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Abstract
The sediment core collected at a water depth of 260.2 m off Mahanadi, western Bay of Bengal was analyzed for grain 
size fractions, clay minerals, and major and trace elements to understand changing depositional environments, source and 
processes with time, from ~ 2300 cal yr before present (BP) to the year of the collection (2014). Age was estimated using 
accelerator mass spectrometer (AMS) 14C dates of two planktonic foraminifera samples. The core was divided into six 
distinct zones based on the significant changes in the sediment components and clay minerals. The presence of higher than 
average clay and smectite and lower silt and illite, in Zone II (2000 years BP–1070 cal yr BP) and Zone V (300–130 cal yr 
BP) revealed their deposition in low energy conditions, while, Zone III (1070 to 530 cal yr BP) and Zone VI (132 cal yr 
BP to present) exhibited higher silt and illite and lower clay and smectite than average suggesting their deposition in a high 
energy environment. Similar depositional environments observed between Zones II and V and also between Zones III and 
VI indicated the reoccurrence of similar hydrodynamic conditions with time. Zone II represents the Roman Warm Period 
and part of the early Medieval Warm Period, while, zone V corresponds to the retreating phase of the Little Ice Age. High 
Al in zone III and fluctuating trend in zone VI indicates higher Al release along with silt and illite from physical weathering 
in a cold and arid climate, while, smectite showed a positive correlation with Ti indicating the source of Ti and smectite as 
basic igneous rocks released during the enhanced southwest monsoon and warm climate. Mn and Zn distribution revealed 
fluctuations in the Oxygen Minimum Zone (OMZ) intensity to changing hydrodynamic conditions and depositional environ-
ments. The present study revealed changing depositional environments in the western Bay of Bengal with time with respect 
to changing material influx, reflecting fluctuating monsoons and climate.
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Introduction

The study of paleo-depositional environments is useful in 
understanding hydrodynamic conditions that prevailed dur-
ing the time of sediment deposition and in turn, it can pro-
vide information on climatic conditions of the past. Hydro-
dynamic conditions vary spatially and temporally as a result 

of a change in intensity of rainfall, frequency, and intensity 
of storms, and possibly climate change. The distribution of 
sediment particles and depositional conditions in an aquatic 
environment is controlled by the hydrodynamic conditions 
(Dessai and Nayak 2007; Yang and Shi 2009). The sediment 
characteristics viz., grain size, clay mineralogy, and metal 
concentrations are often used to understand the provenance, 
transportation, and depositional processes of sediments in 
an aquatic environment (Avinash et al. 2016; Nasnodkar and 
Nayak 2019). Therefore, the study of sediment characteris-
tics will reveal the hydrodynamic conditions that lead to the 
deposition of sediments.

The present study focuses on the Bay of Bengal, which 
is a shallow northern extension of the Indian Ocean. Most 
of the major rivers of India namely Ganga, Brahmapu-
tra, Mahanadi, Godavari, and Krishna drain into this bay. 
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Among all the peninsula rivers which drain into the Bay of 
Bengal, Mahanadi is the second most important river for 
sediment and water discharge (Chakrapani and Subrama-
nian 1990). The sediment particles from the catchment area 
are transported onto the adjacent continental shelf through 
this river and the terrigenous sediments get deposited on 
the continental shelf and slope. The deposited material 
constitutes sediment particles and nutrients with major and 
trace metals. Alagarsamy and Zhang (2005) have used grain 
size, organic carbon, and metal concentration of a sediment 
core to understanding provenance, weathering mechanism, 
and metal abundance in sediments. Moreover, the source, 
transportation mechanism, and depositional conditions of 
sediments were determined through the application of clay 
minerals by Naidu et al. (1995). The metal concentrations in 
the marine sediment core were used earlier by Calvert and 
Pedersen (1993) to understand the processes which control 
metal source and remobilization.

The monsoon is one of the important weather phenomena 
which have direct impacts on socio-economic conditions. 
Therefore, an attempt to study paleoclimate using different 
proxies to understand the variability of the monsoon on a 
longer time scale (Gasse et al. 1996; Thompson et al. 1997; 
Fleitmann et al. 2003) is important. The Indian sub-conti-
nent experiences both southwest (SW) and northeast (NE) 
monsoons of varying intensity and the sediment released 
to the Bay of Bengal during these two monsoons will have 
different characteristics. Recently several attempts have 
been made in the Bay of Bengal to understand the monsoon 
variability (Suokhrie et al. 2018; Weber et al. 2018), metal 
input (Banerjee et al. 2019), varying productivity, prove-
nance (Bejugam and Nayak 2017; Prajith et al. 2018), and 
sediment transportation mechanism and weathering intensity 
(Symphonia and Nathan 2018).

Further, Datta et al. (2000) studied the grain size charac-
teristics in the Bay of Bengal and stated that the Peninsula 
Rivers drained coarse sediment into the Bay of Bengal as 
compared to the Himalayan Rivers. Tripathy et al. (2014) 
suggested a decrease in sediment yield from Himalayan Riv-
ers during the last glacial maxima (LGM) and they have 
related lowering of sediment supply from the Himalaya 
during the LGM to reduction in exposure area for weather-
ing due to higher extent of glacier cover and weakening of 
south-west monsoon as a function of climate change. Shifts 
in sediment sources due to the changes in climate since early 
Holocene was reported by Prakash Babu et al. (2010) based 
on the granulometric, geochemical, and mineral magnetism 
data of the sediment cores from the eastern Bay of Bengal. 
Also, the distribution and preservation of metals in the core 
sediments of the Bay of Bengal were attributed to the chang-
ing climate conditions (Mazumdar et al. 2015). Earlier, Sarin 
et al. (1979) have reported the influence of high sedimenta-
tion rates, with respect to higher weathered material input 

from the Indian sub-continent, in metal concentrations in the 
continental shelf sediments. Further, they have demonstrated 
a strong correlation of Al with elements Fe, Mg, and Cr, 
revealing their supply from continental aluminosilicates to 
the Bay of Bengal. Demina et al. (2019) reported that the 
concentration of terrigenous elements viz. Al, Ti, Si, Cr, 
Zn were higher during glacial periods when compared to 
interglacials. Further, they added that the concentration of 
some elements and ratios of some elements exhibit rhythmic 
variation representing glacial and interglacial periods high-
lighting the role of climate change with time. These studies 
indicate a continuous change in the amount and source of 
the supplied sediment to the Bay of Bengal under the influ-
ence of climatic controls. Therefore, studying the source and 
depositional process in a sediment core will help to under-
stand the climatic history.

