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Abstract 

 
We reconstruct paleo-productivity and bottom water oxygenation changes during the past 32 ka, 

from the southeastern Arabian Sea, using absolute abundance of planktic foraminifera, relative 

abundances of Globigerina bulloides, angular asymmetrical benthic foraminifera (AABF), 

measurements of total organic carbon (Corg), %CaCO3, and Globigerinoides ruber δ18O and δ13C. 

The faunal and geochemical proxies suggest that productivity in the southeastern Arabian Sea was 

high during MIS 3. A distinct decrease in productivity is inferred during the last glacial maximum 

(19-23 ka) (LGM). Bottom water was well oxygenated during MIS3, only to become oxygen-

depleted during the LGM. Productivity decreased abruptly during Heinrich Stadial 1 (HS-1), but the 

response to Heinrich Stadial 2 (HS-2) was different. Low productivity during the early deglaciation 

is also synchronous with an increase in ice-volume corrected δ18O (δ18Osw-ivc), a salinity proxy, 

between 18.9 (18.3-18.9) ka BP and 15.9 (15.0-16.3) ka BP, and a concomitant decrease in δ13C 

between 18.2 (17.5-18.7) ka BP and 16.4 (15.3-16.7) ka BP. These patterns suggest that the global 

δ13C minimum event during the last deglaciation was associated with the weak monsoon interval 

during HS-1 and a drop in productivity in tropical regions. A progressive increase in productivity is 

observed throughout the Holocene, with a distinct jump at 5.4 (3.8-6.3) ka BP. We infer that 

although the productivity was higher in the eastern Arabian Sea during the larger part of the last 

glacial interval, the overall resultant carbon sequestration was confined only to a restricted zone and 

not large enough to substantially alter atmospheric CO2. 
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 Introduction 

Glacial-interglacial transitions indicate a close relationship between deglacial warming and 

rising atmospheric CO2 (Monnin et al., 2001; Shakun et al., 2012; Marcott et al., 2014). Temporal 

changes in marine productivity, especially in the Southern Ocean, have been proposed as one of the 

factors which drive glacial-interglacial change in atmospheric CO2 (Martin, 1990; Martínez-Garcia et 

al., 2009; Jaccard et al., 2016). Although field and modeling studies supported those findings, they 

inferred that the Southern Ocean enhanced iron fertilization induced productivity changes during the 

glacial interval can account only for ~40 ppmv change out of the total 80-100 ppmv change in 

atmospheric CO2 during the last glacial-interglacial transition (Archer et al., 2000; Watson et al., 

2000; Kohfeld et al., 2005; Brovkin et al., 2012). Other regions with increased glacial productivity 

that might have contributed to the glacial atmospheric CO2 drop, are yet to be identified (Costa et al., 

2016). Contrasting records of marine productivity during the last glacial-interglacial transition, 

however, suggest that regional productivity changes are highly variable (Jaccard et al., 2013). The 

Arabian Sea is one of the most productive tropical regions at present (Banse, 1987; Marra and 

Barber, 2005). Even though a majority of the records from the summer monsoon-dominated western 

Arabian Sea suggest reduced primary production during the last glacial maximum (LGM) (Prell and 

Kutzbach, 1987; Naidu and Malmgren., 1996; Gupta et al., 2003; 2008), contrasting results have 

been obtained from the eastern Arabian Sea, where both the summer and winter monsoon influence 

primary productivity, necessitating a reassessment of past productivity changes in this region 

(Agnihotri et al., 2003; Bassinot et al., 2011; Gupta et al., 2011; Singh et al., 2011). 

 Productivity in the Arabian Sea is monsoon-dominated (Lévy et al., 2007), as indicated by 

the fact that during the monsoon season, the carbonate flux constitutes ~50-60 % of the total flux to 

the sea floor (Figure 1) (Nair et al., 1989). Calcification increases several-fold during the monsoon 

season compared to non-monsoon months (Balch et al., 2001). High chlorophyll-a concentrations, a 

surface productivity indicator, are reported towards the end of the northeast (February) and 

southwest (August-September) monsoon (Banse, 1987; Marra and Barber, 2005). Various parts of 

the Arabian Sea, however, respond differently to the seasonal wind forcing, leading to a huge 

regional variation in productivity during different seasons (Wiggert et al., 2005) (Figure 1). The 

winds associated with the summer monsoon, drive productivity via intense coastal upwelling, lateral 

advection of nutrient-rich upwelled water, and offshore Ekman pumping in the western Arabian Sea 

(Wyrtki, 1973; Lévy et al., 2007). Productivity in the northern and central Arabian Sea region is 

driven by intense convective mixing and deepening of the mixed layer during the winter monsoon 
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(Madhupratap et al., 1996). Regional differences in surface productivity have also been inferred in 

the mesotrophic northern and oligotrophic eastern Arabian Sea, and comparatively weaker 

differences in productivity between glacial and interglacial intervals are observed in the eutrophic 

upwelling area off Oman in the western Arabian Sea (Ivanova et al., 2003). Modeling studies predict 

a large change in monsoon patterns in a warming world, suggesting a possible variation in 

productivity in the Arabian Sea (Christensen et al., 2007). The response to such monsoon-induced 

productivity changes will, however, be regional. Therefore, it is necessary to understand changes in 

productivity in various parts of the Arabian Sea during different climatic regimes, such as the LGM, 

deglaciation and Holocene. Additionally, the monsoon-induced productivity in the Arabian Sea has 

also been suggested to respond to high latitude climatic changes including abrupt Heinrich Stadials 

(Singh et al., 2006; 2011). 

