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Abstract 

The present study explored the dynamics of total dissolved Cobalt (dCo) in the Indian Ocean revealing 

different distribution patterns in the different sub-basins, nutrient-type in the southern sector, hybrid-

type in the Arabian Sea to scavenged-type in the Bay of Bengal. The dCo in the coastal water of the 

Arabian Sea displays elevated (0.12-0.13 nmol/L) abundance and diminishes gradually towards the 

central Arabian Sea. Similarly, in the Bay of Bengal (BoB), dCo concentrations are notably higher in 

the northern region (0.11 nmol/L) gradually decrease towards south (0.03 nmol/L at 5°N). The Arabian 

Sea with higher biological uptake and remineralization in the oxycline supports a higher abundance of 

dCo in the intermediate oxygen minimum zone (OMZ), much a like the OMZs of the Atlantic and the 

Pacific Oceans. The influence of the phytoplankton community shift and uptake on the dCo 

distribution in the Indian Ocean could be inferred from the association between Co and phosphate in 

the photic waters. Our observation demonstrates  scavenging type dCo profile in the BoB due to its 

higher riverine as well as dust inputs in addition to its supply from continental shelf sediments. Such 

higher concentration of dCo in  surface waters of the northern BoB masks the dCo signal associated 

with nitrite maxima. dCo gets removed by its scavenging with Mn oxides at deeper depths as reflected 

by higher particulate Co in the BoB. Subduction fluid contribute significantly to the dCo inventory of 

the deep water in the Indian Ocean near Java-Sumatra subduction zone. 

Plain Language Summary 

Cobalt (Co) plays a significant role as a rare and vital bioactive trace metal essential for phytoplankton 

in the global ocean. The present study deals with the intricate biogeochemical processes of total 

dissolved Cobalt (dCo) in the Indian Ocean, comprising the Arabian Sea, the Bay of Bengal (BoB), 

and the southern sector of the Indian Ocean (30°S) and sheds light on the crucial sources of dCo as 

riverine input, atmospheric dust, continental shelf and Submarine Groundwater Discharge (SGD) to 

the surface waters whereas the Java- Sumatra subduction zone acts as a supplier of dCo to the deep 

waters. Though Arabian Sea OMZ waters have similar dCo cycling to the global ocean OMZ, the BoB 

shows a peculiar dCo distribution with surface maxima that is attributed to its large riverine, 

atmospheric and shelf sediment input to the surface water. Due to the intricate internal cycling of dCo 

with dissolved oxygen, the changing global climate and ocean deoxygenation will critically affect the 

dCo reservoir in the water column.  

Key Points 

 Rivers, atmospheric dust, continental shelf, and SGD supply dCo to surface waters. 

 High dCo in deeper waters near the Java-Sumatra Subduction Zone could be due to release 

from the subduction zone. 

 Contrasting internal cycling of dCo is observed in the Arabian Sea, the Bay of Bengal and the 

southern sector of the Indian Ocean.  
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1. Introduction 

The Micronutrients are known to have significant impact on the ocean productivity as they act like 

metal enzymes for many of the metabolic reactions (Morel & Price, 2003). Cobalt (Co) is one among 

the important micronutrients with very low abundance in seawater limiting and co-limiting 

productivity in part of the global ocean ( Bown et al., 2011; Chmiel et al., 2022; Hawco & Saito, 2018; 

Saito et al., 2002, 2004). Cobalt can substitute for Zinc (Zn) in the enzyme carbonic anhydrase in Zn-

limited regions (Lane & Morel, 2000; Yee & Morel, 1996). Cyanobacteria, in particular 

Prochlorococcus Sp. and Synechococcus Sp., have an obligate requirement of Co for their growth that 

is distinct from other organisms  (Hawco & Saito, 2018;  Saito et al., 2002) because of their vitamin 

B12 or Cobalamin dependence that has cobalt as a metal centre. The vertical distribution of dCo has 

considerable significance as it reflects the dCo uptake by phytoplankton in the surface waters and its 

subsequent regeneration at the thermocline depth (Bown et al., 2011; Noble et al., 2012). Several 

sources have been identified as significant suppliers of dCo including riverine and estuarine input 

(Kharkar et al., 1968; Zhang et al., 1990), coastal sediments (N. J. Hawco et al., 2016; Noble et al., 

2012, 2017), and to a lesser extent hydrothermal activities and the Aeolian dust (Noble et al., 2017; 

Shelley et al., 2012). However, the regeneration of dCo in the oxygen minimum zone (OMZ) in the 

water column and in the low-oxygen waters at the sediment-water interface in the coastal areas exert 

an important control on dCo budget (N. J. Hawco et al., 2016).  

Though earlier studies characterised Co as a scavenging element (Whitfield & Turner, 1987; Nozaki, 

1997), many recent studies confirmed its nutrient-type profile due to its drawdown by biological uptake 

controlling the distribution of dCo in the surface ocean (Saito et al., 2005; Saito and Moffett, 2002). 

Based on the modelling of large data sets produced since the commencement of GEOTRACES 

programme, cobalt seems to display hybrid-type profile in the global ocean (Tagliabue et al., 2018). 

Cobalt (Co) has a larger tendency to get scavenged with Manganese (Mn) due to their comparable 

ionic radii and redox potential, facilitating the incorporation of Co into bacterially produced Mn oxides 

rather than the non-biologically freshly made oxides (Cowen & Bruland, 1985; Moffett & Ho, 1996). 

A significant quantity of dCo is bound to strong organic ligands within the euphotic zone which 

increases its availability to phytoplankton impacting their ecology (Cowen & Bruland, 1985; Saito et 

al., 2010). Previous studies noted the presence of considerable amount of dCo in a labile and unbound 

state below the euphotic zone (Bown et al., 2012; Saito et al., 2005), hence suggesting that the cobalt 

is prone to scavenging (Moffett & Ho, 1996).   