In the present study, an attempt has been made to under-
stand the changing depositional environments with time (last 
2300 years) using sedimentological, mineralogical, and geo-
chemical parameters with respect to the changing influx of 
material from source areas in a sediment core collected off 
the Mahanadi river mouth. The main aim of this study was to 
find a correlation between changes in the sediment compo-
nents, clay minerals, and geochemical elements of sediments 
and the paleoclimate fluctuations/monsoons.

Study area

The study area lies along the western Bay of Bengal, off the 
Mahanadi river mouth region (Fig. 1). The Mahanadi River 
is bounded by Central Indian hills in the north, the Eastern 
Ghats in the south and east, and by the Maikala range in the 
west. The drainage basin of the Mahanadi River is spread 
out over an area of approximately 1.42*105 Km2 (Mazumdar 
et al. 2015) with charnockites, granites, gneisses, volcanic 
and sedimentary rocks. The coastal region of the Mahanadi 
experiences a subtropical climate with a temperature of 

Fig. 1   Map showing the sampling location
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about 21 °C and 29 °C in winter and summer respectively 
(Hart 1999). The catchment area receives an annual rainfall 
of 142 cm, 90% of which is contributed (Sundaray et al. 
2006, 2011; Chakrapani and Subramani 1990) by the south-
west monsoon which starts by mid-June and continues until 
September. The immense annual freshwater runoff of 50*909 
m3 (Dixit et al. 2013; Panda et al. 2006; Konhauser et al. 
1997) received by the Mahanadi influences the stratification 
of the water column (Levitus and Boyer 1994; Benshila et al. 
2014; Suokhrie et al. 2018) in the western Bay of Bengal. 
Thus, high rainfall and constant inflow of water prohibit the 
mixing of waters, making an ideal condition for atmospheric 
depression. Therefore, the formation of depressions is com-
mon in the Bay of Bengal.

Materials and methods

Sampling and Collection

The sediment core (GC 13) collected at Latitude18º 99′ N 
and Longitude 85º 38′E in the western Bay of Bengal at 
260.2 m water depth using a gravity corer onboard RV Sagar 
Kanya (Cruise no. 308) in January 2014 by the National 
Institute of Oceanography, Goa was subsampled onboard 
at 1 cm intervals and immediately stored in a frozen condi-
tion using plastic bags. The samples were transported to the 
laboratory and stored in a cold storage unit before analysis. 
Later, samples were oven-dried at 60 ºC. For the present 
study, alternate samples of the top 100 cm of the sediment 
core were analyzed.

Laboratory analysis

Textural analysis

The sediment sample was washed with distilled water to 
remove salinity and later treated with 10% sodium hex-
ametaphosphate to dissociate clay particles and hydrogen 
peroxide to oxidize the organic matter. The pipette method 
(Folk 1968) was used to determine the percentage of sand, 
silt, clay which is based on Stoke’s law of settling velocity 
principle.

Clay mineral analysis

Clay mineral analysis was carried out following the proce-
dure given by Rao and Rao (1995). Clay slides were pre-
pared by spreading clay (1 ml) over pre-numbered slides. 
Further, these slides were glycolated using ethyl glycol 
vapors and later scanned from 3º to 30º 2Ɵ at 1.2º 2Ɵ/min on 
Rigaku Altima IV X-ray diffractometer using nickel- filtered 
CuKα radiation. Further, clay minerals were identified and 

quantified using the procedure detailed by Biscaye (1965). 
The smectite crystallinity was measured from the ratio 
between the valley height (V) and peak height (P). Illite 
crystallinity or Kubler index (Frey 1987) was calculated by 
measuring the full width at the half peak height of illite. 
Illite chemistry was calculated from the ratio of the area 
under 5 Aº and 10 Aº peak.

Bulk metal analysis

For bulk/total metal analysis grounded sediment samples 
were digested following the total decomposition procedure 
given by Jarvis and Jarvis (1985). Samples were digested 
using HF, HNO3, and HClO4 acid mixture with a ratio of 
7:3:1 in Teflon vessel and analyzed on Atomic Absorption 
Spectrophotometer (AAS) (Thermo Scientific- SOLAAR 
M6 AAS model). Together with the samples, certified ref-
erence standard JLK-1 from the Geological Survey of Japan 
was digested and run, to test the analytical accuracy of the 
method. The average recoveries were 96.2% for Al and Fe, 
94.2% for Ti, 95.3% for Mn, and 97.1% for Zn and Pb. Inter-
nal chemical standards obtained from eMerck were used to 
calibrate the instrument and recalibration checks were per-
formed at regular intervals.

14C accelerator mass spectrometer (AMS) dating 
method

The planktic foraminifera was picked from two sedi-
ment samples (> 63 µm size fraction) for measurement of 
AMS14Cage. The dating procedure was executed at the Cen-
tre for Applied Isotopic Studies, the University of Georgia, 
USA, and calibration of 14C ages was carried out using the 
Marine13 dataset (Reimer et al. 2013) drawn from Calib 
7.1 (Stuiver et al. 2017) online calibration program. The 
top of the sediment core was assigned the year of core col-
lection (2014) assuming that it was an undisturbed core. 
Further, assuming a constant rate of sedimentation between 
the obtained dates, the age of the remaining samples was 
calculated.

Results

Age of the sediment core

The 14C accelerator mass spectrometer dates and rate of 
sedimentation are presented in Table 1 and the age-depth 
relationship is shown in Fig. 2. The rate of sedimentation 
was calculated from the dates obtained. The rate of sedimen-
tation was 0.033 cm/ year between 100 and 50 cm whereas 
it was 0.064 cm/year between 50 cm and the surface, sug-
gesting a lower sedimentation rate from 2300 cal yr before 
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present (BP) to 770 cal yr BP and an accelerated rate of sedi-
mentation in recent time from 770 cal yr BP to the present.