 Changes in productivity during, longer time periods as well as the last glacial-interglacial 

transition and Holocene have been reconstructed from different parts of the Arabian Sea (Prell and 

Kutzbach, 1987; Naidu and Malmgren., 1996; Agnihotri et al., 2003; Gupta et al., 2003; 2008; 

Bassinot et al., 2011; Singh et al., 2011). Productivity changes suggest that the southwest monsoon 

was weaker during glacial episodes, whereas the winter monsoon was stronger (Banakar et al., 

2005a; Anil Kumar et al., 2005; Singh et al., 2011; Saraswat et al., 2014). A majority of these 

inferences are based on changes in the relative abundance of the planktic foraminifer Globigerina 

bulloides, which thrives in productive regions (Prell and Kutzbach, 1987; Naidu and Malmgren, 

1996; Gupta et al., 2003; Bassinot et al., 2011). The abundance of G. bulloides, however, responds 

differently to wind-forced productivity changes in various parts of the Arabian Sea (Bassinot et al., 

2011). Post-depositional diagenetic alteration can also affect paleo-productivity estimated from 

faunal abundance. Therefore, it is valuable to have paleo-productivity reconstructions from other 

proxies, such as changes in calcium carbonate percentage (%CaCO3) and organic carbon (%Corg) in 

sediments (Agnihotri et al., 2003; Anil Kumar et al., 2005; Singh et al., 2006; 2011; Naidu et al., 

2014). There is evidence, however, that both %CaCO3 and %Corg can also respond to different 

factors, such as surface production, sedimentation rates, dilution and preservation, in various parts of 

the Arabian Sea (Calvert et al., 1995; Guptha et al., 2005). Here we reconstruct paleo-productivity 

and water column oxygenation changes in the southeastern Arabian Sea region during the past 32 ka 

using faunal and geochemical proxies, in order to understand the potential role of this region in 

regulating carbon cycle on glacial-interglacial time-scales. Additionally, we try to understand the 

possible physical forcing, that affected productivity in the southeastern Arabian Sea (SEAS) during 

the last glacial interval. 
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2. Oceanographic Setting 

The southeastern Arabian Sea is characterized by a seasonal reversal of surface currents in 

response to prevailing winds (Shankar et al., 2002). The equatorward West India Coastal Current 

brings relatively more saline water from the northern Arabian Sea to the SEAS prior to and during 

the southwest monsoon, whereas the poleward winter monsoon current transports low salinity water 

from the western Bay of Bengal into the SEAS during boreal winter (Prasanna Kumar et al., 2004). 

The sea surface temperature (SST) in the SEAS increases during the pre-summer monsoon season, 

leading to the development of a mini warm pool that peaks in April. The SEAS mini warm pool 

dissipates prior to the onset of summer monsoon precipitation, as a result of upwelling (Shenoi et al., 

1999). Moderate to intense upwelling occurs in the SEAS during the summer monsoon season as a 

result of the complex interaction between alongshore wind stress, coastally trapped Kelvin waves, 

and the offshore propagating Rossby waves (Naidu et al., 1999; Lévy et al., 2007; Smitha et al., 

2008). The upwelling causes a several-fold increase in productivity in the SEAS during summer 

monsoon season (Lévy et al., 2007). The region is also marked by a perennial intermediate water 

depth oxygen minimum zone (OMZ) which extends from ~150 m to ~1200 m (Naqvi et al., 1991; 

2003). The Western Ghats, marking the eastern boundary of the SEAS, receive 2700 mm of rainfall 

during the summer monsoon, resulting in a large amount of surface runoff into the SEAS. The 

influence of the runoff extends, however, only to the inner shelf region (Chauhan et al., 2011).  

3. Materials and Methodology 

The gravity core SK237 GC04, hereafter referred to as the Malabar core, collected from 

10°58.65’N latitude and 74°59.96’E longitude, at a water depth of 1245 m, towards the lower 

boundary of the perennial intermediate depth OMZ, was used for this study (Saraswat et al., 2013) 

(Figure 2). The core was sub-sampled at 1 cm interval, and the chronology of the core was 

established by Accelerator Mass Spectrometer radiocarbon dates taken from Saraswat et al. (2013). 

A total of 8 Accelerator Mass Spectrometer radiocarbon dates on mixed planktic foraminifera, 

measured at the Center for Applied Isotope Studies, The University of Georgia, USA and calibrated 

by using marine dataset (Marine09, Riemer et al., 2009) and Calib6.0 version (Stuiver & Riemer, 

1993), employing a reservoir correction for the eastern Arabian Sea of 138±64 years (Southon et al., 

2002), were used to establish the chronology of the core (Figure 3). The complete details of the age 

model and associated errors, given in this study in parentheses following the indicated age as the 

95% confidence interval, are described in Saraswat et al. (2013).  
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In order to pick foraminifera, 10-15 g of the sediment was collected in pre-weighed petri-

dishes and dried overnight at 50ºC. The dried sediment was weighed and soaked in de-ionized water 

for 24 hrs. The overlying water was decanted and the sediments were wet-sieved through a 63 μm 

sieve. The coarse fraction (CF) (>63 μm) retained on the sieve was transferred to 25 ml glass beakers 

and dried overnight. The dried CF was weighed and carefully transferred to plastic vials. The coarse 

fraction percentage (%CF) was calculated by dividing the weight of dried coarse fraction by the 

weight of the total dry sediment, multiplied by hundred. Benthic foraminifera were picked from the 

CF and were grouped into angular asymmetrical (AABF) and rounded symmetrical morpho-groups 

following Nigam et al. (1992; 2007; 2009). For planktic foraminiferal studies, CF was dry sieved 

over 150 μm. The absolute abundance of planktic foraminifera was calculated in the >150 μm size 

fraction. To calculate the relative abundance of Globigerina bulloides, a minimum of 300 specimens 

of planktic foraminifera were picked from >150 μm fraction from each sample.  