 Measurements in several ocean transects for cobalt have been accomplished as a part of the 

international GEOTRACES initiative. Still, the scope of the observations remains confined to the 



regional ocean basins especially in the Indian Ocean. Over the last decade, comprehensive 

observational data sets have been collected for the Atlantic Ocean, the Pacific Ocean, the Southern 

Ocean, the Arctic Ocean as well and the Mediterranean Sea suggesting continental margins, OMZs, 

atmospheric dust and rivers as the different sources of dCo which gives valuable insight into the dCo 

biogeochemical cycling (Dulaquais et al., 2017; Hawco et al., 2016; Noble et al., 2012, 2017; Chmiel 

et al., 2022; Bundy et al., 2020). However, the Indian Ocean is still relatively unexplored for dCo. The 

Indian Ocean is widely recognized as an extremely dynamic marine system due to its distinct 

physicochemical characteristics with the vast coastline associated with shelf margin, high riverine 

inputs in the BoB, huge atmospheric dust supply from the nearby deserts, Submarine Groundwater 

Discharge (SGD) along the coasts, and highly productive regions in the northern Indian Ocean that 

contribute to the uniqueness of the dCo biogeochemistry. Additionally, the presence of hydrothermal 

ridges and subduction zone at the Java- Sumatra region could be important sources of dCo in deeper 

waters, thereby impacting its budget. Besides, the presence of the OMZs in the northern Indian Ocean 

could make it a viable dCo reservoir highlighting its role in the dCo biogeochemistry. We measured 

the concentration of dCo in samples collected in the Indian Ocean including the Bay of Bengal, the 

Arabian Sea, and the southern sector of the Indian Ocean (up to 30 °S) onboard the GEOTRACES 

cruises GI09 and GI10. The current investigation elucidates the different sources of dCo in the Indian 

Ocean and their contrasting behaviour in the two OMZs of the Northern Indian Ocean, the Arabian 

Sea, the Bay of Bengal and the southern sector of the Indian Ocean, driven by their different physical 

and chemical properties adding knowledge to the dCo biogeochemical cycling.  

2. Materials and Methods 

2.1 Cruise track and Sampling 

The seawater samples were collected from the Arabian Sea during January to February 2020 onboard 

cruise GI10 (SSD069, RV Sindhu Sadhana, Figure 1) whereas samples from the BoB, Andaman area, 

Southern sector of the Indian Ocean (up to 30 ºS), and from the central Indian Ocean basin (CIOB) 

were collected on the cruise GI09 (SSD- 079, onboard RV Sindhu Sadhana) in the period of March - 

June 2021 (Figure1). Water samples were collected with 12L Teflon-coated Niskin X bottles (General 

Oceanics) using clean epoxy-coated 24-positioned rosette samplers deployed using KEVLAR hydro-

wire (Chinni et al., 2018; Singh et al., 2020). Conductivity, temperature, depth, and salinity were 

measured using Sea-Bird CTD sensors. Seawater samples from 17 stations each were collected in the 

Arabian Sea during the cruise GI10, and similar number of stations were sampled during the cruise 

GI09. Water samples were collected in previously cleaned LDPE (Low-Density Polyethylene 

TARSONS) bottles. The bottles were cleaned following GEOTRACEs protocol (Cutter et al., 2010); 



first soaked in an alkaline solution (EXTRAN MA01), filled with Quartz distilled 2M HCl followed 

by 1M HNO3 (Trace metal Grade- Fisher Scientific™). Samples were collected after these bottles were 

rinsed thoroughly with ultrapure water (18.2 Ωm Merck Millipore™) and packed in LDPE bags before 

sampling. The samples were sub-sampled from the Niskin X bottles by filtering through PALL 

Acropak™ Capsule filters of 0.22 µm pore size using filtered and compressed air. Sample bottles were 

rinsed thrice with respective seawater samples before collecting them. After collection, the samples 

were acidified using Optima grade HCl, (Fisher Scientific™) to maintain the pH of the sample <2, 

packed properly in the LDPE bags and brought to the laboratory at CSIR- National Institute of 

Oceanography for the trace metal analysis using the Sea-FAST HR-ICP-MS (Attom ES, Nu 

Instruments). The sub-sampling and acidification processes were performed under a class 100 laminar 

flow bench inside a class 10000 clean room customized inside a shipping container.  

2.2 Measurements of Basic Oceanographic Parameters and Macro-nutrients 

 Physical oceanographic parameters like temperature, salinity, and Dissolved Oxygen (DO- Chemical 

Parameter) were measured using Sea-Bird CTD sensors. Fluorescence was measured using a Sea-Bird 

sensor (WET Labs ECO-AFL/FL) and Beam Attenuation was measured using another sensor (WET 

Labs C-star). The DO measurements in the cruise GI10 were obtained through the Sea-Bird CTD 

sensor whereas, the samples for the cruise GI09 were analyzed onboard collecting seawater and 

following the Winkler’s Method. Macro-nutrients like silicate, phosphate, nitrate and nitrite were 

analysed in all samples collected during the cruises GI09 and GI10. For GI10 cruise, samples were 

frozen at -20°C and brought to CSIR-NIO Laboratory and nutrients measured using a 

spectrophotometer (SHIMADZU) whereas samples for GI09 were measured onboard using SKALAR 

Autoanalyser (Carritt & Carpenter, 1966; Winkler, 1888). 

2.3 Analysis of Total Dissolved Cobalt 

After the samples were brought to the laboratory, they were UV oxidized by an in-house UV-oxidation 

system. All the chemicals used for the trace metal analysis were high purity grade (Optima grade, 

Fisher Scientific™). Hydrochloric Acid (HCl), Nitric Acid (HNO3), Acetic Acid (CH3COOH), and 

Ammonia solution (NH4OH) were used for making the working reagents. A mixed standard solution 

was prepared for the external calibration using Merck™ ICP single element standard solution (1000 

ppm) and was diluted using Column Cleaned Sea Water (CCSW) to match the matrix of the seawater 

samples. The preparation of CCSW, standards, and the working of the sea-FAST HR-ICP-MS (Attom 

ES, Nu Instruments) were described in earlier publications of this group (Singh et al., 2020, 2023). 