Grain size

The range and average amounts of sediment fractions for the 
core GC-13 are presented in Table 2. Sand, silt, and clay var-
ied in the range from 0.024 to 2.548%, 24.240 to 89.040%, 
and 9.132 to 75.206% with the average value of 0.509%, 
66.105%, and 33.386% respectively. In general, over 95% of 
the sediment is comprised of finer fractions i.e. silt and clay. 
Based on the distribution of sediment components the core 
was divided into six distinct zones from bottom to surface 
and are numbered as zone I, zone II, zone III, zone IV, zone 

V and zone VI (Table 2). Further, to understand the hydro-
dynamic energy conditions of deposited sediments, average 
sand, silt, and clay of each zone was plotted on a ternary 
diagram (Fig. 3) proposed by Pejrup (1988). This diagram 
is used to interpret hydrodynamic conditions that prevailed 
during sedimentation. The subdivisions in diagram I to IV 
and A to D, are based on the combined effect of current 
velocity, wave turbulence, and water depth (Pejrup 1988). 
The diagram delineates four hydrodynamic sections namely 
I, II, III, IV which corresponds to the increasing energy, and 
divisions A, B, C, and D represent depositional environ-
ments with respect to textural classification. In the core GC 
13, most of the data points fell in hydrodynamic class III D 
which represents relatively less violent hydrodynamic condi-
tions, except zone IV which fell in class IV D representing 
violent hydrodynamic conditions. The data plotted (Fig. 3) 
indicated a close cluster or overlap of zone II and zone V, 
and also of zone III and VI indicating sediment deposition in 
similar hydrodynamic conditions and depositional environ-
ments of these zones.

The sediment component data plotted with depth is repre-
sented in Fig. 4. In the lower part of the core, zone I, showed 
a drastic decrease in sand and silt, and clay compensated 
them with depth (Fig. 4). In zone II, a uniform decreasing 
trend of sand, fluctuating with lower than average silt and 
fluctuating with higher than the average clay was observed. 
Silt concentration was higher and clay concentration was 
lower than the average in zone III. Sand maintained lower 
than the average concentrations in this zone. In zone IV, the 
silt concentration was higher and clay showed lower val-
ues than that of zone III. In zone V, a sudden change of 
sediment components was noted with silt fluctuating with 
overall lower than average values while clay fluctuated with 

Table 1   14C AMS dates of core GC 13

Lab code Sample interval 14C age Calibrated Age
(cm) (year BP) (median prob-

ability) (year 
BP)

X30565 49–50 1156 767
X30566 99–100 2556 2297

Fig. 2   Age—Depth curve

Table 2   Range and average values of sediment components

Depth (cm) Sand (%) Silt (%) Clay (%)

Core Min 0.024 24.240 9.132
Core Max 2.548 89.040 75.206
Core Avg 0.509 66.105 33.386

0–9 Zone VI Avg 0.308 67.952 31.740
10–21 Zone V Avg 0.339 64.380 35.281
22–35 Zone IV Avg 0.169 80.880 18.951
36–61 Zone III Avg 0.414 69.579 30.007
62–91 Zone II Avg 0.611 55.792 43.598
92–100 Zone I Avg 1.319 68.240 30.441

Fig. 3   Ternary diagram for classification of hydrodynamic conditions 
using sediment components (Pejrup 1988)
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higher than average values. Sand remained lower than aver-
age throughout this zone. In the upper zone VI, silt and clay 
were on their respective average line.

Chronology model

The chronology model was developed employing estimated 
age and is presented in Table 3 and Fig. 5. Zone I of the core 
corresponds to 2300 to 2000 cal yr BP, zone II from 2000 to 
1070 cal yr BP and zone III represents 1070 to 530 cal yr BP. 
Further, Zone IV corresponds to 530 to 300 cal yr BP, Zone 
V from 300 to 130 cal yr BP while upper zone VI represents 
130 cal yr BP to present.

Clay minerals

The range and average content of clay minerals for core GC 
13 are presented in Table 4. Smectite, illite, kaolinite and 
chlorite varied in the range from 0 to 20.745%, 43.537 to 

86.364%, 13.636 to 46.667% and 0 to 23.237% respectively, 
with the average value of 7.352%, 60.091%, 28.893% and 
3.665% respectively. Kaolonite and illite constitute more 
than 85% and illite was the dominant clay mineral through-
out the core length (Fig. 4). Smectite and kaolinite showed 
an increasing trend whereas illite showed a decreasing 
trend from 2300 to 2000 cal yr BP in zone I. From 2000 
to 1070 cal yr BP in zone II, smectite, kaolinite, and chlo-
rite fluctuated along with the average while illite main-
tained lower than average except at 62 cm (1160 cal yr BP) 
wherein it showed a positive peak. Kaolinite fluctuated along 
the average and chlorite was constant with lower than the 

Fig. 4   Down core variation of sediment components, clay minerals and bulk metal content with zones

Table 3   Age estimated – Chronology of core GC 13

Sample 
Interval 
(cm)

Age (Cal yr 
B.P.)

Zone Depth (cm) Age (Cal yr. B.P.)

0–1 0 VI 0–9 0–130
9–10 130 V 10–21 130–300
21–22 300 IV 22–35 300–530
35–36 530 III 36–61 530–1070
49–50 770
61–62 1070 II 62–91 1070–2000
91–92 2000 I 92–100 2000–2300
99–100 2300

Fig. 5   Chronological model
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average value from 1070 to 530 cal yr BP in zone III. Smec-
tite in the lower portion (52 cm to 61 cm i.e. from 860 to 
1130 cal yr BP) was higher than the average (Fig. 4) which 
then decreased to less than average in the upper portion 
(36 cm to 52 cm i.e., from 560 to 860 cal yr BP). Illite com-
pensated for smectite in this zone. From 530 to 300 cal yr BP 
in zone IV chlorite and kaolinite fluctuated along the average 
while, smectite showed an increasing trend and illite largely 
compensated smectite. From 300 to 130 cal yr BP in zone 
V, kaolinite and chlorite showed higher fluctuations along 
with the average while smectite showed an increasing trend. 
Illite maintained largely lower than the average. In the upper 
zone VI from 130 cal yr BP to present, smectite showed a 
decreasing trend and illite compensated smectite. Kaolinite 
and chlorite fluctuated along with the average.

