derived from
ultrabasic–basic igneous rocks and are also an
important mineral constituent of charnockites and
granulites. The presence of rutile indicates that
sialic igneous and metamorphic rocks contributed
this mineral. Rutile is present in small amounts
in certain amphibolites. The colourless zircon indicates its derivation from plutonic igneous rocks,
especially those rich in sodium content (Jayaraju
2004). It may also be derived from metasedimentary rocks. The presence of hornblende can be
interpreted to indicate both the high grade metamorphic and plutonic acid igneous rocks in the
source area.
The kyanite–sillimanite in this sediment indicates the presence of kyanite–sillimanite bearing
high grade metapelitic rocks available in the source
region. The presence of staurolite, kyanite and
garnet suggests a provenance comprising metamorphic rocks of green schist to amphibolite facies.
The andalusite is derived from contact aureoles
in argillaceous sedimentary rocks formed due to
the intrusion of igneous in to it. The colour of
tourmaline varies widely, various shades of green
and yellow, blue, brown and pink. Pale green to
yellowish green tourmaline is derived from pneumatolytic rocks, pegmatites, schists and gneisses;
brown and green tourmaline from granitic rocks
and blue tourmaline from pegmatite injected metamorphic terrain (Hazarika 1984). Apatite also indicates its derivation from granitic and pegmatitic
rocks. Tremolite and actinolite are likely to be
derived from low grade regionally metamorphosed
ultrabasic and carbonate rocks. Monazite could
be derived from granitic and pegmatitic rocks,
syenites and dolomitic marbles. Epidote is indicative of crystalline metamorphic rock or highly
altered igneous rock. Chlorite is commonly derived
from low rank metamorphic rocks. The presence

of ilmenite and magnetite indicate basic igneous
source rocks.
Based on this analysis, the source rocks – heavy
minerals found in this site may be grouped into
four assemblages:
(i) garnet-staurolite-kyanite-andalusitehornblende-monazite: medium to high-grade
metamorphic (schistose, charnockites, granulites) rocks;
(ii) zircon-rutile-epidote-monazite-tourmalineapatite: granites/gneisses, pegmatites;
(iii) pyroxenes-hornblende-ilmenite-magnetite:
basic igneous rocks/amphibolites;
(iv) tremolite-actinolite: metamorphosed calc-silicate
rocks.
The potential terrigenous sediment and its transport pathways in the Arabian Sea indicate several source areas, e.g., eolian dust originated from
Arabian peninsula, ﬂuvial detritus from the Indian
subcontinent and Somalia. The sediment contribution is also possible due to submarine weathering
of sea ﬂoor. Based on the chemical composition of
the sediment, Shankar et al. (1987) suggested that
Arabian Sea sediments are also derived by submarine weathering of Carlsberg Ridge. The Indus
River, which drains large areas north of the IndusTsangpo suture zone and cuts rapidly exhuming
crustal zones at the western Himalayan syntaxes,
carry heavy minerals, hornblende-dominated sediment along with epidote, garnet, and pyroxenes
(Garzanti and Andó 2007). Prins et al. (2000) indicated that the southern and southeastern boundaries of Indus fan are extended up to Carlsberg and
Chagos–Laccadive ridges, respectively. However,
the inﬂuence of Himalayan sediment transported
by the Indus River is largely restricted to the north
of Gulf of Kutch due to the macrotidal currents in
these zones acting as barriers for long shore sediment transport to the south (Nair et al. 1982).
The monsoon winds deliver more than 100 million tons of dust to the Arabian Sea every year
(Sirocko and Sarnthein 1989). This eolian dust contribution is an important mechanism for western
Arabian Sea (Rao and Rao 1995). The dominant
presence of subangular to angular sand sized heavy
minerals indicate a short sediment transport distance. This implies that sediment at this site is
mainly contributed from the nearby Indian peninsular region. The numerous small and medium
sized streams and rivers originated from the steep
slopes of Western Ghats are draining products of
weathering into the eastern Arabian Sea (discharge
∼100 km3 annually). Moreover, the Western Ghats
mountain range with its elevations up to 1000 m
play a major role in controlling the rainfall intensity (annual rainfall intensity >300 mm) over the
western coastal areas.

