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Abstract 

The effect of ambient conditions on living (Rose-Bengal stained) benthic foraminifera has been 

studied from the shelf and slope of central-western Bay of Bengal to assess the applicability of 

temporal changes in benthic foraminiferal morpho-groups (angular asymmetrical and rounded 

symmetrical) to reconstruct past monsoon changes. We report that the riverine influx and associated 

processes control the relative abundance of angular asymmetrical (AABF) and rounded symmetrical 

(RSBF) benthic foraminiferal morpho-groups in the central-western Bay of Bengal. Subsequently, 

temporal variations in relative abundance of AABF in a gravity core collected from outfall region of 

Pennar River, are used to reconstruct decadal scale past monsoon variability during the last ~1887 

years. An increased monsoon discharge is observed during Medieval Warm Period (MWP) and 

lower during Little Ice Age (LIA). The periodic changes with a frequency of ~123 and ~238 years 

are also identified, indicating a close relationship between monsoon and solar activity. 
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1.Introduction  

About 65% of the major produce in India comes from agriculture (Gadgil, 1999) and it is highly 

dependent on the monsoon rainfall. Minor changes in rainfall result in severe drought in many parts 

of the country and a drop in food production and gross domestic product (Gadgil, 2004). Hence, 

prediction of future trends in monsoon is necessary for sustainable development. Monsoon prediction 

requires proper understanding of monsoon dynamics. Even though the effect of various regional and 

global processes on Indian monsoon is known (Halley, 1686; Charney, 1969; Chao and Chen, 2001; 

Gadgil, 2003; Wang et al., 2009), the inconsistent relationship (Kumar et al., 1999) hampers proper 

monsoon prediction. Additionally, long-term trends in monsoon variability are also hard to infer 

from limited instrumental data (Goswami, 2006). The knowledge of the past monsoon can help in 

understanding long-term trends in monsoon behavior under various boundary conditions (Clift and 

Plumb, 2008; Mohtadi et al., 2014). Various proxies from both continent and marine environment 

have helped in the reconstruction of past monsoon (Henderson, 2002, Staubwasser and Weiss, 2006; 

Clift and Plumb, 2008; Achyuthan et al., 2013; Bradley, 2014; Mohtadi et al., 2014; Saraswat et al., 

2014; 2015). Proxies from the marine environment, in particular, offer long, continuous and 

uninterrupted records. 

Several attempts have been made to reconstruct past monsoon from the northern Indian 

Ocean by using both faunal census (Clemens and Prell, 1991; Nigam et al., 1992; Nigam et al., 1995; 

Naidu and Malmgren, 1996; Gupta et al., 2003; 2005; Saraswat et al., 2005; Singh et al., 2011; 2014; 

Saraswat et al., 2016) and other proxies (Sirocko et al., 1993; Kudrass et al., 2001; Chauhan, 2003; 

AnilKumar et al., 2005; Tiwari et al., 2005; Govil and Naidu, 2011; Saraswat et al., 2012; 2013; 

Kessarkar  et al., 2013; Mahesh and Banakar, 2014; Mohtadi et al., 2016; Sijinkumar et al., 2016). A 

majority of these records were based on cores collected from regions with comparatively low 

sedimentation rate and thus had centennial to multi-centennial resolution. The reconstruction of past 

monsoon from high sedimentation rate areas can help to generate sub-centennial to decadal 

resolution records that can help in understanding short-term monsoon variability. A huge amount of 

sediment discharge in the Bay of Bengal provides an ideal location to reconstruct high-resolution 

paleo-monsoon records. High resolution sub-centennial to decadal resolution records from the core 

monsoon region of the northern Bay of Bengal are, however, limited mainly because of the sparse 

presence of planktic foraminifera (Kudrass et al., 2001; Chauhan, 2003; Rana and Nigam, 2009; 