Geochemistry

The range and average of elemental concentra-
tion for core GC 13 are presented in Table  5. The 

elements Al, Ti, Fe, Mn, Pb, and Zn varied in the core 
in the range from 6.846 to 14.738%, 0.246–1.181%, 
2.305–6.142%, 171.375–459.325 ppm, 0–5.757 ppm, and 
57.650–1276.200 ppm, with the average values of 12.448%, 
0.776%, 4.780%, 362.675 ppm, 0.933 ppm, and 302.507 ppm 
respectively. Abundance of average elemental value in the 
core GC-13 is in the order Al > Fe > Ti > Mn > Zn > Pb 
(Table 5). The vertical distribution of elements when consid-
ered, all the major elements viz. Fe, Mn, Al, and Ti showed 
similar trends with a positive peak at 96 cm i.e. at 2190 cal yr 
BP and a sharp negative peak at 94 cm i.e., at 2130 cal yr BP 
in the zone I i.e., from 2300 to 2000 cal yr BP. The Pb was 
constant and Zn showed a lower value than average except 
a positive peak at 90 cm i.e., at 2010 cal yr BP. Iron and 
Mn showed similar trends from 2000 to 1070 cal yr BP in 
zone II with slightly higher values in the middle of the zone, 
whereas, Al in the lower part of the zone was lower than the 
average, and in the upper part it was higher than the average 
(Fig. 4). The trend of Ti and also Zn was fluctuating and 
higher than the average in this zone, while Pb was constant 

Table 4   Range and average values of clay minerals, illite chemistry, smectite crystallinity and illite crystallinity

Depth (cm) Illite (%) Kaolinite (%) Smectite (%) Chlorite (%) Illite chemistry Smectite 
Crystallinity

Illite crystallinity

Core Min 43.537 13.636 0.000 0.000 0.571 2.000 0.200
Core Max 86.364 46.667 20.745 23.237 0.031 0.333 0.200
Core Avg 60.091 28.893 7.352 3.665 0.373 0.944 0.200

0–9 Zone VI Avg 62.540 27.170 6.090 4.200 0.356 1.257 0.200
10–21 Zone V Avg 56.488 25.112 13.734 4.666 0.358 1.475 0.200
22–35 Zone IV Avg 61.210 30.534 5.293 2.962 0.392 0.556 0.200
36–61 Zone III Avg 65.356 28.312 5.693 0.639 0.372 1.197 0.200
62–91 Zone II Avg 54.979 29.349 9.365 6.307 0.534 0.567 0.200
92–100 Zone I Avg 61.355 32.212 3.458 2.975 0.415 1.142 0.200

Table 5   Range and average 
values of metals concentration 
and Mn/Fe

PAAS values were given by Taylor and McLennan (1985) and continental crust values were proposed by 
Taylor (1964)

Depth (cm) Al (%) Ti (%) Fe (%) Mn (ppm) Pb (ppm) Zn (ppm) Mn/Fe

Core Min 6.846 0.246 2.305 171.375 0.000 57.650 0.006
Core Max 14.738 1.181 6.142 459.325 5.757 1276.200 0.010
Core Avg 12.448 0.776 4.780 362.675 0.933 302.507 0.008

0–9 Zone VI Avg 12.420 0.840 5.141 391.435 1.548 257.440 0.0076
10–21 Zone V Avg 12.526 0.938 5.244 387.900 1.130 219.625 0.0074
22–35 Zone IV Avg 13.518 0.750 4.789 395.332 1.312 396.575 0.0083
36–61 Zone III Avg 12.713 0.561 4.447 352.221 1.497 171.248 0.0080
62–91 Zone II Avg 12.339 0.883 4.878 352.183 0.288 476.750 0.0072
92–100 Zone I Avg 10.522 0.793 4.419 316.575 0.025 133.880 0.0072

PAAS 9.94 0.6 5 900 20 85
Continental 

crustal 
values

8.23 0.57 5.63 950 12.5 70
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and lower than average. From 1070 to 530 cal yr BP in zone 
III, Fe, Mn, and Zn showed similar lower than the average 
values, while Al and Pb showed higher values. Titanium 
was higher than average in the lower portion and showed a 
sudden decrease at 50 cm i.e., at 770 cal yr BP and further, 
remained lower than the average. The elements Al, Ti, Fe, 
Mn, and Pb showed an increasing trend while Zn showed 
a positive peak in the lower part of the zone IV i.e., from 
530 to 300 cal yr BP. From 300 to 130 cal yr BP in Zone 
V, Fe, Mn, Al, Ti, Pb displayed higher than average values 
and a decreasing trend, while, Zn maintained lower than 
average value. From 130 cal yr BP to present in zone VI, 
Fe, Mn, Ti, and Pb showed higher than average values and 
decreased at the surface. Aluminium fluctuated around the 
average value with a decrease at the surface. Zinc exhibited 
a slight positive peak in the lower part of this zone followed 
by a decrease at the surface.

Discussion

Depositional environment with time from sediment 
components

The top 100 cm of the sediment core GC-13 constitutes more 
than 95% of finer sediments (silt and clay) suggesting that 
the deposition of sediments took place largely from suspen-
sion mode. Further, the core exhibited six distinct zones of 
depositional environments from bottom to surface based on 
the distribution of sediment components, clay minerals, and 
metals and are numbered as zone I, zone II, zone III, zone 
IV, zone V and zone VI (Fig. 4; Table 2).