In addition to the external and internal calibration (using Rh), CCSW was run intermittently between 

samples as blanks. For each batch of analysis, freshly prepared CCSW is used as blanks. NASS-7 was 

run several times as a reference material to check the repeatability and reproducibility of the 

instrument. Along with NASS-7, two in-house standards were run and cross-checked with respect to 

the NASS-7. These two check standards (Chk-1 GI10/08-150 m and Chk-2 GI10/08-4500 m) were 

collected in bulk in precleaned 10 L LDPE cubitainers and were measured throughout the analysis. 

The measured concentrations of NASS-7 standard showed a very good concurrence with the reported 

values. The measured values of Co blanks, standards, NASS-7 are mentioned in Table S1 of the 

Supplementary Information. The measurement has an uncertainty of 1.07% with a detection limit of 

0.0001ppb. 

Samples from cross-over station were collected and analysed to validate the entire protocols of 

cleaning, sampling, and measurement of trace metals adopted in this study. Station ER05 (16.75 ºN / 

68.99 ºE) sampled by the Japanese GEOTRACES program in 2009 (Vu & Sohrin, 2013) was re-

sampled as cross-over station in this study in year 2020. A good correlation between the reported and 

measured values despite a gap of 12 years between the two samplings indicates a very good sampling 

and measurement protocols followed in this study (Figure S1). 

3. Hydrography 

Numerous studies have been conducted on the characterization of the water masses and their 

circulation pattern in the Indian Ocean (Murty et al., 1992; Schott & McCreary, 2001; Wyrtki, 1973;  

You & Tomczak, 1993;  You, 1997; Goswami et al., 2014). The Indian Ocean has low latitude land 

boundary in the northern part as the Arabian Sea and the Bay of Bengal are surrounded by continental 

land masses. Regardless of having almost the same latitudinal extent these two ocean basins have 

different characteristics in terms of their physical as well as chemical properties. 

The surface water of the Bay of Bengal, Bay of Bengal Low Saline Water (BoBLSW), is characterized 

by very low salinity due to the large influx of fresh waters to the basin from the peninsular and the 

extra peninsular Indian Rivers as well as from Myanmar through Indo-Burman Ranges. The Ganga-

Brahmaputra, Krishna, and the Godavari rivers contribute about 1.6×1012 m3 of fresh water annually 

to the BoB (Basu et al., 2001; Galy & France-Lanord, 2001; Sarin et al., 1989; Singh et al., 2008). This 

invasion of the low saline waters causes stratification in the water column. However, the presence of 

the warm as well as the cold core eddies helps break the stratification at some points (Madhupratap et 

al., 2003; Miriyala et al., 2017; Sarma et al., 2016). The Indian Ocean is also known as the link between 

the Atlantic and the Pacific Ocean where the warm surface waters from the Western Pacific Ocean 



enter in large amounts via Indonesian islands and also through the Australian passage traced between 

10 ºS and 15 ºS (Clemens et al., 2016; Frank et al., 2006; Song et al., 2004). Further moving southward, 

a more saline (> 35.5) and dense (25.4 Kg/m3) Subtropical Surface Water (SSW) formed due to excess 

evaporation over precipitation in the southern subtropical gyre of the Indian Ocean over 25 to 35 ºS 

(Schott & McCreary, 2001; Wyrtki, 1973) is present. Beneath the SSW, the water column is occupied 

by Sub Antarctic Mode Water (SAMW) south of 20 ºS with a density range of 26.4-26.9 Kg/m3 and 

spreads over a depth of 200 to 800 m in the water column (You, 1998). This SAMW forms around 40 

– 50 ºS and brings oxygen–saturated water into the gyre at a temperature range of 6 -14 ºC. In contrast 

to these high saline waters, Antarctic Intermediate Water (AAIW;  You, 1998) with lower salinity is 

observed at a water depth of 800 – 1100 m in the southern sector of the Indian Ocean. In addition, the 

Modified North Atlantic Deep Water (MNADW) and the Antarctic Bottom Water (AABW) are 

occupying the bottom and deeper depths of the water column of the Indian Ocean. The MNADW 

results from the mixing of NADW and the CDW in the southern sector of the Indian Ocean occupying 

a water depth range of 2000 -3500 m whereas the AABW holds a depth below 3500 m in the water 

column (Dileep Kumar & Li, 1996; Goswami et al., 2014; Singh et al., 2012; You, 2000). MNADW 

originates in the southern Australian Basin and enters the Central Indian Ocean Basin (CIOB) through 

the Broken Plateau and South-East Ridge systems and the AABW enters the CIOB by the deep saddles 

present on the 90 ºE ridge located at 5 ºS and 10 ºS (You, 2000). After entering the Indian Ocean, the 

MNADW continues to flow northwards whereas the bottom water bends and moves further southwards 

(Mantyla & Reid, 1995; Singh et al., 2020; Toole & Warren, 1993).  