A small aliquot (2-3 g) of completely freeze-dried sediment was finely powdered for total 

carbon and inorganic carbon analysis. The total carbon (TC) was measured with a CNS analyzer, 

whereas inorganic carbon (TIC) was measured with a coulometer. The precision of TIC 

measurements, based on repeat analysis of laboratory standard after every 10 samples, was better 

than ±0.22%, whereas precision of TC measurements was better than ±0.49%. Total organic carbon 

(Corg) was calculated by subtracting total inorganic carbon from the total carbon. The cumulative 

error associated with Corg estimates is ±0.54%. The calcium-carbonate percentage (%CaCO3) was 

calculated from the total inorganic carbon.  

For stable carbon isotopic ratio (δ13C), 15-20 clean specimens of surface dwelling planktic 

foraminifer Globigerinoides ruber white variety, were picked from a narrow size range (250-355 

µm) and analyzed by using a Finnigan MAT 251 isotope ratio gas mass spectrometer at the Alfred 

Wegener Institute for Polar and Marine Research, Bremerhaven, Germany. Precision of carbon 

isotope measurements based on repeat analyses of a laboratory standard over a one year period was 

better than 0.06‰, respectively. The ice-volume corrected δ18O (δ18Osw-ivc) was calculated by 

subtracting the ice-volume change induced globally synchronous variation in seawater δ18O 

(Waelbroeck et al., 2002) from δ18Osw reported in Saraswat et al. (2013). The resultant δ18Osw-ivc is a 

proxy for local evaporation/precipitation changes (Saraswat et al., 2012). Here we would like to note 

that the resultant δ18Osw-ivc may vary depending on the ice volume correction used to calculate 

δ18Osw-ivc. In order to assess the difference in δ18Osw-ivc calculated by using different ice-volume 

corrections suggested for the last 32 ka, we used the ice-volume estimates reported by both 
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Shackleton (2000) and Waelbroeck et al. (2002). Even though the actual estimates are slightly 

different, both estimates have a similar pattern. The difference in the two estimates is within the error 

limit. As the error associated with δ18Osw is ±0.3‰ (Saraswat et al., 2013), it is assumed that the error 

in δ18Osw-ivc reported here, will be at least ±0.3‰.  Surface productivity maps were prepared by using 

the Giovanni online data system, developed and maintained by the NASA GES DISC (Acker and 

Leptoukh, 2007). 

4. Results 

The range of values in the Malabar core is from 4.5% to 32.5% for G. bulloides abundance, 

1.5% to 5.4% for %Corg, 8.6% to 25.8% for %CaCO3, 1.4% to 5.4% for %CF, 0.1‰ to 1.4‰ for 

δ18Osw-ivc and 0.56‰ to 1.70‰ for δ13C (Figure 4). The relative abundance of G. bulloides peaks at 

23.9 (21.7-26.1) ka BP, just prior to the LGM, and then drops until 20.4 (19.2-21.8) ka BP, followed 

by an abrupt increase which peaks at 18.4 (17.9-18.8) ka BP, at the end of the LGM (Figure 4 A). 

The relative abundance of G. bulloides continuously decreases throughout the early deglaciation 

from 18.4 (17.9-18.8) ka BP onwards, until 14.3 (13.8-15.0) ka BP. The relative abundance of G. 

bulloides increases during the early Holocene until 5.4 (3.8-6.3) ka BP. The G. bulloides abundance 

is uniform throughout the last ~5 ka. 

Malabar core %Corg was markedly lower during the last glacial interval, averaging 

2.25±0.34% versus 4.01±0.88% during the late Holocene (Figure 4 B). The %Corg was somewhat 

higher during the LGM, as compared to the interval prior to the LGM. An abrupt decrease in %Corg 

is observed early in the deglacial transition, between 18.4 (17.7-18.7) and 14.3 (13.8-15.0) ka BP. A 

gradual increase in %Corg is observed throughout the Holocene, with minor fluctuations during the 

mid-Holocene (Figure 4 B). 

An abrupt peak (44%) in %CaCO3 is observed at 29.21 (27.1-30.8) ka BP, prior to the LGM, 

during the last glacial interval (Figure 4 C). A clear increase in %CaCO3 occurs between 11.25 

(8.8%) and 5.75 ka BP (24.7%). The temporal changes in total carbon are similar to those in 

%CaCO3, except during the late Holocene, when total carbon increases rapidly (Figure 4 D). The 

temporal variations in %CaCO3 also have some similarity to the changes in %CF (Figure 4 E). 

Depending upon its constituents, the CF% is closely linked to productivity, carbonate preservation or 

terrigenous influx. The planktic foraminiferal abundance gradually increases during the last glacial 

interval, prior to the LGM, and then decreases afterwards (Figure 4 F). The planktic foraminiferal 

abundance sharply decreases during the early deglaciation, similar to the changes in %CF. A gradual 
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increase in planktic foraminiferal abundance is observed during the early Holocene, peaking at 6.49 

(5.95-6.77) ka BP, followed by a gradual decrease during the late Holocene. The %AABF was 

generally lower during the glacial interval prior to LGM (Figure 4 G). An abrupt increase in %AABF 

is, however, observed during the LGM, with a maximum at 21.36 (19.7-23.2) ka BP. Between the 

LGM and late Holocene, there are two clear maxima in %AABF, the first at 9.0 (7.9-10.1) ka and the 

second at 2.0 (1.5-2.3) ka. 

The δ13C of G. ruber was depleted during the last glacial interval, averaging 1.08±0.15‰, as 

compared to 1.31±0.21‰ in the Holocene (Figure 4 H). A very clear minimum in δ13C reaching 

0.56‰ occurs during the deglaciation and coincides with Heinrich Stadial 1 (HS-1). The δ13C 

increases steadily throughout the early Holocene until the mid-Holocene [5.75 (4.13-6.55) ka BP]. 

The δ18Osw-ivc was enriched during the last glacial interval, as compared to the Holocene (Figure 4 I). 