The ternary diagram of sediment components (Fig. 3) 
indicated a close cluster of zone II and zone V, as well as 
zone III and VI indicating similar hydrodynamic conditions 
and sediment depositional environments. The lower aver-
age value of silt from 2000 to 1070 cal yr BP in zone II 
(55.792%) and from 300 to 130 cal yr BP zone V (64.380%) 
(Table 2) compared to the overall average silt (66.105%) of 
the core and higher average clay (43.598% and 35.281%) 
in these zones compared to overall average clay (33.386%) 
suggests the prevalence of low energy conditions when the 
sediment deposited in these zones during the corresponding 
chronological period. From 1070 to 530 cal yr BP in zone III 
and from 130 cal yr BP to present in zone VI, higher aver-
age silt i.e., 69.579% and 67.952% (Table 2) respectively 
compared to average silt of the core and lower average clay 
values 30.007% and 31.740% respectively than core aver-
age clay reveals the presence of higher energy conditions 
when the sediment deposited in these zones during the cor-
responding chronological period. This indicates that there 
was a repetition of the similar depositional environments 
in zone II and zone V i.e., from 2000 to 1070 cal yr BP 

and from 300 to 130 cal yr BP, and also in zone III and VI 
i.e., from 1070 to 530 cal yr BP and from 130 cal yr BP to 
present.

The estimated age – chronology (Fig. 5) revealed that 
zone I (2300–2000 cal yr BP), zone II (2000–1070 cal yr 
BP and part of zone III (from 1070 up to 770 cal yr BP) 
experienced relatively lower rates of sedimentation, while 
the upper part of zone III (from 770 up to 530 cal yr BP), 
zone IV (530–300 cal yr BP), zone V (300–130 cal yr BP) 
and zone VI (130 cal yr BP to present) has experienced a 
higher rate of sedimentation. Relatively higher silt (Table 2) 
was associated with zone I, zone III, zone IV, and zone VI, 
the highest being in zone IV i.e. from 530 to 300 cal yr BP, 
suggesting higher input of silt during the period. High input 
of silt in zones III, IV, and VI, seems to be responsible for 
the higher rate of sedimentation in these zones. High silt 
and low clay content must have facilitated relatively high 
porosity and therefore, comparatively better oxic conditions.

Source and changing energy conditions with time 
from clay minerals

In core GC-13, illite was the dominant clay mineral, and 
illite and kaolinite together contributed more than 80% of 
clay minerals. The abundance of clay minerals was in the 
order of illite > kaolinite > smectite > chlorite. The domi-
nance of illite indicated its contribution from the felsic 
rocks of Archean Proterozoic Gneiss Complex (Mazumdar 
et al. 2015). Illite is generally of detrital origin (Ehrmann 
et al. 2011) and is widely formed by physical weathering in 
colder regions from muscovite mica (Weaver 1989). The 
Himalayan mountain chain comprises abundant muscovite 
mica, phyllites, schists, and shales (Heim and Gansser 1939) 
which on weathering must have formed illite which was later 
transported by the Ganga and Brahmaputra rivers to the 
Bay of Bengal. Kolla and Biscaye (1973) and Rao and Rao 
(1977) stated that the turbidity currents of these rivers have 
transported illite towards the south possibly up to the study 
area. The second most abundant clay mineral, kaolinite was 
majorly formed due to chemical weathering from Archean 
granites, gneisses, charnockites, and khondalites in a tropical 
climatic condition. Low smectite content in the core may be 
due to the limited availability of Deccan Basalt, resulting in 
weathering products namely black cotton soil in the catch-
ment area. Low chlorite in the humid and tropical region was 
attributed to its unstable nature (Diju and Thamban 2006).

Further, clay minerals have been used to understand the 
hydrodynamic conditions (Moore and Reynolds 1989; Liu 
et al. 2010; Aksu et al. 1998). It is well established that 
illite and kaolinite due to their coarser size, deposit under 
high energy conditions, and smectite with comparatively 
finer size gets deposited under low energy conditions (Oli-
veria et al. 2002). In core GC-13, more than 80% of clay 
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minerals constitute illite and kaolinite suggesting deposi-
tion of coarser size clay minerals in high energy conditions. 
Average illite, smectite, and kaolinite + chlorite of each 
zone plotted on a ternary diagram (Fig. 6), was employed 
to understand the variation in paleo hydrodynamic energy 
conditions. The cluster of zones II and V and zones III and 
VI supported similar hydrodynamic energy conditions that 
prevailed during sedimentation, as interpreted using sedi-
ment components. Along the length of sediment core GC-13, 
from 2300–2000 cal yr BP in the zone I, all the clay minerals 
fluctuated while Kaolinite was overall higher than average 
and illite displayed a drastic decreasing trend, similar to that 
of sand, suggesting the prevalence of decreasing energy con-
ditions. Average illite value from 2000–1070 cal yr BP in 
zone II was 4.979% and from 300 to 130 cal yr BP in zone 
V 56.488% (Table 4) was lower than the overall illite (avg. 
60.091%) of the core whereas smectite average 9.365% and 
13.734%, respectively in these zones was higher than over-
all smectite average 7.352%, suggesting low energy condi-
tions. In zone III (from 1070 up to 530 cal yr BP) and zone 
VI (from 130 cal yr BP to present) the average concentra-
tion of illite was 65.356% and 62.540%, respectively, was 
higher than the average illite of the core, whereas smectite 
average was 5.693% and 6.090% respectively in these zones 
was lower than the smectite overall average implying higher 
energy conditions. This strongly supports the interpretations 
made based on depositional environments using sediment 
components except for zone IV.

Illite crystallinity, smectite crystallinity, and illite chem-
istry calculated for the core to identify the source and 
degree of weathering presented in Table 4 indicated uni-
form 0.2 Illite crystallinity which suggests the presence of 

highly crystalline illite. Blenkinsop (1988) and Verdel et al. 
(2011) have reported that illite crystallinity values below 
0.25 suggest a significant contribution from rocks that have 
undergone incipient to epigenetic grade metamorphism. The 
highly crystalline illite recorded in the core might be due 
to the transformation of smectite to illite (Mazumdar et al. 
2015; Bejugam and Nayak 2017). All the zones except zone 
II and zone IV have smectite crystallinity between 1 and 
1.5 (Table 4) suggesting the presence of crystalline smec-
tite (Ehrmann et al. 2005), while in zone II (from 2000 to 
1070 cal yr BP) and IV (from 530 to 300 cal yr BP) smec-
tite crystallinity is below 1 suggesting highly crystalline 
smectite, thus indicating poor hydrolyzation of smectite 
due to poor rainfall and temperature conditions (Bejugam 
and Nayak 2017; Thamban et al. 2002) in zone IV. Further, 
except for zone II (from 2000–1070 cal yr BP), all the zones 
have illite chemistry below 0.5 suggesting the source to be 
Fe–Mg rich rocks that are supplied through strong physi-
cal weathering from the Himalayan region. While in zone 
II, illite chemistry was above 0.5 indicating Al-rich illite 
through hydrolysis during weathering probably leached from 
felsic rocks of the Eastern Ghats (Bejugam and Nayak 2017). 
Further, in zone II supply from Al-rich illite and higher than 
average smectite along with highly crystalline smectite sug-
gest decreased input from the Himalayan region.