The Arabian Sea is characterized by the presence of the  Arabian Sea High Saline Water (ASHSW), 

Persian Gulf Water (PGW), Red Sea Water (RSW), Modified North Atlantic Deep Water (MNADW), 

and Antarctic Bottom Water (AABW) (Dileep Kumar & Li, 1996; Goswami et al., 2014; Schott & 

McCreary, 2001; Singh et al., 2012; Wyrtki, 1973; You, 2000). The surface water of the Arabian Sea, 

termed Arabian Sea High Saline Water (ASHSW), is formed due to excess evaporation over 

precipitation in the Arabian Sea region. The potential temperature falls in the range of 26±2 ºC and the 

salinity ranges between 35.3 to 36.7 and is distributed uniformly over the Arabian Sea at a depth of 75 

to 100 m. The PGW flows from the Persian Gulf via the Gulf of Oman and enters into the Arabian Sea 

having a characteristic potential temperature of 18 ºC and salinity of 36.8 at its origin which drop to 

12.5 ºC and 35 respectively while traveling to the Arabian Sea (Shenoi et al., 1993). Likewise, the 

RSW originates from the Red Sea and flows at a depth range of 500 to 800 m spreading over the 

Arabian Sea and flowing further southwards. The surface water circulation is controlled by the 

seasonal reversal of the monsoonal winds over the Arabian Sea. This seasonality causes the emergence 



of the East India Coastal Current (EICC) and West India Coastal Current (WICC) in the northern 

Indian Ocean resulting in an exchange of the surface waters between the Bay of Bengal and the Arabian 

Sea. In the winter monsoon period, the North Monsoon Current (NMC) has a profound influence over 

the Arabian Sea as it brings the low saline BoB waters into the Arabian Sea that is observed at stations 

GI10/4 and 5 (Figure. 2). In addition, the southeastern boundary of the Arabian Sea experiences 

mesoscale eddies migrating westward (Bruce et al., 1998; Rao et al., 2013; Shankar & Shetye, 1997). 

The invasion of the low-saline BoB waters causes intense baroclinic instability which further results 

in the meandering of NMC and the formation of anticyclonic eddies (Rao et al., 2013) and westward 

dispersion. This phenomenon is observed as a decrease in salinity from 35.45 at GI10/10 to 35.16 at 

GI10/11 along with the shoaling of potential density anomalies in the region (Figure 2). 

4 Results  

4.1 Macronutrients and Dissolved Oxygen 

The surface DO concentration varies between 200 and 240 µM and decreases gradually with depth 

and further increasing under the influence of deeper waters (below 1000 m). The DO decreases down 

to 5 µM (100-1000 m) prevailing suboxic conditions in the Northern Indian Ocean (Arabian Sea and 

BoB). In a few regions, the DO falls as low as near zero forming anoxic zones in the Arabian Sea 

further leading to the formation of denitrification zones. The on-board measured DO in the track of 

GI09 is shown as section plot (Supplementary Figure. S2).  However, due to some technical issues we 

were unable to measure the DO at some of the stations of the track GI10 in the Arabian Sea, data 

acquired at some stations are mentioned in the supplementary information. 

The macronutrients i.e., silicate (Si), phosphate (PO4
3-), nitrate (NO3

-) and nitrite (NO2
-) were also 

measured throughout the water column along the cruise track of GI09 onboard using the SKALAR 

Autoanalyser. Along the track of GI10 in the Arabian Sea, Silicate, Phosphate and nitrite were 

measured but the nitrate could not be measured due to some technical problem in the experimental 

setup. Surface concentrations of these nutrients show a minimum due to biological uptake. The values 

go as low as 0.1 µM for PO4
3-, <5 µM for Si, and <1 µM for NO3

-. This surface low persists up to 150 

– 200 m and then starts increasing to a maximum at the depth of 800 – 1000 m in the case of PO4
3- and 

NO3
- and 2000 to 2500 m for Si with values of 3.4 µM, 38 µM, and 160 µM respectively in the Indian 

Ocean (Figure. S3, S4, S5). These values remain more or less constant in the deeper waters. The 

measurement of nutrients in samples of the cruise GI09 was validated by measuring MOOS-3 

reference material with a consensus value of less than 10% uncertainty.  

 



4.2 Total Dissolved Cobalt (dCo) 

4.2.1 dCo in the Arabian Sea 

dCo abundance in the water column of the Arabian Sea has a range of 0.015-0.15 nmol/L. The coastal 

water of the Arabian Sea displays a greater concentration of dissolved cobalt of 0.12-0.13 nmol/L in 

the surface waters and ~0.06 nmol/L in the bottom waters (GI10/01 and 02; Figure 3a and 4a). The 

high surface concentration of dCo gradually decreases to ~0.02 nmol/L while approaching the open 

ocean waters. dCo in the perennial OMZ region of the eastern Arabian Sea has comparatively higher 

surface values of   0.037-0.05 nmol/L (GI10/17 and 18).  

The dCo concentration gets its maximum value around 100-150 m water depth reaching 0.05-0.06 

nmol/L in the open ocean waters and even higher (0.075-0.115 nmol/L) (GI10/17 and 18) in the 

perennial OMZ region of the Eastern Arabian Sea. Further, a fall in the concentration up to 0.015-0.03 

nmol/L is observed in the deeper parts of the water column (Figure 3a and 4a). Overall, the dCo 

displays hybrid-type behavior in the Arabian Sea (Figure 4a). 

4.2.2 dCo in the Bay of Bengal  

The dCo in BoB ranges from 0.02 to 0.11 nmol/L. Surface dCo in the BoB shows higher values of 

0.09-0.11 nmol/L which decreases gradually up to 0.02 nmol/L in the deeper waters (GI09/02; Figure 

3b and 4b). The profile of dCo in the open ocean is somehow special. It does not show the typical 

hybrid-type of profile rather it shows a scavenging-type of profile (Figure 4b). In addition, the OMZ 

waters of the BoB show a marginally increasing trend of dCo up to ~0.035 nmol/L (GI09/02). Coastal 

BoB has an overall higher range of dCo ranging from ~0.1 nmol/L in the surface to ~0.025 nmol/L at 

80 m depth which further increases with depth up to 0.060 nmol/L at the bottom (Figure 3b and 4b). 

The high surface concentration of dCo decreases gradually moving southward from the Northern 

Indian Ocean. The surface high dCo of 0.11 nmol/L in the Northern Indian Ocean decreases to < 0.03 

nmol/L in the equatorial Indian Ocean at 5 °N latitude (GI09/05) and even lower further south. In the 

deep water of the Java-Sumatra Subduction Zone area, there is an enrichment of dCo as high as 0.05-

0.065 nmol/L (GI09/05, 3300 – 4250 m; Figure 3b and 4c). 