Rashid et al., 2011; Panchang and Nigam, 2012; Ponton et al., 2012). The abundant presence of 

benthic foraminifera in these sediments can help to reconstruct high-resolution past monsoon 

changes. Earlier, temporal changes in benthic foraminiferal morpho-groups, namely angular 
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asymmetrical benthic foraminifera and rounded symmetrical benthic foraminifera were suggested as 

a proxy to reconstruct past monsoon from the riverine influx dominated continental shelf regions of 

the Arabian Sea (Nigam et al., 1992). The application of benthic foraminiferal morpho-groups for 

paleoclimatic studies stemmed from their preference for characteristic ambient conditions, especially 

depth (Severin, 1983), organic carbon (Corliss and Chen, 1988) and dissolved oxygen concentration 

(Bernhard, 1986; Kaiho, 1991; Nigam et al., 2007; Mazumder and Nigam, 2014). The relationship 

between a particular morpho-group and ambient environment, however, may vary regionally. The 

western Bay of Bengal is ideal to assess the applicability of such benthic foraminiferal morpho-

groups to reconstruct past monsoon and use it to reconstruct decadal resolution monsoon changes. 

2.Study Area  

The study area is in the central-western Bay of Bengal and covers major rivers, namely Krishna-

Godavari, Pennar and Kaveri (Fig 1). The Bay of Bengal is the largest bay in the world and forms the 

north-eastern part of the Indian Ocean. The hydrographic parameters in the Bay of Bengal are 

strongly influenced by the seasonally reversing monsoon currents and resulting immense fresh water 

run-off (during southwest monsoon freshwater discharge is 183×1011 m3) (Varkey et al., 1996). The 

sediment accumulation in this river dominated bay is huge (1350 million tons/yr, Milliman, 2001). 

This freshwater influx combined with the monsoon winds strongly influences surface water 

circulation and stratification (Gomes et al., 2000). The freshwater influx reduces the surface water 

salinity by ∼7 psu in the northern bay (Levitus et al., 1994) and enhances primary productivity by 

increasing nutrient supply (Ramaswamy and Nair, 1994). However, biological productivity in the 

Bay of Bengal is comparatively lower than in the Arabian Sea due to strong stratification, more 

cloud cover and turbidity (Prasanna Kumar et al., 2010). The eddy pumping mechanism in the Bay 

of Bengal has, however, explained how the biological productivity is enhanced (Ostlund et al., 1980, 

Prasanna et al., 2004) resulting in comparable annual organic flux with that of Arabian Sea 

(Ramaswamy and Nair, 1994). The distribution of oxygen is influenced by physical processes like 

freshwater influx, upwelling, atmospheric interaction, water mass transport and biological processes 

like photosynthesis and respiration. In the Bay of Bengal, the waters experience intense oxygen 

depletion at intermediate depths of 200–800 m resulting in a pronounced oxygen minimum zone 

(OMZ), with the resultant dissolved oxygen content as low as >5 μM (Wyrtki, 1971; Rao et al., 

1994; Sardessai et al., 2007). The uptake and demand for oxygen in the bay, however, does not lead 

to hypoxic conditions as in Arabian Sea which is known for its OMZ and de-nitrification (de Sousa 

et al., 1996; Naqvi et al., 2000). The salinity at the sediment-water interface is low in front of the 

river mouth and increases towards the slope (Fig. 2). The seawater temperature at the same interface 
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is, however, much higher in the shelf region and decreases considerably towards the deeper region 

(Fig. 2). The range of seawater temperature at the sediment-water interface is much large as 

compared to the salinity. The dissolved oxygen is comparatively lower in the upper part of the study 

area (Fig. 2).  

Materials and Methods 

A total of 46 surface sediment samples and a gravity core collected from the western Bay of Bengal 

were used (Fig. 1, Table 1). The surface sediments comprised of 35 multi-core top (SK308 MC-02 to 

MC-38) and 11 spade-core top (SSK35 SC-37 to SC-46) samples covering a depth range from 27 m 

to 2494 m. The salinity and temperature of the overlying bottom water were measured onboard at all 

the 35 multicore stations using a hand held multimeter (model number: S47-K/'SevenMulti'). The 

environmental data (salinity and temperature) for the 11 spade core stations as well as dissolved 

oxygen concentration at all stations (both multi-core and spade core) was extracted from World 

Ocean Circulation Experiment (WOCE), Global Hydrographic Climatology 2009 (Gouretski and 

Koltermann, 2004) using Ocean Data View software 4 version (Schlitzer, 2016). The gravity core 

(SK308 GC-02) was collected off Pennar River (14°34.115’ N, 80°35.112’ E, and 2094 m water 

depth) (Table 2). The top 120 cm of the core, sub-sampled at 1 cm interval, was used to reconstruct 

past monsoon. 