Source and changing depositional conditions 
with time from elements

The average concentrations of Al in different rock types dif-
fer by about 10% from the average crustal value (Taylor and 
McLennan 1985; Turekian and Wedepohl 1961). Therefore, 
they are used as indicators of lithogenous sources and to 
quantify the deposition of the lithogenic components (Mur-
ray and Leinen 1996). Al was the dominant element in core 
GC-13 and the average concentration of Al was higher than 
that of continental crust and Post Archean Australian shale 
(PAAS) implying a supply of abundant aluminosilicate 
minerals from the felsic rocks. Mazumdar et al. (2015) had 
earlier suggested that the sediment source off Mahanadi 
was dominated by felsic rocks. The average Fe value in the 
core was close to the PAAS value with a difference of only 
0.23%, while the average Fe was lower than the continental 
crust value. Ti value was slightly higher than PAAS and 
continental crust value. Mn was the least available major 
element in the core. The average Mn value was lower than 
PAAS and continental crust. Fe and Ti are generally associ-
ated with mafic rocks. Thus, a lower concentration of Fe 
and Mn, with slightly higher Ti than standards in the core 
GC-13 suggested less supply from mafic rocks. Among the 
major elements, Al and Ti exhibited a similar trend in the 
vertical distribution supporting terrigenous input. Ti from 50 
to 35 cm showed similar distribution to that of smectite with 

Fig. 6   Ternary diagram for classification of hydrodynamic conditions 
using clay minerals
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high values in the lower part of zone III suggesting relatively 
higher input from mafic source rock during the period. Fe 
and Mn showed similar profiles throughout the core which 
implies their similar redox behaviour.

Further, to understand the association of metals with the 
sediment component and clay minerals Pearson’s correla-
tion (Table 6) analysis was carried out. Al showed a strong 
correlation with Fe, Mn, and Pb indicating that these metals 
were associated with aluminosilicate minerals supporting 
their terrigenous source and suggesting similar post-dep-
ositional behaviour. Ti showed a good correlation with Fe, 
Fe with Mn, and Mn with Pb. Further, Mn showed a signifi-
cant correlation with silt supporting their lithogenic source. 
Smectite, Kaolinite, and Chlorite showed a strong nega-
tive correlation with illite indicating different source rock, 
hydrodynamic conditions, and climate. Smectite showed a 
positive correlation whereas illite showed a strong negative 
correlation with Ti indicating the source of Ti and smectite 
as basic igneous rocks.

Geochemical elements in sediments are not only an 
important proxy to identify the source, but also for under-
standing depositional processes and climate. In the studied 
core with depth all the major elements viz. Fe, Mn, Al, and 
Ti exhibited similar trends with a positive peak at 2190 cal yr 
BP (96 cm) and a sharp negative peak at 2130 cal yr BP 
(94 cm) in zone I i.e. from 2300 to 2000 cal yr BP, indicating 
supply of sediment from lithogenous rocks primarily from 
continental sources. From 2000 to 1070 cal yr BP in zone II 
Fe and Mn showed a similar trend with slightly higher values 
in the middle of the zone and Ti and Zn showed a fluctuating 
trend with higher than the average in this zone. Similarly 
from 300 to 130 cal yr BP in Zone V, Fe, Mn, Ti showed 
higher than average values and a decreasing trend, while, Zn 
maintained lower than average values. The presence of high 

clay content, smectite percentage, Ti, Fe along with Mn and 
Zn supports increased terrestrial material supply from 2000 
to 1070 cal yr BP and 300 to 130 cal yr BP periods to the 
Bay of Bengal. Both southwest (SW) and northeast (NE) 
monsoons with varying intensities and characteristics drain 
the Indian sub-continent and release sediments to the Bay of 
Bengal. High Ti concentrations and significant association 
of Fe and Ti in sediments derived from Krishna River were 
earlier related to the Deccan trap basalts source as they are 
rich in titanium (Das and Krishnaswami 2007; Bejugam and 
Nayak 2017; Kangane et al. 2019). A significant correla-
tion obtained between Ti and smectite and also between Ti 
and Fe supports their strong association in the sediments. 
Increased smectite content along with high Ti and Fe sug-
gests increased chemical weathering of mafic rocks possibly 
due to the intensification of southwest monsoon in the pres-
ence of a warm and wet climate (Sridhar 2009; Suokhrie 
et al. 2018). Increased rainfall in the Indian subcontinent 
during warm periods was documented earlier by Pothuri 
et al. (2014) and Pothuri (2017). The sediment material 
brought by the rivers during this period was distributed and 
the hydrodynamic conditions at the core site facilitated the 
deposition of higher clay, fine clay mineral smectite preserv-
ing high Ti and Fe.

In zone III from 1070 to 530 cal yr BP Al and Pb val-
ues were higher than the average and in zone VI, from 
130 cal yr BP to present, Pb values were higher than aver-
age and decreased at the surface, Al, however, fluctuated 
around the average value with a decrease at the surface. 
Fe, Mn, and Zn values were lower than average and Ti 
higher than average in the lower portion but showed a 
sudden decrease at 50 cm i.e., at 770 cal yr BP and fur-
ther, remained lower than the average in zone III. Low Fe, 
Mn, Zn, Ti in this zone indicated the reduced release of 

Table 6   Pearson’s correlation between sediment component, clay minerals and metals