A marked maximum in δ18Osw-ivc is evident during the early deglaciation, reaching 1.4‰ value at 

15.9 (14.9-16.3) ka BP, coincident with the minimum in δ13C. A less marked maximum is observed 

at 11.2 (10.7-11.1) ka BP. The δ18Osw-ivc was slightly more negative, averaging 0.48±0.12‰, during 

the early Holocene, compared to the glacial interval (0.83±0.21‰) (Saraswat et al., 2013). 

5. Discussion  

5.1. Last Glacial Interval 

High G. bulloides abundance during the last glacial interval, combined with a similar higher 

absolute abundance of planktic foraminifera, %CaCO3, %TC, as well as high %CF (dominated by 

foraminiferal tests, pteropod shells and its fragments), suggests increased productivity during the 

glacial interval. Most of this more productive interval coincides with depleted δ18Osw-ivc. During the 

LGM, G. bulloides abundance actually decreased, as compared to the prior interval, accompanied by 

a drop in %CaCO3, %CF, and planktic foraminiferal number, suggesting decreased productivity in 

the SEAS (Agnihotri et al., 2003). LGM productivity was, however, still higher than during the 

deglaciation and Holocene.  

High G. bulloides flux has earlier been reported from high productivity regions (Naidu et al., 

1992; Conan and Brummer, 2000), and temporal changes in its flux have been utilized as a proxy to 

reconstruct productivity changes (Naidu and Malmgren, 1996; Zaric et al., 2005). The possible post-

depositional alteration of planktic foraminiferal assemblages, and thus the relative abundance of G. 

bulloides, is unlikely because the core lies well above the foraminiferal lysocline (Cullen and Prell, 

1984). Further, dissolution susceptible planktic foraminiferal species are well preserved all along the 
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western continental margin of India, suggesting negligible carbonate dissolution (Naidu et al., 1992). 

Therefore, the planktic foraminiferal assemblage in the sediments at the Malabar site likely reflect 

the living assemblage, even though the final settling flux might be only a fraction of the total initial 

production (Conan et al., 2002). The application of %CaCO3 to reconstruct past productivity changes 

in the eastern Arabian Sea stems from the observation that substantially increased biogenic carbonate 

flux is associated with times of higher surface productivity (Nair et al., 1989; Sirocko et al., 1993; 

Balch et al., 2001). Temporal changes in %CaCO3, however, are also influenced by changes in 

terrigenous input/dilution (Naidu et al., 1992; Agnihotri et al., 2003).  

Interestingly, high G. bulloides abundance, suggesting enhanced productivity during the last 

glacial interval, is not always accompanied by a corresponding increase in %Corg. Between 28 and 25 

ka BP, constant G. bulloides relative abundances coincide with a clear net drop in %Corg. This 

interval is marked by a net decrease in total carbon as well as CaCO3. The abrupt drop in G. 

bulloides relative abundance during the LGM is accompanied by a small increase in %Corg. Naidu et 

al. (1992) and Calvert et al. (1995) inferred that Corg accumulation in the sediments can be used as an 

indicator of past productivity changes. Decoupling between G. bulloides abundance and %Corg, in the 

Malabar core, however, points towards factors other than productivity affecting Corg accumulation in 

sediments. Canfield (1994) proposed that in marine sediments deposited with sedimentation rates 

below 40 cm/ka, enhanced preservation of Corg may be found under low bottom water dissolved 

oxygen conditions. The drop in %Corg between 28 and 25 ka BP is marked by low %AABF, 

suggesting well ventilated bottom water and thus poor organic matter preservation (Nigam et al., 

2007; Mazumder and Nigam, 2014). The increase in %Corg during the LGM corresponds with an 

increase in %AABF, suggesting poorly ventilated waters (Singh et al., 2015) and thus better 

preservation of organic carbon, although this relationship is not consistent during all time intervals. 

In contrast, redox-sensitive elements (Cr and V) suggest no significant change in bottom water 

anoxia during the LGM (Agnihotri et al., 2003). Additional differences in productivity inferred from 

the relative abundance of G. bulloides and %Corg might also be related to the influence of 

sedimentation rate on %Corg (Agnihotri et al., 2003). The %Corg in a few cores collected from the 

eastern Arabian Sea did significantly increase during the LGM and was attributed to an increase in 

sedimentation rates leading to better Corg preservation during the LGM (Agnihotri et al., 2003).  

High productivity during the last glacial interval has also been reported in other cores 

collected from the eastern Arabian Sea. Anil Kumar et al. (2005) inferred enhanced surface 

productivity in the eastern Arabian Sea during the last glacial period from increased %Corg and 
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%CaCO3. Banakar et al. (2005a) also suggested increased productivity during the glacial interval 

coupled with weaker water column denitrification. In another core (MD77194), collected from north 

(10°28'N, 75°14'E) of the SEAS from a similar water depth (1222 m), substantially increased 

primary productivity was inferred during the last glacial interval, by using foraminiferal transfer 

functions (Cayre and Bard, 1999). In all of these studies, high glacial productivity has been attributed 

to strengthened winter monsoon leading to enhanced convective mixing (Anil Kumar et al., 2005; 

Banakar et al., 2005a; Dahl and Oppo, 2006; Singh et al., 2006; 2011; Anand et al., 2008). A similar 

mechanism is unlikely to enhance productivity in the southeastern Arabian Sea as a substantial 

increase in productivity in the southeastern Arabian Sea is observed only during the southwest 

monsoon season (Lévy et al., 2007). The increased productivity in this region is remotely forced by 

the stronger upwelling-favorable winds in the Bay of Bengal (BoB) (Shankar and Shetye, 1997), thus 

suggesting a strong influence of the physical state of the BoB on upwelling in this area. The onset of 

increasing productivity in the Lakshadweep Sea region, however, lags that in the coastal regions by a 

couple of months (Lévy et al., 2007). The upwelling that causes high productivity in the 