The surface sediment samples were preserved in Rose-Bengal stain (2 g Rose-Bengal per liter 

of 99.9% ethanol) for a minimum of two weeks to differentiate living (stained) from the dead 

(unstained) foraminifera. The sediment samples were processed following the standard processing 

technique of soaking in distilled water overnight followed by washing through a 63 µm sieve using a 

slow shower. A minimum of 300 living, as well as 300 dead benthic foraminifera, were picked from 

a representative aliquot obtained by coning and quartering the dried >63 µm coarse fraction (CF). In 

samples with a limited number of living specimens, a fixed weight of 0.1 g was taken for picking. To 

decrease the discrepancy in picking Rose-Bengal stained living benthic foraminifera, only those 

specimens with clear pink colouration and tests with more than one chamber completely stained were 

picked and counted. From the picked benthic assemblage, angular asymmetrical benthic foraminifera 

(AABF) were counted based on the external morphology, following the criteria of Severin, (1983) 

and Nigam et al., (1992). This parameter is well established and widely used as a proxy for 

paleomonsoon intensity in regions near the riverine influx (Nigam et al., 1992). Additionally, 

rounded symmetrical benthic foraminifera (RSBF) were also counted. The distribution pattern of 

AABF and RSBF was compared with the ambient environmental data. A statistical analysis, 
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Principal Component Analysis (PCA) was performed to understand and limit the influence of the 

more significant environmental parameter on the relative abundance of AABF and RSBF. 

The core samples were processed following the same method as the surface sediment 

samples. The age model of the gravity core SK308 GC-02, was established by using three accelerator 

mass spectrometer (AMS) 14C dates measured on mixed planktic foraminifera picked from >63 µm 

fraction (Table 3). AMS dating was carried out at the Centre for Applied Isotopic Studies, University 

of Georgia, USA.  The 14C ages were then calibrated by using Marine13 dataset (Reimer et al., 2013) 

from the online calibration program Calib7.1 version (Stuiver and Reimer, 2016). The average 

reservoir correction (ΔR) of 108±208 yr for Pondicherry, India (12.1°N 80°E; Southon et al., 2002), 

Rameswaram, Tamil Nadu (9.17°N 79.22°E; Dutta et al., 2001) and Mandapam, Tamil Nadu, (9.2°N 

78.7°E; Dutta et al., 2001) was applied to calibrate radiocarbon dates. Considering the top to be 

intact, it was assigned to the year 2014 (year of sample collection). The dates of all other samples 

were calculated assuming constant sedimentation rates in between and thereby linearly interpolating 

the values. The sample resolution was 13 yr/cm in the top 100 cm of the core and 24 yr/cm for the 

rest of the core till 120 cm. Thus, the core covers a time span from 226 AD till 2014 AD representing 

~1887 years. AABF and RSBF were counted from a representative aliquot obtained by coning and 

quartering the >63 µm sieved coarse fraction and the percentages were calculated for each sample. 

The down-core variation in the relative abundances of AABF, RSBF and coarse fraction (%CF) were 

used to reconstruct paleomonsoon changes. Spectral analysis of AABF was performed using 

REDFIT 3.5 program (Schultz and Mudelsee, 2002) to verify if there is any cyclicity in climatic 

events. 

Results 

1.1.  Organic Carbon (%Corg) 

Organic carbon is low in the inner shelf region and increases towards the slope (Fig. 3). A 

comparatively higher %Corg is observed in the region north of Godavari River. Another patch of 

higher %Corg is also observed in the slope region in front of both the Krishna and Pennar River. 