4.2.3 dCo in the Southern Sector of the Indian Ocean and Central Indian Ocean Basin 

The overall dCo in the southern sector of the Indian Ocean (30 °S; GI09/14-16) is lower (<0.04 

nmol/L) compared to its northern counterpart (Figure 3b and 4d) and display nutrient-type vertical 

profile (Figure 4d). The surface concentration of dCo varies in the range of 0.002 to 0.01 nmol/L which 

persists up to 100 m. The dCo concentration increases up to 0.03-0.04 nmol/L below 800 m with a 



subsequent decrease to around 0.01-0.02 nmol/L further downward. Despite the presence of the South-

East and South-West Indian Ridges in the southern sector of the Indian Ocean, hydrothermal signatures 

of dCo were not traced in this region.  

In the Central Indian Ocean basin, the surface dCo remains in the range of 0.015-0.025 nmol/L, 

however, a slight increase in the concentration of 0.08-0.095 nmol/L is observed at GI09/ 21 around 

water depth of 75 – 100 m (Figure 3b and 4f). The deep-water concentration of dCo lies in a range of 

0.01-0.02 nmol/L.  

5. Discussions 

5.1 Distribution of dCo in surface waters 

The surface distribution of dCo exhibits a significant degree of variability within the Indian Ocean, 

from 0.002 nmol/L to 0.13 nmol/L (Figure 5). This variability is observed across many regions within 

the Indian Ocean, including the Arabian Sea, Bay of Bengal (BoB), Central Indian Ocean Basin 

(CIOB), and the southern sector of the Indian Ocean (SIO). The concentration of dissolved cobalt 

displays an increasing trend from the southern sector of the Indian Ocean towards the Northern Indian 

Ocean. Notably, the coastal Bay of Bengal (BoB) records a maximum concentration of 0.11 nmol/L, 

whereas the eastern coastal Arabian Sea reaches an even higher concentration of 0.130 nmol/L. 

Elevated values observed in coastal regions may be attributed to significant contributions from 

atmospheric dust deposition, riverine influx, and submarine groundwater discharge along with 

contribution from shelf sediments.  

Despite having a significantly enhanced abundance of dCo in the coastal BoB and the Arabian Sea, 

the depth profiles of dCo in their water columns are quite different (Figure 4). The Arabian Sea exhibits 

a characteristic hybrid-type water column profile similar to most of the global ocean basins (Chmiel 

et al., 2022; N. J. Hawco et al., 2016), however, in contrast, the Bay of Bengal (BoB) displays a 

scavenging-type of profile (GI09/02). The surface high of dCo in BoB has a resemblance to the Arctic 

shelf and the Gulf of Alaska (Bundy et al., 2020; Chmiel et al., 2022). The presence of a surface high 

in the Bay of Bengal (BoB) can be attributed to significant riverine input originating from the Ganga-

Brahmaputra riverine systems (Robinson et al., 2007; Sengupta et al., 2006) or shelf input (Noble et 

al., 2012, 2017). Apart from the riverine input, atmospheric dust has been identified as a significant 

source of dCo in the Northern Indian Ocean (Chester et al., 1991; Srinivas & Sarin, 2013), as it receives 

a substantial amount of dust from the Saharan desert, Arabian desert, and nearby regions, Thar desert 

as well as from the Indo-Gangetic Plains and the Peninsular India (Aswini et al., 2020; Bikkina et al., 

2023; Chester et al., 1991; Karri et al., 2024; Kumar et al., 2012, 2020; Srinivas & Sarin, 2013; Tindale 



& Pease, 1999). Overall concentration of dCo in the southern sector of the Indian Ocean is low (Figure 

4) and it displays nutrient type profile. Lack of external sources maintains the lower concentration of 

dCo in the surface waters in this region. 

5.2 Significant sources of dCo to the surface waters of the Indian Ocean 

Atmospheric input could be a crucial source of several micronutrients to the surface ocean waters. In 

the present study, the atmospheric flux (both dry and wet deposition) of soluble Co to the Indian Ocean 

has been estimated (Supplementary Text S1) using model-based soluble Al deposition fluxes (Xu & 

Weber, 2021) (Figure S6). The spatial map of atmospheric deposition of Co (Figure S6) displays the 

highest soluble Co in the Eastern Arabian Sea, reaching up to 4.5 µmol m-2 yr-1 in the present study 

area. A considerable difference in the atmospheric Co fluxes between the Arabian Sea (4.5 µmol m-2 

yr-1) and BoB (~1-1.5 µmol m-2 yr-1) is observed due to the higher soluble Al flux in the Eastern 

Arabian Sea indicating a huge continental source. This feature is also observed for the soluble  Mn 

(Singh et al., 2023). This could be due to high dust input from Peninsular India during the NE Monsoon 

and/or wet deposition during the summer monsoon ( Figure S7; Kumar et al., 2012; Suresh et al., 

2021). The Deccan Basalt and the Southern Granulitic Terrain of Peninsular India with  Co 

concentrations in the range of  28 to 63  and 0.6 to 72 g/g respectively seem to be the crucial dust 

sources contributing to the high soluble Co in the Eastern Arabian Sea (Laxman et al., 2022; Yellappa 

& Rao, 2018). The combined average dust input in the BoB and the Arabian Sea (11.3 Mmol/yr) 

constitutes the 17% of the global dust input (Tagliabue et al., 2018). In addition, dust sources from the 

desert regions of Saudi Arabia and Northern Africa enhance the soluble Co flux in the western Arabian 

Sea. Further south, the soluble Co flux decreases to 0.1-0.5 µmol m-2 yr-1. A decrease in the soluble 

Co flux towards the southern sector corresponds to the lower continental dust contribution in the 

southern Indian Ocean, except for a minor increase in the eastern TSIO (~0.5 µmol m-2 yr-1) under the 

influence of the Australian dust (Karri et al., 2024). 