Marked correlations are significant at p < 0.05000 N = 47

Sand Silt Clay Illite Kaolinite Smectite Chlorite Al Ti Fe Mn Pb Zn

Sand 1.000
Silt −0.086 1.000
Clay 0.054 −0.999 1.000
Illite 0.056 0.015 −0.016 1.000
Kaolinite −0.076 0.227 −0.225 −0.629 1.000
Smectite −0.081 −0.152 0.155 −0.665 0.062 1.000
Chlorite 0.101 −0.160 0.157 −0.311 −0.214 −0.021 1.000
Al −0.351 0.266 −0.255 0.094 −0.119 0.001 −0.026 1.000
Ti −0.024 −0.030 0.030 −0.593 0.218 0.530 0.229 0.139 1.000
Fe −0.153 0.134 −0.129 −0.172 −0.050 0.231 0.127 0.488 0.461 1.000
Mn −0.347 0.325 −0.314 0.089 −0.157 −0.006 0.049 0.645 0.183 0.754 1.000
Pb −0.318 0.204 −0.195 0.416 −0.175 −0.314 −0.206 0.373 −0.504 −0.015 0.294 1.000
Zn −0.018 0.009 −0.008 −0.103 −0.020 0.110 0.100 0.022 0.211 0.233 0.261 −0.160 1.000
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material from the Peninsula Rivers and reduced intensity 
of the southwest monsoon. In zone VI Fe, Mn, Ti values 
were higher than the average value and decreased at the 
surface, while Zn exhibited a slight positive peak in the 
lower part of this zone followed by a decrease at the sur-
face. High Fe, Mn, and Ti in zone VI may be due to their 
release in recent years by human-induced processes. High 
Pb in sediments supports the influence of anthropogenic 
activity. High Al, Pb with high silt and illite indicated an 
association of Al and Pb with illite. A good correlation 
obtained between illite and Pb supports their association. 
Sediment with high Al, therefore, must have been sup-
plied either from the Himalayan Mountain rocks rich in 
muscovite mica or acidic rocks of the Mahanadi catchment 
area or both. The geology of Mahanadi River along its 
course consists of acidic igneous rocks viz. khondalites, 
charnockites, granites, gneisses along with limestones, 
sandstones, and shales of Gondwanas (Chakrapani and 
Subramanian 1990). Illite generally forms through physi-
cal weathering in cold regions in arid climatic conditions 
from muscovite (Weaver 1989). Therefore, illite must have 
been released either from muscovite mica from cold cli-
mate or through high-grade metamorphism of acidic igne-
ous rocks (Kolla and Rao 1990). The high content of illite 
along with Al present in zones III and VI strongly supports 
their formation mainly in a cold climate and released from 
the rocks in the Himalayan Mountains during the inten-
sified northeast monsoon. Relatively high hydrodynamic 
conditions during the above periods in the studied core 
site facilitated the deposition of higher silt, coarse clay 
mineral illite preserving high Al and Pb. In zone IV i.e., 
from 530 to 300 cal yr BP the elements Al, Ti, Fe, Mn and 
Pb showed an increasing trend while Zn showed a posi-
tive peak in the lower part indicating a higher supply of 
sediment-rich in metals.

High Mn was associated with zones with higher silt 
namely zone IV (530–300 cal yr BP), zone VI (130 cal yr BP 
to present), and, to some extent, zone III (1070–530 cal yr 
BP). Similarly, Zn was also high in these zones in addi-
tion to zone II (2000–1070 cal yr BP). It is well known 
that Mn forms oxyhydroxide in oxic conditions and Zn is 
generally associated with Mn (Bejugam and Nayak 2017). 
The sediments brought from land along with high silt must 
have reduced the intensity of the Oxygen Minimum Zone 
facilitating the deposition of higher Mn and Zn in the stud-
ied sediment core. Further, the coarser sediments with high 
porosity allow for the remobilization of metals. In deeper, 
low oxygenated conditions, Mn is reduced faster than Fe giv-
ing rise to lower Mn/Fe ratios while in coarser oxygenated 
conditions higher Mn accumulation takes place leading to 
higher Mn/Fe ratios. Therefore, the Mn/Fe ratio is a reliable 
proxy used to understand the OMZ (Naeher et al. 2013). 
In core GC-13, lower Mn/Fe ratios and silt indicated the 

presence of lower oxygen concentrations in zone II and zone 
V, while, higher Mn/Fe ratios and silt content support high 
oxygen availability in zone III and VI (Table 5).

Climatic evolution during the last 2300 cal yr BP

Holocene climate experienced drastic variations and is rep-
resented by the Holocene Climate Optimum (HCO), Medi-
eval Warm Period, Little Ice Age, Modern Warm Period, 
and many other minor perturbations at different locations 
on the earth. Earlier, cyclicity in climate variation during 
the Holocene had been reported by Bond and Lotti (1995), 
Broecker and Hemming (2001), Burroughs (2003). Bond 
and Lotti (1995) have stated that the iceberg calving cycles 
correlate with warm-cold oscillations. Heinrich (1988) 
observed in the eastern North Atlantic, six discreet layers of 
sediment-rich ice-rafted debris in a deep-sea sediment core. 
These studies proved that there were climatic variations 
between cold and warm oscillations. The environmental and 
hydrodynamic conditions of climatic changes between cold 
and warm oscillations are expected to bring corresponding 
changes in conditions of sediment deposition.

When the zones in the sediment core studied are related to 
Holocene climate divisions, Zone I from 2300–2000 cal yr 
BP represents the Cold Epoch and Iron Age of 900–300 BC 
and zone II from 2000 to 1070 cal yr BP represents Roman 
Warm Climate which occurred between 250 BC and 400 AD 
and early Medieval Warm Period. However, the effects of the 
Medieval Warm Period from 900–1300 AD were supported 
by high smectite only in the lower part of zone III. Zone IV 
from 530 to 300 cal yr BP represents the Little Ice Age of 
1350–1550 AD and the retreating phase of the Little Ice Age 
from 1550 to 1850 AD was represented by zone V from 300 
to 130 cal yr BP. The zone VI from 130 cal yr BP to present 
seems to be influenced by human-induced climate change 
and represents a higher release of silt, illite, Al, and Pb due 
to the melting of Himalayan glaciers because of the increase 
in temperature in the recent years.