Heavy mineral variation in the deep sea sediment of Arabian Sea
The disintegration and decomposition of
various rocks occurring in the western and southwestern India and ﬂoor of the ocean must have contributed to the above-mentioned heavy minerals at
this site. Heavy minerals detached from the host
rocks are ultimately brought to the coastal and
deep sea regions by ﬂuvial, eolian and marine currents. The northern part of western India consists
of Western Ghats down to Dharwar and Ratnagiri,
is composed of the Deccan Trap, the central part
consists of Dharwar schist belt, and southern part
composed of Precambrian gneisses, granites, khondalites and charnockites (ﬁgure 1). The Warkali
Formation consists of ferruginous sandstone which
is exposed along the coast of Kerala, southwest
India (Raha et al. 1983). These geological units
with their associated rocks must have played a
major role in the contribution of the heavy minerals (for details of rock types and mineralogy, see
Ramakrishnan and Vaidyanadhan 2008). Almost
identical heavy mineral assemblages have been
reported from various beaches in the southern tip
and south-western India (Jayaraju 2004; Hegde
et al. 2006). Based on clay mineral assemblages
study of this site, Das et al. (2013) also indicated
the above regions as dominant sources for sediments. Although few, the presence of rounded to
subrounded heavy minerals indicate their derivation from the sedimentary source, e.g., Warkali
Formation of Kerala and underwater sand of
paleobeaches present along the coast of Kerala
and Maharashtra (Mallik 1974; Raha et al. 1983;
Shankar and Kharrbasi 1992).

4.2 Paleoenvironmental implications
The provenance and transport pathways of heavy
minerals to the present site suggest that the
climatic conditions that existed in the hinterland
during late Quaternary controlled the weathering,
erosion and heavy minerals contribution. The other
factors that might have controlled their derivation are ﬂuvial discharges, sea level changes and
oceanic circulation. The climate also led to the erosion reactivation and reworking of the soils in the
source region. Das et al. (2013) considered AIR
as terrigenous matter, but on detailed investigation it is observed that the AIR consists of both
terrigenous and non-terrigenous materials. They
indicated that the terrigenous materials consist of
quartz, feldspar, and clay minerals. The clay minerals are dominantly made up of illite, kaolinite and
chlorite with minor quantities of smectite.
In this study, it is observed that heavy minerals contribution remained moderately high during
parts of preglacial (av. 51 nos) and early stages of
Holocene (av. 80 nos). During the same periods,
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AIR (av. 25%) and magnetic susceptibility of the
samples also remained moderately high (av. 4 SI
units) and biogenic carbonate content remained
either moderately high (av. 78%) or slowly increasing. The clay-based humidity index and organic
carbon content also show similar patterns to that
of biogenic carbonate. These observations indicate
intensive weathering, erosion and transportation of
terrigenous materials due to increased precipitation in the source region. This also causes terrigenous dilution of calcium carbonate at the site. The
higher values of MS are also related to the higher
terrigenous matter input (Kumar et al. 2005). It is
also noticed that during same periods along with
opaque minerals, the non-opaque minerals such as
pyroxenes (8 and 14%), staurolite (8 and 15%) and
clay minerals (chlorite, smectite and kaolinite) contributions were relatively high. Rao and Rao (1995)
have indicated that the terrigenous sediments in
the southwestern continental margin of India are
predominantly river borne. The high calcium
carbonate content during above periods also suggested enhanced marine biogenic productivity.
Guptha et al. (2005) suggested that the biogenic
productivity and supply of terrigenous matter to
the Arabian Sea is strongly linked to the intensity of monsoon. Nair et al. (1989) suggested that
the biogenic productivity is generally high in the
Arabian Sea and 70–80% of the biogenic material
is deposited during the summer monsoon period.
The high calcium carbonate (av. 81%) and
organic carbon (av. 0.7%) contents during the early
stages of glacial period (MIS 2) are attributed to
stronger and colder winter monsoon winds which
led to winter convective mixing. The deep mixing of surface waters induces an injection of nutrients into the euphotic layer leading to enhanced
primary production (Duplessy 1982). Because of
that the terrigenous supply from hinterland is not
very high. However, the heavy mineral content,
clay-based humidity index, and MS values were
moderately high during this period. The kaolinite,
chlorite and smectite were also moderately contributed during this period (Das et al. 2013). This
may be due to the sea level fall and erosion of
sediment from the exposed continental shelf by
wind at the later stages of Pleistocene glaciation.
These sediments were trapped on the shelf during
highstand of sea level during the preglacial stage
(Chodankar et al. 2004). The ﬂuvial erosion and
retreat of Western Ghats escarpment might have
contributed some sediment to the deep sea (Kale
and Shejwalkar 2007). Several researchers recorded
increased productivity in eastern Arabian Sea during glacial climate (Banakar et al. 2005; Prabhu
and Shankar 2005).
The high AIR (av. 30%) and relatively low (av.
69%) calcium carbonate contents along with low
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organic carbon (av. 0.4%) and K/I ratios (av. 0.4)
during the late glacial period suggest dry climatic
condition and greater terrigenous dilution. The MS
values (av. 4.4 SI units) were also moderately high
during this period. But the total HM content (28
nos) was either low or reduced. The sea level during the last glacial period (LGP) was between 100
and 120 m below the present day level and rivers
were debouching into the sea far away from the
present day coastline (Narayana et al. 2009). This
resulted in erosion of exposed continental shelf by
ﬂuvial and/or by winter winds. The former is considered unlikely since the summer monsoon during the glacial period was comparatively weaker.
This must have resulted in weakening of the competency and capacity of sediment transportation
by seasonal rivers which originated from the Western Ghats mountain. Hence, the intensiﬁed winter
winds of the glacial period might have played a
signiﬁcant role in the derivation of ﬁne grained
terrigenous material from the continental region
and its transportation to the eastern Arabian Sea.
Ishfaq et al. (2013) recorded less terrigenous
input in the eastern Arabian Sea during the past
5 ka. In this study, there is no distinct change
observed in the biogenic carbonate during the
above period although humidity index shows a
minor fall. The terrigenous input (av. 19%) and
MS values (av. 2 SI units) were low during this
period. The total HM (av. 23 nos) contribution also
remained low. This possibly indicates a fall in the
intensity of summer monsoon led precipitation in
the hinterland and less terrigenous erosion.
The contribution of total heavy minerals
remained moderately high during H3 (av. 53 nos),
H2 (av. 70 nos) and YD (av. 48 nos) and slightly
low during H1 (av. 19 nos) events. The AIR and
MS values were also in positive correlation with
the total HM. The biogenic carbonate content was
also moderate (∼65%) during theses events. These
implied that the winter monsoons of these events
were not severe but were strong enough to cause
moderate amount of biogenic precipitation in the
sea and derivation of terrigenous material from
the continents. Several researchers have recorded
increased productivity in the eastern Arabian Sea
whenever colder events persisted (Banakar et al.
2005; Prabhu and Shankar 2005). The BA event
recorded slightly low (14–50 nos, av. 32 nos) but an
increasing trend for total HM. However, the AIR
(av. 31%) and MS (av. 4.8 SI units) values recorded
were very high during this period. Although, the
biogenic carbonate content recorded was low
(av. 68%), the humidity index showed slightly high
(av. 0.5) values during this period. The clay minerals kaolinite and smectite were contributed in
higher amounts during this period (Das et al.
2013). All these observations collectively indicated