1.2.  Coarse fraction (>63 μm) (%CF) 

The %CF in the study area is the highest at SC-45 (96.4%) and lowest at MC-24 (0.09%). The %CF 

increases from the shallow depth towards the deep. The trend of increase in %CF away from the 

shallow depth holds true in all the stations lying in the vicinity of the rivers, except for stations 

falling in between the river mouth. Also, the southern segment of the study area exhibited higher 

%CF (Fig. 4). 
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1.3.  Ecology of morpho-groups 

Benthic foraminifera were grouped into AABF and RSBF (Figure 5). The relative abundance of 

fossil AABF is the maximum (95%) at SC-36 (145 m water depth) and the living AABF accounted 

for up to 100% of total benthic foraminifera at MC-04 (978 m water depth). The relative abundance 

of both fossil and living AABF is comparable (Fig. 6, Table 1). The relative abundance of AABF 

increases towards the deeper locations, i.e. away from the river mouths. These deeper depth locations 

in the study area represent a calmer and more saline environment, with colder and less oxygenated 

waters. The relative abundance of fossil RSBF in surface sediment samples is the maximum (75%) at 

SC-40 (53 m water depth) and that of living RSBF is maximum at SC-41 (61 m water depth). The 

relative abundance of RSBF is higher towards the shallow depth (Fig. 6) and closer to the major 

riverine systems like Godavari-Krishna and Pennar rivers. The abundance is also high, right at the 

river mouths (SC-40, MC-28, MC-29 and MC-07) than in the region in-between the river mouths. 

The salinity is low in the shallower depths near river mouths (Krishna-Godavari, Pennar and 

Cauvery) and a comparison with the relative abundance of AABF indicates direct relationship, 

suggesting that this morpho-group favours hypersaline water. Additionally, the DO decreases 

towards the deeper depths where relative abundance of AABF is high, suggesting an inverse 

relationship between the two (Fig. 2). 

1.4.  Principal Component Analysis 

For a better and more reliable interpretation of the relationship of the AABF and RSBF relative 

abundance with the ambient environmental parameters, (bottom water depth, temperature, DO, 

salinity and %Corg), principal component analysis was performed (Fig. 7, Table 4). Here, the 

foraminiferal data was taken as independent variable while all the other measured environmental 

parameters were taken as dependent variable. The reliability of the obtained data was measured by a 

standard value called the statistical significance level (p-value/level). The correlations are considered 

statistically significant at p<0.05.  Bottom water temperature shows significant positive relation (r2 = 

0.4) with AABF. Bottom water DO and temperature has a negative relation (r2 = -0.37 and -0.52, 

respectively) with AABF abundance. However, bottom water DO does not have significant control 

on the abundance. %CF and bottom water salinity does not show any significant relation with AABF 

abundance. 
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1.5.  Subsurface Signatures: 

Coarse fraction 

The %CF in the core (SK308 GC-02) varies from a minimum of 0.2% at ~734 AD (99-100 cm) to a 

maximum of 1.4% at ~1762 AD (19-20 cm) (Fig. 8). The %CF prior to ~1762 AD was more or less 

constant; however, an increase began by ~1670 AD reaching a peak at ~1762 AD. This increase in 

%CF was followed by a gradual descent. The %CF began to increase again from ~1900 AD onwards 

and continued till present. 

Angular Asymmetrical Benthic Foraminifera (AABF) 

The relative abundance of AABF fluctuates throughout the core (Fig. 8). The maximum and more 

amplified fluctuations are observed before ~1201 AD, as compared to the ages afterward. The lowest 

abundance of AABF (29%) is at ~885 AD (87-88 cm) and the highest (92%) is at ~589 AD (105-106 

cm). Prominent peaks in relative abundance of AABF are observed at ~323 AD (116-117 cm), ~589 

AD (105-106 cm), ~734 AD (99-100 cm), ~848 AD (90-91 cm), ~961 AD (81-82 cm) then again at 

~1100 AD (70-71 cm), ~1201 AD (62-63 cm), ~1302 AD (54-55 cm), ~1431 AD (44-45 cm), ~1630 

AD (29-30 cm), and also at ~1935 AD (6-7 cm). It is also noteworthy to mention that the AABF 

percentage is inversely related to the %CF percentage throughout the core, with higher abundance of 

AABF correlating with lower %CF (Fig 6). This relation is clearly seen at ~885 AD and during the 

period between ~1650 AD to ~1750 AD where the %CF spikes up to a maximum level while the 

AABF percentage shows a decreasing trend (Fig. 8). 