The Northern Indian Ocean receives a large influx of fresh water and sediments from several large 

rivers carrying huge amounts of micronutrients to the surface waters of the Northern Indian Ocean. 

Three major rivers, the Indus, the Narmada, and the Mahi debouches a total freshwater discharge of 

272.78 km3 yr-1 into the Arabian Sea whereas a total water discharge of 1587.85 km3 yr-1 is estimated 

in the BoB via the major rivers like the Ganga- Brahmaputra, the Irrawaddy, the Mahanadi, the 

Damodar, the Godavari, the Krishna and the Cauvery (Gupta et al., 2022; Milliman & Meade, 1983; 

Sarin et al., 1989). These rivers could be potential sources of dCo to surface waters in the BoB which 

is confirmed by the dCo in MLD (Mixed Layer Depth) vs salinity plot deciphering a high dCo at low 

salinity (Figure S8). A significantly high dCo concentration in the Hooghly river, 0.8 nmol/L, was 



reported (Samanta & Dalai, 2018). Additionally, dCo could be contributed by its desorption from 

sediments in the estuarine region (Samanta & Dalai, 2018). The total riverine discharge of dCo 

including desorption from sediments in the estuary to the surface waters of BoB is estimated to be 2.27 

Mmol annually. Similarly, by considering the total riverine discharge to the Arabian Sea and dCo 

concentration at zero salinity (0.85 nmol/L of the Narmada river); (Mishra & Kumar, 2020)  , the total 

flux to the Arabian Sea is estimated as ~0.23 Mmol yr-1 (~0.06 µmol m-2 yr-1). The total estimated 

riverine flux in NIO constitute ~43% of the global riverine  dCo flux (Tagliabue et al., 2018). 

Variations in the riverine input might have been observed during monsoonal changes for which a 

seasonal observation is required.  

In addition to the atmospheric and riverine inputs, the Submarine Groundwater acts as another source 

for the dCo to the surface waters of BoB. The submarine groundwater discharge (SGD) is reported to 

be 333.4 km3 yr-1 and 200 km3 yr-1 in the BoB and Arabian Sea respectively (Damodararao & Singh, 

2022; Prakash et al., 2021; Rahaman & Singh, 2012; Samanta & Dalai, 2018). Considering ~5% 

fraction of it to be freshwater (Damodararao and Singh, 2022) and the average dCo concentration in 

the groundwater to be 6.2 nmol/L (Samanta & Dalai, 2018), the SGD flux is calculated to be  0.103 

Mmol yr-1 (0.047 µmol m-2 yr-1) in the BoB. However, average dCo concentration in the aquifers of 

the west coast is taken as ~1.08μg/L (18nmol/L) (Akshitha et al., 2022) and ~15% fraction of fresh 

SGD (Lino et al., 2023), the SGD flux in the Arabian Sea is estimated to be 0.54 Mmol/yr (0.14 µmol 

m-2 yr-1).   

5.3 dCo in the deeper waters of the Indian Ocean 

The dCo in the deeper waters of the Indian Ocean shows large spatial variability, ranging from 0.005 

nmol/L to 0.064 nmol/L (Figure 3a and b). Close to the Java-Sumatra Subduction Zone (GI09/05), the 

dCo exhibits a rising trend, reaching a maximum of 0.064 nmol/L at a depth of 4250 m (Figure 3b and 

4c). The persistent increasing pattern of dCo concentrations at depths below 3000 m in the subduction 

zone renders it a probable origin of dCo in these deeper waters. The Indian Plate subducting beneath 

the Eurasian Plate facilitates the transport of the metal-rich seafloor sediments (Pattan et al., 2017) of 

the Central Indian Ocean which is enriched with Cu, Ni and Co along with Fe and Mn (Valsangkar et 

al., 1992). The interaction of the recirculated seawater through the faults of the trench with the 

polymetallic nodule rich crust could probably a reason for the release dCo along with other trace metals 

to the deeper water column as it has been found in the case of dFe (Chinni et al., 2018). The higher 

δ3He (~15%) data nearby this region also confirms the presence of mantle sourced materials in the 

deeper waters (Srinivasan et al., 2004). Apart from this the dCo values of 0.064 nM in GI09/05 near 

the trench and further decreasing to 0.038 nM at GI09/06 marginally away from the trench region at a 



depth below 4000 m also adds to aforementioned discussions. This enhancement in dCo in the 

subduction zone is further confirmed by the higher beam attenuation coefficient signal measured by 

the Sea-Bird Sensor (WET Labs C-Star) (Figure S9). This source of dCo is distinct and limited to the 

deeper waters of the Indian Ocean and has not been documented yet from other oceanic regions.  

 However, the present study does not show any signature of Hydrothermal release of dCo from the 

active spreading ridges of the Indian Ocean. dCo concentration around the known ridges, the Southeast 

Indian Ridge (station GI09/15) and the Carlsberg Ridge (GI10/14) are similar to their background level 

(Figure. 3a and b). Though the global dCo budget estimate suggests a flux of 2×106 mol/yr to the deep 

waters via hydrothermal vents constituting ~2.4% of the total marine Co budget (Swanner et al., 2014), 

recent studies (N. Hawco et al., 2018) estimate it to be ~0.3%.  Very few hydrothermal vents are 

reported to be a source of dCo, for example, the Loihi Seamount in the Pacific Ocean (Chmiel et al., 

2022). The dCo has not been reported to travel very far distances from its hydrothermal vents as the 

labile Co particularly is prone to scavenging indicating immediate precipitation of dCo near the 

hydrothermal vents with a local vertical transport of dCo in the surrounding water column rather than 

the horizontal transport (Chmiel et al., 2022).  In the present study the unavailability of any dCo 

signature like dMn or dFe  near the Carlsberg Ridge, SEIR, or the Central Indian Ridge (Chinni et al., 

2018; Nishioka et al., 2013; Ray et al., 2012, 2020) could be due to the distance of the sampling sites 

from the vent site.  