Lakshadweep Sea region is remotely forced by Rossby waves radiating westward off the Indian 

coast, thus resulting in a lag in productivity compared to that in the shallow water regions off the 

west coast of India (Shankar and Shetye, 1997; Shankar et al., 2004). The peak summer monsoon 

productivity in the shallow water regions off the west coast of India is synchronous with that in the 

Lakshadweep Sea region (Lévy et al., 2007). A similar physical forcing is unlikely to operate during 

the glacial interval because sea level was ~120 m lower (Siddall et al., 2003) and the entire modern 

continental shelf was exposed. These changes might have caused higher productivity during the 

glacial interval because of the direct input of the riverine influx closer to the Malabar core region, 

unlike at present, when it is confined only to the shallow shelf (Chauhan et al., 2011). Although the 

summer season upwelling might have diminished during the glacial interval as a result of weaker 

summer winds, the proximity of terrigenous input and a possible lack of lag in upwelling, due to the 

reduced distance between the then coastal region and core location, which lies in the continental 

slope, might have supported higher glacial productivity in the SEAS. Another factor that might have 

increased productivity in the SEAS is the weaker stratification as a result of reduced influx of low 

salinity Bay of Bengal water (Mahesh and Banakar, 2014). The pre-summer monsoon stratification 

in this region is driven by influx of low salinity Bay of Bengal water as it acts as a prominent barrier 

layer (Shenoi et al., 1999). Reduced influx of low salinity Bay of Bengal water during the glacial 

interval (Mahesh and Banakar, 2014), was thus possibly responsible for the increased productivity in 

this region. The reduced influx of low salinity water during glacial interval is further supported by 
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consistently low Ba/Ca ratio in planktic foraminifer G. ruber (Saraswat et al., 2013). Additionally, 

even if the influx continued, as is inferred by Sarkar et al. (1990), it would not have caused strong 

stratification as its salinity would have been higher due to reduced freshening of the Bay during the 

weaker glacial summer monsoon regime (Mahesh and Banakar, 2014). The southward shift in the 

inter-tropical convergence zone in the Northern Hemisphere during the glacial interval (Broccoli et 

al., 2006) would have also helped promote high productivity due to reduced cloud cover, because 

high cloud cover is one of the factors responsible for low primary productivity in the northern Bay of 

Bengal at present (PrasannaKumar et al., 2002).  

The drop in productivity during the LGM, is intriguing. A repeated abrupt decrease in G. 

bulloides on millennial time-scales during cold intervals was also reported from the central eastern 

Arabian Sea and attributed to reduced winter monsoon strength resulting in strong stratification as 

witnessed during the inter-monsoon months at present (Singh et al., 2011). At the Malabar core site 

also, the LGM productivity collapse is attributed to stronger stratification. The cause of stronger 

stratification at this core site was likely due to a weaker summer monsoon coupled with enhanced 

transport of low salinity Bay of Bengal water, as evident from a consistently depleting δ18Osw-ivc 

throughout the LGM (Figure 4 I). The enhanced transport of low salinity Bay of Bengal water is 

further supported by an increase in G. ruber Ba/Ca ratio during this interval (Saraswat et al., 2013).  

5.2. The Deglaciation 

A large decrease in G. bulloides relative abundance with a corresponding decrease in planktic 

foraminiferal abundance as well as %Corg suggests a decrease in surface productivity during the 

deglaciation, in contrast to paleoproductivity changes estimated from other low- and mid-latitude 

upwelling areas (Agnihotri et al., 2003). The early deglaciation is also marked by significantly 

enriched δ18Osw-ivc, suggesting reduced precipitation, which is consistent with the reduced primary 

productivity as inferred from relative abundance of G. bulloides. The early deglacial enriched δ18Osw-

ivc combined with reduced Ba/Ca ratio during this interval (Saraswat et al., 2013), does not support 

an early deglacial strengthening of winter monsoon as suggested earlier (Tiwari et al., 2005). The 

early deglaciation is also marked by a decrease in %AABF suggesting well-ventilated bottom water 

and thus poor Corg preservation. Minimum surface productivity during the early deglaciation, as a 

result of a weaker southwest monsoon, has also been reported from several parts of the eastern 

Arabian Sea (Sirocko et al., 1993; 2000; Cayre and Bard, 1999; Singh et al., 2006). The %CF and 

%CaCO3 in the Malabar core, however, are constant during the early deglaciation until 15.3 (14.5-

15.9) ka BP, suggesting better preservation of biogenic carbonates during this time interval. 
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A small but net increase in G. bulloides relative abundance is observed during the Younger 

Dryas (YD) chronozone (Figure 4 B). The %Corg, %CaCO3, %CF, planktic foraminiferal abundance 

were, however, low during the YD. This interval is also marked by enriched δ18Osw-ivc, suggesting 

either weaker monsoon or reduced influx of low saline Bay of Bengal water. A concomitant decrease 

in Ba/Ca ratio during this interval (Saraswat et al., 2013) further confirms decreased surface runoff 

and thus enriched δ18Osw-ivc. The %Corg during the YD was low despite increased bottom water 

dissolved oxygen as inferred from a drop in %AABF. Deglacial rise in sea level, coupled with 

further weakened summer monsoon (Saraswat et al., 2013), would have reduced the nutrient supply 

to the deeper regions and thus caused reduced productivity during the glacial termination, as inferred 

from the drop in relative abundance of G. bulloides, %CF as well as planktic foraminiferal 

abundance. 