Rounded Symmetrical Benthic Foraminifera (RSBF) 

The relative abundance of RSBF in the core ranges from a minimum of 8% at ~589 AD (105-106 

cm) to a maximum of 71% at ~885 AD (87-88 cm). In surface sediments, RSBF are abundant at the 

shallower depths, particularly at the mouth of the rivers where higher energy conditions prevail. In 

the core, the higher abundances of RSBF correlates well with, the higher %CF (Fig. 8). 

Discussion 

1.6.  Ecology of benthic foraminiferal morpho-groups  

The relative abundance of AABF in the surface sediments from the shelf and slope of the central-

western Bay of Bengal increases away from the shallow depth indicating its preference for 

hypersaline, calmer and less oxygenated colder water. Therefore, in the central-western Bay of 

Bengal, AABF relative abundance is directly related to salinity. Further, the %CF has an inverse 

relationship with the AABF abundance indicating their preference for finer substrate deposited in 
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low energy environment. From the PCA plot (Fig. 5, Table 3), it is clear that there is significant 

preference of AABF to deeper water depth where the temperature is comparatively lower than the 

shallow water depth. In view of the absence of a direct parameter to measure the bottom water 

energy at different stations, the depth can be used as an indicator of bottom water energy condition. 

The increased relative abundance of AABF at deeper depths, away from the river mouth, therefore, 

suggests its preference for low energy, cold water. This is in accordance with previous reports from 

the Arabian Sea (Nigam et al., 1992) as well as from northern Bay of Bengal (Manasa et al., 2016). 

The statistically insignificant relationship with bottom water salinity is attributed to the small 

difference in bottom water salinity at various stations, as compared to the large difference in 

seawater temperature. The freshwater influx dominated upper water column in the Bay of Bengal is 

warmer than the layers below (Durand et al., 2011). The foraminiferal response to temperature in the 

western Bay of Bengal, therefore can also be attributed to the freshwater influx. Therefore, in the 

shelf and slope of the central-western Bay of Bengal, the higher AABF abundance is suggestive of 

reduced freshwater influx during weak monsoon periods. Even though the DO concentration does 

not seem to significantly influence AABF abundance, the DO concentration is low at deeper water 

depth. The temporal changes in the relative abundance of morpho-groups as a proxy for freshwater 

influx and hence monsoon intensity has been widely used to reconstruct paleomonsoon fluctuations 

from the Arabian Sea (Nigam et al., 1992). As the volume of freshwater and material influx of the 

rivers draining into the Bay of Bengal is higher, it is necessary to assess the applicability of the same 

in river-dominated central-western Bay of Bengal. The preference of AABF to oxygen-depleted 

environments has also been reported by various workers (Sen Gupta and Machain-Castillo 1993; 

Nigam et al. 2007; Schumacher et al. 2007; Nagy et al. 2009; Caulle et al. 2014). We infer from the 

modern distribution of relative abundance of AABF, that, the higher percentage of AABF indicates 

less freshwater influx and hence weaker monsoon, lesser turbulence, and less coarse material. 

1.7.  Past Monsoon Changes 

The ecology of AABF as inferred from the surface sediments points out to its preference to deeper 

depth locations having low and calmer energy conditions with less oxygenated, cooler and more 

saline water. With this knowledge, it can be inferred that the various peaks of AABF relative 

abundance throughout the core indicate periods of lesser terrigenous influx and further to periods of 

reduced monsoonal precipitation. Additionally, the %CF in the core is a reflection of the energy 

condition wherein, the increase in %CF can be related to higher energy conditions. The more coarse 

material is brought to the continental margins, because of high precipitation as it brings more 

terrigenous sediments through freshwater influx. A comparison of the AABF and %CF suggests an 
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inverse relationship with each other. The above-mentioned relationship between AABF and %CF 

holds true considering the vicinity of the core to the Pennar River mouth. The %CF tends to be 

higher (lower) and AABF lower when the freshwater input is more (less) due to intense (weak) 

monsoon. 