5.4 Relationship of dCo with Phosphate and DO: 

The distribution of dCo in the open ocean shows a hybrid profile, with the highest concentration 

occurring in the oxycline (Chmiel et al., 2022; N. J. Hawco et al., 2016). In our study, we have observed 

correlations between dCo, phosphate (PO4
3-), and dissolved oxygen (DO) at various depths in the Bay 

of Bengal (BoB), Arabian Sea (Figure 6 a-h). Further, we have plotted the representative dCo profile 

along with DO, phosphate, nitrate and nitrite at different regions of the Indian Ocean (Figure 7) for 

better comparison. Throughout the water column of the Indian Ocean, dCo seems to correlate with 

PO4
3- and DO differently in different sub-basins (Figure 6 a-h). In the Arabian Sea (other than coastal 

ocean), the positive correlation between dCo and PO4
3- suggests their uptake by marine organisms in 

the surface waters due to high productivity, followed by its release in the deeper waters due to 

remineralization (Figure 6a). 

Further below the oxycline, there is a decrease in dCo compared to PO4
3-, indicating scavenging of 

dCo in deeper waters. Additionally, the inverse relation with DO in the top 250 meters confirms the 

release of dCo in low oxygen conditions in the Arabian Sea due to remineralization and organic matter 



respiration (Figure 7b). Below 250 meters, there is a gradual decrease in dCo, suggesting the 

dominance of the scavenging process over biotic uptake and remineralization. Coastal samples with 

very high dCo and low surface PO4
3- do not confirm the biological uptake and remineralization pattern, 

likely due to high input from external sources, from atmospheric input and shelf sediments (Figure 

6a). In the BoB, dCo exhibits a scavenging nature in the upper 250 meters in both coastal and open 

ocean waters. The inverse trend with PO4
3- in the BoB suggests the dominance of scavenging over 

biological uptake (Figure 6c), and the decrease of dCo with DO in the top 250 meters further confirms 

the dominance of scavenging over release due to remineralization and organic matter respiration 

(Figure 6d and Figure 7b). Interestingly, dCo in the BoB correlates with the PO4
3- in the deeper waters, 

suggesting its remineralization with PO4
3- at deeper depths (Figure 6c and 7b). Such an association 

between dCo and PO4
3- has been observed previously in the BoB (Ikhsani et al., 2023). The 

remineralization of dCo with respect to PO4
3- in the OMZ region of BoB has been observed at deeper 

and marginally longer length scales compared to the Arabian Sea (Figure 6c ) which could be explained 

by the ballast effects in the presence of a large amount of lithogenic particles in the BoB brought by 

the Ganga-Brahmaputra riverine system increasing the sinking speed of aggregates and the depth of 

remineralization (Rixen et al., 2019). The Ballast effect is known as the coagulation of the organic 

matter with the lithogenic particles thereby increasing the speed of the sinking of the aggregates 

through the water column so as increasing the depth of remineralisation (Ittekkot & Haake, 1990; 

Kwon et al., 2009). 

In the Southern Sector of the Indian Ocean (SIO) and the Central Indian Ocean Basin (COIB), euphotic 

waters (0-250m), dCo show a positive correlation with PO4
3- with p value <0.001, indicating biotic 

uptake of dCo and subsequent remineralization (Figure 6e and 6g) and further decrease in dCo with 

an increase in PO4
3- in the deeper waters, indicating a scavenging process (Figure 6e, g) as has been 

suggested in earlier studies in the Atlantic and Pacific oceans (Chmiel et al., 2022; Hawco et al., 2016). 

However, the p-value for the deeper depths is >0.01 indicating the correlation between dCo and PO4
3- 

at deeper depths in these regions are not highly significant. The correlation with DO is weaker at SIO 

as compared to other parts of the Indian Ocean. The overall correlation between dCo and DO 

throughout the water column shows a stronger association in the Arabian Sea, likely due to intense 

remineralization of organic matter and corresponding oxygen utilization. 

The dCo also demonstrates a significant association with phosphate (PO4
3-) in the euphotic zone on a 

global scale due to surface biological uptake by the phytoplankton and subsequent remineralisation of 

dCo along with the phosphate (Bown et al., 2011; Ellwood, 2008; Noble et al., 2008; Saito et al., 2010; 

Saito et al., 2004, 2017; Saito & Moffett, 2002). The dCo and PO4
3- correlation in the Atlantic Ocean 



demonstrates an average Co:P slope of 23.1 µM M-1 with variations in the regional scale (21.5-65.8 

µM M-1; (Dulaquais et al., 2014). These observed variations in the Co:P slope in different 

biogeochemical domains within the same ocean could be linked to the different phytoplankton 

assemblages. Additionally, other factors such as the differential surface regeneration rate of various 

ecosystem species, differential input of dCo from various sources, and physical processes could 

influence the Co:P slope regionally (Noble et al., 2008). The current study demonstrates variations in 

the Co:P slope in different regions of the Indian Ocean, potentially attributed to the existence of 

specific phytoplankton communities (Figure 8a-e). The slope of Co:P progressively rises from 18 to 

41 µM M-1 from the Southern Sector of the Indian Ocean to the Northern Indian Ocean (Arabian Sea 

perennial OMZ; Figure 8). The northward increase in the Co:P slope in the Indian Ocean infers the 

enhanced biological uptake of dCo in the Northern Indian Ocean. Even, within the Arabian Sea, 

different slopes indicate the shift in the phytoplankton community. The enriched bacterial community 

and Synechococcus in the perennial OMZ area (Eastern Arabian Sea) and also seasonal 

Trichodesmium bloom (Garrison et al., 2000; Matondkar et al., 2006) enhance the dCo uptake making 

Co:P slope steeper as the cyanobacteria has higher demand for the dCo. Furthermore, the lower 

intercept (Figure 8) in the Eastern Arabian Sea, which accounts for the leftover dCo after biological 

consumption, confirms the higher dCo uptake due to enhanced productivity and high uptake rate due 

to shift in the microbial community.  The phytoplankton community in the BoB is predominantly 

composed of Prochlorococcus and Synechococcus accounting for 66% of the community population 