5.3. Early Holocene 

The relative abundance of G. bulloides, planktic foraminiferal abundance and %Corg 

decreased for a brief time during the early Holocene, between 11.12 and 8.56 ka BP, suggesting a 

short phase of low productivity. The low productivity during the early Holocene is attributed to 

enhanced fresh water influx due to a stronger summer monsoon (Sirocko et al., 2000), or enhanced 

transport of low saline water from the Bay of Bengal. The fresh water would have lead to a low 

salinity cap resulting in reduced surface productivity (Kessarkar and Rao 2007), as inferred from an 

abrupt shift from highly enriched to depleted δ18Osw-ivc, as compared to the deglaciation. A decrease 

in %Corg and %CaCO3 during the early Holocene in a few other cores collected from the SEAS was 

also attributed to intense southwest monsoon induced decrease in surface productivity due to fresh 

water influx (Agnihotri et al., 2003; Anil Kumar et al., 2005). The %AABF is very high during the 

early Holocene, suggesting the presence of an intense OMZ, as a result of reduced ventilation. 

The brief early Holocene low productivity interval was followed by a phase of consistently 

increasing productivity, until the mid-Holocene as inferred from a gradual increase in G. bulloides, 

planktic foraminiferal abundance and %Corg (Bassinot et al., 2011). Following the minor enrichment 

of δ18Osw-ivc for a brief interval during the late deglaciation and early Holocene, an abrupt shift in 

δ18Osw-ivc towards more depleted values is observed at ~10.6 (10.5-10.9) ka BP and is followed by a 

further gradual depletion until the mid-Holocene, suggesting increased precipitation. This interval of 

gradually increasing surface productivity is marked by a large decrease in %AABF, until mid-

Holocene, suggesting well ventilated waters. The %CF as well as %CaCO3 also increase during the 

early Holocene, suggesting either better preservation or a decrease in terrigenous input. The mid-
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Holocene peak in G. bulloides abundance, attributed to higher productivity, is accompanied by an 

increase in planktic foraminiferal abundance, as well as %CF and %CaCO3. A very low %AABF 

during the mid-Holocene confirms increased availability of dissolved oxygen in bottom waters, 

which might have resulted in better preservation of CaCO3. 

5.4. Late Holocene 

The relative abundance of G. bulloides increases steadily during the early Holocene, 

suggesting a concomitant increase in productivity of the eastern Arabian Sea (Singh et al., 2006). 

The abundance of G. bulloides is, however, relatively unchanged during the last 5 ka, suggesting no 

major change in surface productivity. The %CaCO3 also remained relatively constant during the last 

5.8 (4.1-6.5) ka. In contrast, small fluctuations with a net enrichment of δ18Osw-ivc between 3 ka BP 

and 0.8 ka BP are observed, suggesting reduced precipitation during the late Holocene. The reduced 

precipitation is accompanied by a decrease in both the planktic foraminiferal abundance as well as 

%CF. Over the same time interval, %AABF as well as %Corg increases, both reaching their 

maximum in the youngest interval, suggesting an intensification of the OMZ in the latest Holocene 

due to restricted ventilation of bottom water. The findings are supported by increased denitrification 

during the late Holocene, which was previously attributed to less oxygenated waters (Kessarkar et 

al., 2010; Naik et al., 2014). The decrease in %CF and planktic foraminiferal abundance observed in 

the Malabar core is attributed to increased dissolution/fragmentation of biogenic carbonates as a 

result of supralysoclinal dissolution. The supralysoclinal dissolution has also been suggested as the 

factor responsible for dissolution of biogenic carbonates during the Late Holocene in the eastern 

Arabian Sea (Kessarkar and Rao, 2007). The restricted detrital influx and confinement of terrigenous 

influx to the inner shelf, as sea-level reached its present position at ~5.7 ka, might have also 

contributed towards high %Corg and %CaCO3 during the late Holocene, by reducing terrigenous 

dilution (Hashimi et al., 1995; Anil Kumar et al., 2005; Pattan et al., 2005).  

The gradual increase in productivity throughout the Holocene, as inferred from the increase 

in relative abundance of G. bulloides (Figure 7), is attributed to the strengthened summer monsoon 

winds in the SEAS, as a result of the southward shift of regional circulation patterns over the Indian 

Ocean (Bassinot et al., 2011). The Holocene monsoon evolution pattern in Malabar core is opposite 

to that reported from the Oman margin, where proxy records including G. bulloides abundance 

suggest progressive weakening of the summer monsoon. This difference is attributed to the 

differential response of summer winds in these two regions (Bassinot et al., 2011). The precise 
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physical forcing leading to increased glacial productivity in this region, however, can only be 

discerned by modeling the glacial circulation, which is outside of the scope of this paper. 

5.5. Regional Productivity Changes 

G. bulloides relative abundance based paleoproductivity records of the late Quaternary from 

the eastern Arabian Sea are limited (a total of five records, including our record) and one of them 

only covers the Holocene (Singh et al., 2006; 2011; Bassinot et al., 2011; Gupta et al., 2011). Both 

the range of G. bulloides relative abundance and its temporal variation during the last 32 ka in the 

Malabar core is similar to the records from cores collected from central eastern Arabian Sea on the 

lower slope region  (SK17- Singh et al., 2006; MD76-131- Singh et al., 2011). The relative 

abundance of G. bulloides in the Holocene section of the Malabar core is also similar to that of core 

MD77-191, collected from the southeastern Arabian Sea, off the southern tip of India (Bassinot et 

al., 2011).  