The observed peaks in AABF record thus indicate dry periods or periods of comparatively 

less monsoon precipitation. An increasing trend of AABF from ~372 to ~589 AD with an exception 

at ~493 AD suggests lesser terrigenous influx and implies a weakening of monsoon precipitation 

during that period. An abrupt decrease from ~589 AD to ~637 AD and an abrupt increase from ~637 

to ~734 AD respectively may indicate rapid strengthening and weakening of monsoon. This 

inference is also supported by respective increase and decrease in %CF during the same period. An 

overall decreasing trend of AABF from ~734 AD onwards till ~1251 AD (Fig. 7), except for a 

prominent peak at ~1201 AD, imply an increasing trend of monsoon precipitation. A period of 

minimum AABF (~885-993 AD) with corresponding high %CF (~885-923 AD) indicates the period 

of maximum monsoon influx. An abrupt increase in AABF with peaks at ~1431, 1524, and 1630 AD 

signifying an abrupt decrease in monsoon influx marked the beginning of Little Ice Age (Fig. 9). 

Other records from Arabian Sea (Agnihotri et al., 2002, Gupta et al., 2003), stalagmite records from 

Oman and Yemen (Burns et al., 2002, Fleitmann et al., 2007), pollen records from western Himalaya 

(Phadtare and Pant, 2006), also reported relatively warmer and wetter climate during Medieval 

Warm Period (MWP) as compared to weaker monsoon during Little Ice Age. The inference of 

weaker monsoon intensity during LIA from our record is also supported by speleothem records from 

Dandak Cave in Central India (Sinha et al., 2007) as well as planktic foraminiferal records from the 

Arabian Sea (Tiwari et al., 2005 Agnihotri et al., 2002). All of these records reported drier conditions 

implying lesser monsoonal rainfall during LIA. Similar weaker monsoon during Little Ice Age has 

also been reported from other parts of the world, including speleothem records from Wanxiang Cave 

(Zhang et al., 2008) and tree ring records from southern Vietnam (Buckley et al., 2010). Except for a 

decrease at ~1683 AD, ~1736 AD and again at ~1762 AD, the overall increasing trend of AABF 

appears to continue till ~1935 AD. The decrease in AABF at ~1683 AD, ~1736 AD and ~1762 AD is 

also observed in foraminiferal records off Myanmar (Panchang et al., 2012) where a low salinity 

indicator species was used to delineate freshwater pulses at ~1675, 1750 and 1850 AD. 

1.8.  Cyclicity 

The AABF relative abundance dataset was analyzed for cyclicity using the software Redfit 3.4, to 

find out if any periodicity exists in climatic events. The AABF dataset revealed a ~123 and ~238 

years cyclicity at 95% and 90% level of significance, respectively (Fig. 10). As also can be visually 
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observed (Fig. 7), the most prominent cycles range from 101 to 150 years. These cycles may be 

related to various climate forcing factors or feedback mechanisms such as solar cycles. The observed 

~123 and ~238 year periodicity closely match the periodicities of sunspot numbers (117, 132, 150, 

209, 226 years), indicating a good relationship between solar activity and monsoonal processes also 

reported in other previous studies (Agnihotri et al., 2002, Tiwari et al., 2005, Wang et al., 2005, 

Gupta et al., 2005, Rana et al., 2009). 

Conclusions 

The factors controlling the relative abundance of angular asymmetrical and rounded symmetrical 

benthic foraminiferal morpho-group have been evaluated from the central western Bay of Bengal. 

We report that riverine influx and associated changes affect the spatial variation in relative 

abundance of benthic foraminiferal morpho-groups. The technique was then applied on gravity core 

SK308 GC-02 recovered off Pennar river mouth, where the river discharge is majorly controlled by 

monsoonal precipitation. The AABF and %CF variations were found to be almost inversely related; 

higher AABF corresponding to lower %CF, suggesting weaker monsoon and vice versa. A general, 

increasing trend of monsoonal discharge was observed during the MWP (~734 -1251 AD) except at 

~1201 AD, and decreased monsoonal discharge during LIA (peaks at ~1431, 1524, and 1630 AD), 

continuing till present with some minor fluctuations. The AABF dataset exhibited prominent ~123 

and ~238 years cyclicity which is very indicative of a strong relationship of monsoon with solar 

activity. 
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Legend to Figures and Tables 

Figure 1: Location of surface sediment samples (black-filled inverted triangles) and gravity core 

(green filled square). The contour are bathymetry in meters. The location of major rivers 

is marked on the map. The study area in the northern Indian Ocean is marked by the black 

rectangle in the inset. 