During the Iron Age – cold epoch (2300–2000 cal yr 
BP), cold and dry conditions have been regionally rec-
ognized through shifts from wetter conditions to gradual 
drier conditions (Ponton et al. 2012) and weaker summer 
monsoons (Naidu et al. 2020) and globally by Drake (2012) 
who reported that arid conditions prevailed in the Mediter-
ranean Sea based on changes in warm species dinocysts and 
foraminifera. In the Roman Warm Period (2000–1070 cal yr 
BP), increased clay indicated lower hydrodynamic condi-
tions and the presence of higher smectite and Ti suggested 
warm—wet conditions and increased southwest monsoons 
responsible for increased input of finer sediments from mafic 
igneous rocks. Regionally, increased southwest monsoons 
have been documented during the Roman Warm Period with 
a reduction in illite concentration in sediments. During this 
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period earlier studies have recorded a decrease in illite and 
suggested reduced fluvial influx (Chauhan et al. 2004), an 
increase of Ti indicated an increase in SW monsoon (Tham-
ban et al. 2007) and high negative ɗ 18Ow values suggested 
high summer monsoon (Naidu et al. 2020). Globally, Mar-
tin—Puertas et al. (2009) reported the high humid period 
with warmer temperature and moderate precipitation in 
Zonar Lake.

From ninth to the fourteenth century A.D., a climate 
warmer than that which prevailed around the twentieth 
century was observed by Hughes and Diaz (1994), and this 
epoch was named the Medieval Warm Period, as it coincides 
with the Middle Ages in Europe. The most recent and sig-
nificant climate transition from the medieval warm period 
up to the little ice age was observed in the late Holocene 
(Hughes and Diaz 1994; Crowley and Lowery 2000; Bradley 
et al. 2003; Holzhauser et al. 2005). In the present study, 
the period from 1070 to 530 cal yr BP showed an increase 
in silt and illite content reflecting increased hydrodynamic 
conditions and the presence of high illite suggested cold 
and dry climate conditions. However, earlier studies (Kup-
pusamy and Ghosh 2012; Surokhrie et al. 2018; Naidu et al. 
2020) have reported intensified southwest monsoons and 
warm–wet periods for the Bay of Bengal. Mann et al. (2009) 
reported warmer conditions equal to or more than the past 
decade but well below recent levels at the global level.

Zone IV from 530 to 300 cal yr BP of the studied core 
with high silt and illite showed clear evidence of the colder 
and dry conditions that characterized the Little Ice Age 
(LIA). An increase in the silt and illite input suggested an 
increase in hydrodynamic conditions and weaker southwest 
monsoons. During this period, Singhvi and Kale (2010) 
have reported the presence of cool and dry conditions and 
weakening of the SW monsoon and Kuppusamy and Ghosh 
(2012) have reported the period as the weakest southwest 
monsoon. Surokhrie et al. (2018) reported a sudden increase 
in angular asymmetric benthic foraminifera which indi-
cated a decrease in monsoon, less freshwater influx, and 
less coarse material, and Naidu et al. (2020) have reported a 
high positive ɗ18Ow value which suggested weaker summer 
monsoon during this period. Anderson et al. (2016) reported 
that the cooling over Eurasia during LIA was responsible for 
weakened the SWM and Easterbrook (2016) has reported 
decreased river flux during the ice age. However, in zone 
IV i.e. from 530 to 300 cal yr BP, the highest input of silt 
was noted. Studies on both continents and adjacent oceans 
have shown that there were increased dust fluxes during the 
glacial periods. The increased dust flux was recorded in most 
loess deposits on land with silt-sized particles (Pye 1987; 
Muhs and Bettis 2003). Stoll et al. (2007) reported that part 
of the shift to higher mean εNd throughout the Bay during 
glacial maxima may also arise from a uniform increase in 
deposition of far-field dust from Arabian and Persian Gulf 

regions. The higher aeolian flux during glacial times in the 
continental margin sediments off Pakistan was recorded by 
von Rad et al. (1999). They had also reported that the aeolian 
input generally decreased from glacial to interglacial times 
and strong riverine input and mobilization of fine-grained 
sediment coinciding with rapid deglacial sea-level rise.

During retreating LIA (300–130 cal yr BP), a slight 
increase in temperatures lead to an increase in clay, smec-
tite, and Ti indicated reduced hydrodynamic conditions. An 
increase in smectite and Ti suggested warm–wet conditions 
and intensified southwest monsoon strongly supports addi-
tional input of finer sediments from mafic igneous rocks. 
Since the onset of recent times (130 cal yr BP to present), 
a significant decline in southwest monsoon occurred due 
to global warming (Satyanarayana et al. 2019). However, 
increased silt and illite along with Ti, Fe Mn, and Pb sug-
gest an increase in hydrodynamic conditions and high sedi-
ment discharge. This was related to the recent rise in global 
temperature leading to the melting of Himalayan glaciers. 
Bradley and Jonest (1993) observed that a gradual increase 
in warmer conditions may be due to the relative absence 
of major volcanic eruptions and a high level of greenhouse 
gases.

Conclusions

The sediment gravity core retrieved at Latitude 18º 99′N 
and Longitude 85º 38′E from the western Bay of Bengal 
at 260.2 m water depth off Mahanadi indicated changing 
depositional environments from ~ 2300 years BP to present. 
Six zones of distinct depositional environments of varying 
hydrodynamic conditions were identified based on the dis-
tribution of sediment components and clay minerals. Simi-
lar hydrodynamic condition of zone II (2000 years BP to 
1070 cal yr BP) and zone V (300–130 cal yr BP) and also 
between zone III (1070–530 cal yr BP) and VI (132 cal yr 
BP to present) revealed reoccurrence of the similar deposi-
tional environments with time. Changes in release and inten-
sity of source materials are reflected in response to changes 
in the south monsoon intensity viz. cold and dry conditions 
with the weaker southwest monsoon in Zone III and VI and 
warm and wet conditions are reflected in zone II and V with 
the intense southwest monsoon. Changes in the intensity of 
OMZ based on variation in hydrodynamic conditions and the 
depositional environments were recorded. The variations in 
the paleo-depositional environment controlled by the hydro-
dynamic conditions in the studied area were regulated by the 
changes in climatic controlled monsoons and the release of 
material from the source areas with time. A climate change 
model from 2300 cal yr BP to present was discussed along 
with the regional and global scenarios.
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