In contrast to the G. bulloides relative abundance, a comparison of the Malabar records with 

other cores from the eastern Arabian Sea suggests divergent patterns in both %CaCO3 (Figure 5) and 

%Corg (Figure 6) accumulation over the last 32 ka. Changes in %CaCO3 and %Corg in cores collected 

within the OMZ and outside the OMZ also diverge over the last 32 ka. Cores collected from the 

modern day lower boundary (1250 to 1500 m, Naqvi et al., 2003) of the OMZ, (i.e. Malabar Core 

and MD76-131), show similar %CaCO3 and %Corg values, as well as comparable patterns, 

throughout the last 32 ka. The G. bulloides relative abundance, as well as the %Corg in the Malabar 

core, also agrees with that in core SK17 collected from the north of SEAS at a water depth of 840 m 

(Singh et al., 2006). High Corg values during the Late Holocene are observed only in the Malabar 

core and core AAS38-GC5. Increases in %CaCO3 abundance during the late Holocene, as compared 

to the LGM and termination, are also noted in a majority of the other cores. The absolute values and 

pattern of %Corg as well as %CaCO3 in the Malabar core are also comparable with records from 

MD76-131 (Ivanochko, 2004) SK126 GC39 (Kessarkar et al., 2010) and AAS62/1 (Kessarkar et al., 

2013), all collected from the lower continental slope. The differences in %CaCO3 and %Corg values 

in cores collected from the eastern Arabian Sea are attributed to the fact that both of these parameters 

are highly susceptible to post depositional diagenetic changes. Detailed comparison thus suggests 

that the patterns in the Malabar core agree only with other cores collected from a comparable depth; 

the observed changes thus reflect a regional pattern marked by similar preservation conditions during 

deglaciation in the southeastern Arabian Sea. 
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5.6. Global Teleconnections and Implications 

Productivity in the eastern Arabian Sea decreased abruptly during Heinrich Stadial 1 (HS-1) 

(Heinrich, 1988; Bond et al., 1997; Barker et al., 2009), as inferred from the drop in relative 

abundance of G. bulloides and supported by a matching decrease in %CF and planktic foraminiferal 

number. The response to Heinrich Stadial 2 (HS-2), was, however, different (Figure 7). The relative 

abundance of G. bulloides, %CF and planktic foraminiferal number increased during HS-2, 

suggesting enhanced productivity. A drop in %Corg is, however, observed during both HS-1 and HS-

2. Planktic δ13C was also depleted during both HS-2 and HS-1: by 0.31‰ in HS-2, from 1.24‰ at 

25.62 (23.2-27.8) ka BP to 0.93‰ at 23.62 (21.4-25.7) ka BP, and by 0.57‰ in HS-1, from 1.17‰ at 

17.5 (16.6-18.2) ka BP to 0.6‰ at 16.4 (15.3-16.7) ka BP. The drop in δ13C during HS-1 in the 

Malabar core is comparable with previous records from the Indian Ocean (Martinson et al., 1987; 

Banakar, 2005b; Raza and Ahmad, 2013). The contrasting response of productivity in the SEAS to 

Heinrich Stadial events suggests a variable relationship between the SEAS and the North Atlantic, 

mediated through either oceanic circulation links (Alvarez-Solas et al., 2013) or atmospheric 

teleconnections. Another factor that might have contributed to the differential response of 

productivity in the SEAS to HS1 and HS2 is the difference in sea level during these two events. The 

rapid sea-level rise during the deglaciation increased the distance of the core site from the landmass, 

that is Western Ghats. The increased distance from the Western Ghats resulted in reduced 

terrigenous input to the core site (Chauhan et al., 2011) and thus reduced productivity. The drop in 

productivity during the early deglaciation was accompanied by a concomitant 1.1‰ increase in 

δ18Osw-ivc, from 0.3‰ at 18.9 (18.3-18.9) ka BP to 1.4‰ at 15.9 (15.0-16.3) ka BP, suggesting that 

the decrease in productivity during the early deglaciation was associated with a monsoon-driven 

increase in E/P. 

The Malabar core is characterized by a very well-defined G. ruber δ13C minimum, falling 

from  >1‰ (1.0±0.06‰, prior to the minimum and 1.04±0.09, after the minimum) to 0.76±0.12‰ 

between 16.5 (16.8–15.5) and 14.9 (15.4–14.4) ka BP, with the most negative δ13C values occurring 

between 16.4 (16.7–15.3) and 15.7 (16.2–14.9) ka BP (Figure 7). This minimum is synchronous with 

the global δ13C minimum dated at 15.9±0.2 ka BP in tropical ocean sediments (Spero and Lea, 2002) 

and which is also apparent between 16 and 12 ka BP in ice cores (Schmitt et al., 2012; Bauska et al., 

2016). By matching the minimum in Malabar δ18Osw-ivc to a likely coincident minimum in the 

absolute dated Hulu Cave speleothem record (Southon et al., 2012), we can further narrow the timing 

of the Malabar δ13C minimum to 16.0 ka BP. The δ13C minimum also coincides precisely with the 
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end of the first and most rapid phase of deglacial Malabar SST rise, likely reflecting the end of the 

first rapid rise of atmospheric-CO2 at 16.2 ka BP (Saraswat et al., 2013; Marcott et al., 2014) (Figure 

7). Based on the coincident decrease in productivity during HS-1, which is very clear in the Malabar 

Corg record, and an increase in evaporation/precipitation in the southeastern Arabian Sea, we 

hypothesize that the global δ13C minimum during the deglaciation was associated with a weak 

monsoon interval (Cheng et al., 2009; Saraswat et al., 2013; Tierney et al., 2016) and a drop in 

productivity in tropical regions. 

6. Conclusions 

Productivity and bottom water oxygenation changes during the past 32 ka reconstructed from 

the Malabar core from the southeastern Arabian Sea suggest that productivity in the southeastern 

Arabian Sea was high, with well-oxygenated waters during MIS 3. The LGM is characterized by an 

abrupt decrease in productivity, with oxygen-depleted waters. The contrasting response of 

productivity in the SEAS to Heinrich Stadial events 1 and 2 suggests a variable relationship between 

the SEAS and the North Atlantic, mediated through either oceanic circulation links or atmospheric 

teleconnections. A concomitant 1.1‰ drop in δ18Osw-ivc and 0.7‰ drop in δ13C suggests that the 

productivity decrease during the early deglaciation was associated with monsoon driven local 

evaporation-precipitation changes as well as the well-established global δ13C minimum at 16 ka BP. 