Figure 2: Salinity (psu) (A), dissolved oxygen (ml/l) B) and temperature (°C) at the sediment water 

interphase in the western Bay of Bengal. The plots are based on the measurements made 

on water retrieved in multi-core tops, augmented with the data downloaded from world 

ocean atlas (Levitus et al., 1994; Locarnini et al., 2010). 

Figure 3: Distribution of Corg (%) in surface sediments of the central-western Bay of Bengal. The 

locations of surface sediment samples are marked by inverted black triangles. The 

bathymetric contours are marked by thin black lines labelled in meters. The major rivers 

draining in the western Bay of Bengal are also marked on the map. 

Figure 4: Distribution of coarse fraction in the study area. The bathymetric contours are labelled in 

meters. The scale is in percentage. The major rivers draining in the western Bay of 

Bengal are also marked on the map. Black filled inverted triangles are the surface 

sediment locations. 

Figure 5: Representative angular asymmetrical (A-H) and rounded symmetrical (I-P) benthic 

foraminiferal genera. A. Hormosina, B. Reophax, C. Astacolus, D. Brizalina, E. Bolivina, F. 

Cassidelina, G. Bulimina., H. Uvigerina, I. Rosalina, J. Hyalinea, K. Ammonia, L. Cibicides, M. 

Discorbinella, N. Ammodiscus, O. Amphistegina, P. Asterorotalia. The scale bar is 100 µm, 

unless otherwise mentioned. 

Figure 6: Surface distribution of relative abundance of benthic foraminiferal morpho-groups. A. 

Fossil angular asymmetrical benthic foraminifera (AABF); B. Fossil rounded symmetrical 

benthic foraminifera (RSBF); C. Living AABF; D. Living RSBF. The scale is in 

percentage. 

Figure 7: Principal Component Analysis biplot of morpho-groups and environmental data. The red 

squares with the red dashed lines denote the morpho-groups while the blue circles with 

blue dashed lines denote the environmental data.  
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Figure 8: Down-core variation in coarse fraction abundance (%) and relative abundance of both the 

angular asymmetrical benthic foraminifera (AABF) and rounded symmetrical benthic 

foraminifera (RSBF). The grey line is the original data and the thick black line is 3-point 

running average. The age of the sediments has been established from AMS 14C dates. 

Figure 9: Broad trends in down-core changes in relative abundance of angular asymmetrical 

benthic foraminifera (AABF). The grey line is the original data and the thick black line is 

3-point running average. The blue line marks the decrease in AABF abundance 

suggesting stronger monsoon during Medieval Warm Period (MWP) and the red line 

indicates a progressive increase in AABF abundance suggesting weaker monsoon during 

Little Ice Age (LIA). 

Figure 10: Result of spectral analysis of temporal changes in relative abundance of angular 

asymmetrical benthic foraminifera in core. The periodicity at various confidence intervals 

is also marked. 

 

Table 1: Details of surface samples. The coarse fraction percentage and relative abundance of both 

the fossil and living angular asymmetrical (AABF) and rounded symmetrical benthic 

foraminifera (RSBF) is also given. 

Table 2: Details of the core location used to reconstruct past monsoon changes during the last 

~2000 years. 

Table 3: Details of 14C accelerator mass spectrometer dates on core SK308 GC-02. 

Table 4:  Details of the correlation analysis. Marked correlations in red, are significant at p<0.0500. 
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Table 1: 

Sample 

Name 

Long 

(°E) 

Lat 

(°N) 

Depth 

(m) 

Coarse 

Fraction 

(%) 

Fossil 

RSBF 

(%) 

Fossil 

AABF 

(%) 

Living 

RSBF 

(%) 

Living 

AABF 

(%) 