that the summer monsoons were not very strong to
enhance biogenic productivity in the sea but winter
monsoon winds were suﬃciently active to transport
ﬁne terrigenous clastics dominated by clay minerals
from the continents.
The temporal variation of individual heavy
minerals indicated that the provenance remained
almost same throughout the study period.
However, on closer examination of the garnet and
pyroxene patterns indicated that the southern high
grade metamorphic granulitic source rocks were
slightly dominant (Madurai Granulitic Block,
Kerala) over the northern granitic, gneissic and
basic igneous rocks. This was perhaps due to the
relatively increased weathering and erosion of southern rocks in comparison to the northern rocks.
Sajinkumar et al. (2011) indicated high chemical
index of alteration values of rocks (62–65) and soils
(88–93) and associated mass wasting in the southern parts of Western Ghats consisting of Madurai
Granulitic Block, Kerala. The presence of several
paleobeaches (Mallik 1974; Shankar and Kharrbasi
1992) and occurrence of Miocene sedimentary
source in Kerala coast might have also played some
role in the development of such patterns of heavy
minerals.

5. Conclusions
Records of HM variations from core SK-221 in the
southeastern Arabian Sea oﬀer a unique opportunity
to evaluate the nature of provenance, transport
history of deep sea sediments and paleoenvironmental
changes during the last 32 kyr.
• The dominance of subangular to angular HM
grains with moderate to low ZTR index (∼60%)
in most of the samples reﬂect instability of the
sediments which is possibly due to the rapid
erosion in the source region and reduced transportation of the sediments.
• The disintegration and decomposition of the
basic igneous, granites/gneisses, high grade
metamorphic rocks and sandstones occurring in
the western and southwestern India must have
contributed heavy minerals to the site.
• Increased weathering, erosion and transportation
of terrigenous materials due to enhanced precipitation in the source region during preglacial and
early Holocene stages result in relatively higher
contributions of heavy minerals.
• The convective mixing of waters due to very
strong, cold winter monsoon during early
glacial stage signiﬁcantly increased the biogenic
productivity.
• Dry climatic condition during the late glacial
period resulted in the erosion of ﬁne grained

Heavy mineral variation in the deep sea sediment of Arabian Sea
clastics from continental region and exposed
continental shelf by winds. This also caused
terrigenous dilution in the sea.
• Moderately higher contribution of HM, higher
values of AIR and MS along with moderate
values of biogenic carbonate content during H3,
H2 and YD events suggest that winter monsoons were not severe but strong enough to cause
erosion of terrigenous materials from the continent and moderate amount of biogenic carbonate
precipitation in the sea.
• The low values of total HM and biogenic carbonate content, increased values of AIR and MS
along with slightly higher humidity index during the BA event suggest that relatively weaker
summer monsoon could not increase the biogenic
productivity whereas winter monsoon was strong
enough to transport terrigenous clastics from the
hinterland.
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