A progressive increase in productivity is observed throughout the Holocene. The high glacial 

productivity as noted in the Malabar core as well as a few other cores collected from similar water 

depths is not observed in all the cores collected from the southeastern Arabian Sea. This observation 

suggests that although productivity was higher in this region during glacial episodes, the overall 

resultant carbon sequestration was confined only to a restricted zone and unlikely to substantially 

alter atmospheric CO2. 
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Legend to Figures and Tables 

Figure 1: Surface primary productivity (chlorophyll-a, mg/m3) in the Arabian Sea during (A) the 

southwest (June-July-August-September) (B) and northeast (November-December-

January-February) monsoon season (Acker and Leptoukh, 2007). The position of the 

Malabar core is marked with an open black square. 

Figure 2: Location of Malabar core SK237 GC04 is marked with a blue rectangle, whereas other 

cores discussed in the paper are plotted as filled circles: 1- MD76-131, Ivanochko, 2004; 

2- SK117 GC8, Banakar et al., 2005; 3- SK17, Singh et al., 2006; 4- 3104G, Agnihotri et 

al., 2003; 5- SK126 GC39, Kessarkar et al., 2010; 6- AAS62 GC01, Kessarkar et al., 2013; 

8- AAS38 GC5, 9- AAS38 GC4, Narayana et al., 2009; 10- SK20-185, Sarkar et al., 1993; 

11- SK129 CR05, Guptha et al., 2005; 12- SK126 GC16, Anil Kumar et al., 2005; 13- 

MD77-191, Sirocko, 2002; 14- 3101G, Agnihotri et al., 2003; 15- MD 900963, Cayre et 

al., 1999. The background is the bathymetry (plotted with Ocean Data View) with the 

scale on the right side of the map. 

Figure 3: Age model of the Malabar core, developed from 8 AMS radiocarbon dates (black 

symbols), measured on the mixed planktic foraminifera. The dates are plotted against the 

depth interval in core and were used as tie point. The sedimentation rate between two 

consecutive dates is mentioned against the depth interval segment. Further details of the 

age model are discussed in Saraswat et al. (2013). 

Figure 4: Changes in faunal and geochemical parameters in the Malabar core during the last 32 ka. 

A. Relative abundance of planktic foraminifer G. bulloides, a proxy for upwelling induced 

primary productivity; B. Organic carbon weight percentage (%Corg); C. CaCO3 weight 

percentage; D. Total carbon percentage in dry sediments; E. Percentage of coarse fraction 

(CF) (>63 μm); F. Abundance of all planktic foraminifera (PF) per gram dry sediment; G. 

Relative abundance of angular asymmetrical benthic foraminifera (%AABF), an indicator 

of bottom water oxygenation; H. δ13Cruber; and I. Ice-volume corrected δ18O (δ18Osw-ivc), a 

proxy for local precipitation-evaporation. The grey shaded bar is the last glacial maximum 

and younger Dryas interval. 

Figure 5: A compilation of CaCO3 (%) changes during the last 35 ka in different cores collected 

from the eastern Arabian Sea. The cores are plotted with the northernmost core on the top 

and the southernmost on the bottom. The water depth of the core is given in parenthesis, 

next to each record. For details of each core, refer to Figure 2, and Table 1. 

Figure 6: A compilation of %Corg changes during the last 35 ka in the different cores collected from 

the southeastern Arabian Sea. The cores are plotted with the northernmost core on the top 

and the southernmost on the bottom. The water depth of the core is given in parenthesis, 

next to each record. For details of the core, refer to Figure 2, and Table 1. 

Figure 7: All productivity/monsoon proxy indicators analyzed in the Malabar Core, along with the 

SST (from Saraswat et al., 2013): A- %CaCO3; B- %Corg; C- Relative abundance of G. 

bulloides; D- δ13C; E- δ18Osw-ivc. The SST change during the same interval is also plotted 

(F) (Saraswat et al., 2013). The vertical gray shaded region indicates Heinrich Stadials 

marked as HS-1 and HS-2. The %Corg as well as δ13C in the SEAS decreases during high 

latitude Heinrich Stadials. The HS are also marked by increase in δ18Osw-ivc. A similar 

consistent response is, however, not observed in %G. bulloides based productivity 

changes. 
 

 



24 

 

Table 1: The details of the cores discussed in the manuscript. 
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                                                                Table 1 

Sr. 

No. 

Core Water Depth 

(m) 

Latitude 

(°N) 

Longitude 

(°E) 

Length 

(cm) 

Reference 

1 MD76‐131 1230 15.53 72.57 na Ivanochko, 2004 

2 SK117 GC8 2500 15.48 72.85 410 Banakar et al., 2005 

3 SK17 840 15.25 72.97 473 Singh et al., 2006 

4 3104G 1680 12.80 71.70 150 Agnihotri et al., 2003 

5 SK126 GC39 1940 12.63 73.33 490 Kessarkar et al., 2010 

6 AAS62 GC01 800 11.50 74.61 508 Kessarkar et al., 2013 

7 SK237 GC04 1247 10.98 75.00 286 Saraswat et al., 2013 

8 AAS38 GC5 875 10.27 75.53 250 Narayana et al., 2009 

9 AAS38 GC4 240 10.25 75.65 270 Narayana et al., 2009 

10 SK20-185 2523 10.00 71.83 na Sarkar et al., 1993 

11 SK129 CR05 2300 9.33 71.98 552 Guptha et al., 2005 

12 SK126 GC16 1420 8.03 76.05 480 Anil Kumar et al., 2005 

13 MD77-191 1254 7.30 76.43 1340 Sirocko, 2002 

14 3101G 2680 6.00 74.00 150 Agnihotri et al., 2003 

15 MD 900963 2446 5.06 73.87 5400 Cayre et al., 1999 

 

na: The exact length of the core is not available. 

 