MC-02 80.59 14.57 2090.0 1.5 26 74 60 40 

MC-03 80.46 14.57 1476.0 1.5 29 71 64 36 

MC-04 80.44 14.57 978.5 0.4 45 55 0 100 

MC-05 80.41 14.57 396.6 1.1 36 64 20 80 

MC-06 80.39 14.57 243.8 1.1 45 55 29 71 

MC-07 80.37 14.57 47.0 3.4 75 25 61 39 

MC-08 80.49 15.35 76.0 1.9 42 58 45 55 

MC-09 80.52 15.32 274.0 0.5 15 85 23 77 

MC-11 80.56 15.27 500.3 0.8 63 37 48 52 

MC-12 80.50 15.25 785.9 0.6 39 61 21 79 

MC-13 80.64 15.22 921.0 0.7 41 59 42 58 

MC-14 80.69 15.18 1518.8 0.7 42 58 54 46 

MC-15 80.73 15.15 1940.4 0.4 31 69 55 45 

MC-16 80.88 15.02 2481.6 0.4 10 90 72 28 

MC-18 81.56 15.53 2005.6 0.3 20 80 38 62 

MC-19 81.48 15.61 1463.0 0.4 31 69 35 65 

MC-20 81.35 15.76 1069.0 0.7 15 85 55 45 

MC-21 81.32 15.80 749.2 0.4 27 73 60 40 

MC-22 81.30 15.78 767.8 0.7 21 79 74 26 

MC-23 81.31 15.81 507.3 0.3 49 51 69 31 

MC-24 81.20 15.76 202.0 0.9 6 94 5 95 

MC-25 81.24 15.80 79.5 1.1 33 67 48 52 

MC-26 81.23 15.79 102.6 0.4 15 85 14 86 

MC-27 81.69 15.82 55.1 1.4 31 69 17 83 

MC-28 81.22 15.83 31.6 2.9 65 35 62 38 

MC-29 82.38 16.58 27.3 1.3 76 24 81 19 

MC-30 82.39 16.57 40.0 0.7 55 45 90 10 

MC-31 82.41 16.57 107.3 1.1 29 71 37 63 

MC-32 82.43 16.52 259.3 0.6 3 97 17 83 

MC-33 82.44 16.47 495.6 0.5 38 62 48 52 

MC-34 82.47 16.44 744.4 0.7 33 67 81 19 

MC-35 82.52 16.42 1005.8 0.5 57 43 77 23 

MC-36 82.60 16.25 1511.1 0.7 73 27 43 57 

MC-37 82.67 16.24 1980.6 0.7 14 86 56 44 

MC-38 82.82 16.06 2494.9 1.5 8 92 59 41 

SC-36 82.34 16.48 145.0 0.2 5 95 5 95 

SC-37 81.99 16.26 44.0 1.5 63 37 60 40 

SC-38 81.73 16.17 52.0 0.3 58 42 76 24 
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SC-39 81.26 15.83 62.0 1.8 54 46 75 25 

SC-40 81.08 15.71 53.0 0.5 87 13 68 32 

SC-41 80.86 15.59 69.0 0.1 70 30 78 22 

SC-42 80.31 12.35 56.0 96.4 71 29 60 40 

SC-43 80.38 12.52 52.0 94.8 58 42 56 44 

SC-44 80.24 12.52 33.0 71.5 64 36 83 17 

SC- 45 80.57 12.68 107.0 94.2 22 78 67 33 

SC-46 80.67 12.72 190.0 66.6 26 74 20 80 

 

 

Table 2: 

Core Water depth 

(m) 

Latitude 

(°N) 

Longitude 

(°E) 

SK308 GC-02 2094 14°34.115 80°35.112 

 

Table 3: 

Lab Code Sample 

Interval (cm) 

14C age  

(yr BP) 

Calibrated Age (Median 

Probability) (yr BP) 

UGAMS23864 48-50 1170 649 

UGAMS23865 98-100 1830 1280 

UGAMS23866 185-187 3610 3381 

 

Table 4: 

Variable %CF AABF F RSBF F RSBF L AABF L 

Depth -0.27 0.49 -0.49 0.06 -0.06 

Salinity 0.21 0.17 -0.17 -0.19 0.19 

Temperature 0.32 -0.52 0.52 0.22 -0.22 

Dissolved Oxygen 0.30 -0.37 0.37 -0.08 0.08 

%Corg -0.43 0.49 -0.49 -0.20 0.20 

 

 