(Sarma et al., 2016). However, it is noteworthy that the slope of Co:P differs significantly from that 

observed in the other regions of the Indian Ocean. The negative slope (-27 µM M-1) indicates the 

enrichment of dCo in the surface waters of the BoB by multiple potential sources and the limited 

influence of biological factors on the dCo distribution (Figure 8). The low productivity and subsequent 

low biological utilization along with high input from dust, river, and SGD contribute to a negative 

correlation between the dCo and PO4
3-. This can be further confirmed by the particulate Co (pCo) and 

Phosphate (pP) (Weisend, 2017) in the BoB region which portrays the decoupling between surface 

pCo and pP. This unique characteristic sets the BoB apart from the other regions of the Indian Ocean 

in terms of dCo distribution. 

5.5 Contrasting biogeochemical behavior of dCo between the Bay of Bengal, the Arabian Sea 

and the southern sector of the Indian Ocean 

Different parts of the world ocean show a typical hybrid dCo profile including the OMZ regions 

(Chmiel et al., 2022; N. J. Hawco et al., 2016; Noble et al., 2017). The present study displays dCo 

trend in the OMZ waters of the Arabian Sea similar to other global OMZ (N. J. Hawco et al., 2016). 



However, it is noteworthy that the Bay of Bengal (BoB), despite possessing an OMZ, exhibits a 

different vertical distribution. Further, the southern sector of the Indian Ocean display nutrient-type 

profile for dCo with overall lower concentration. In the Arabian Sea, the dCo profile shows a surface 

low commonly attributed to the biological uptake of dCo, followed by remineralisation that manifests 

a peak in the oxycline that corresponds to the secondary nitrite maxima (Figure 9, 10a). Further, the 

observed trend of a progressive decline in dCo with depth corresponds to the oxidation of Co (Ⅱ) along 

with the Mn by biologically mediated oxidation. This can be understood in terms of the observed dMn 

peak and the corresponding nitrite peak in the OMZ of the Arabian Sea (Singh et al., 2023) and then 

further decline of dMn along with dCo implicating the dominance of scavenging of dCo by Mn 

oxidation below oxycline depth (Figure 9, 10a).  

In contrast to the Arabian Sea, the BoB shows a scavenging type of profile. This could have a 

combination of factors such as the low productivity and corresponding lower uptake, combined with 

high input of dCo from rivers and dust, the presence of Fe-Mn oxyhydroxides and similar scavenging 

pathway of Mn and Co in the water column, and deeper remineralization of dCo with PO4
3-  due to the 

ballast effect. The surface water exhibits the highest dCo concentration of ~0.11 nM which decreases 

gradually with depth and without any correlation with the nitrite peaks in the water column (Figure 9, 

10b). The elevated surface concentration may be attributed to the riverine input as well as atmospheric 

and shelf supply that aligns with the previous study conducted in the Arctic Ocean (Bundy et al., 2020). 

Also, waters near the river mouth contain a high concentration of organic ligands that prevents dCo 

scavenging via Mn oxides (Beck et al., 1974; Lenstra et al., 2022; Shiller et al., 2006) and further 

transport of these high dCo waters could have raised the surface dCo in BoB. Another contrasting 

feature is the inverse correlation of dCo with phosphate in the BoB (top 250 m) suggesting the 

dominance of scavenging over the bio-uptake which is also confirmed by the surface decoupling of 

the pCo and pP (Weisend, 2017). Hence the peak formed due to remineralisation, like the Arabian Sea 

and other world oceans in the euphotic zone (oxycline), is not observed in BoB. Rather, a slight 

increase in the dCo along with phosphate in the deeper OMZ (below 250 m) suggests a deeper 

remineralisation in the BoB probably due to the ballast effect (Kwon et al., 2009; Rixen et al., 2019). 

Although the dCo, nitrite, and dMn in the OMZ of the Arabian Sea are well correlated but not in the 

BoB (Figure 10a and b). Unlike the Arabian Sea, the existence of certain bacterial populations, the 

anammox process in the water column, and the presence of extremely low DO conditions aided by 

inhibition of vertical DO supply by strong salinity stratification may account for the nitrite peaks 

associated with the Bay of Bengal (Bristow et al., 2017).  The Co (Ⅱ) oxidation is associated with a 

common catalytic site with Mn (Ⅱ), rather than the non-biologically freshly formed Mn-oxyhydroxides 



(Moffett & Ho, 1996) indicating the coupling of Co and Mn is due to the presence of Mn-oxidizing 

bacteria rather than the abundance of Mn oxides. Further study confirms the oxidation of cobalt via 

microbial pathways like Mn oxidation as well as via indirect oxidation of the Mn oxides (Murray et 

al., 2007). The pCo and pMn studies (Weisend, 2017) show a similar scavenging process of Mn and 

Co via bacterial oxidation in the water column. The peaks of nitrite observed for this region could be 

due to the supply of organic matter and nitrite by the cross-shelf transport (Udaya Bhaskar et al., 2021). 

The dCo enrichment in the shelf region could be from the enriched pore waters in shelf sediments. The 

presence of high suspended particulate matter can be confirmed by the beam attenuation coefficient 

data obtained from Seabird sensors (see Figure S11).  

In the present study, the absence of any nitrite peak near the bottom waters of the shelf region (station 

GI09/01) indicates the lack of cross-shelf transport of nitrite. This supports water column 

denitrification in the Oxygen Minimum Zone (OMZ) of the Bay of Bengal (BoB). The Cobalt (Co) 

gets dissolved from the shelf sediments under anoxic conditions and is released to the bottom waters 

of the shelf region, (see Figure 9a, depth > 120m). However, the dissolution rate and its further 

transport is much less compared to Manganese (Mn) and Iron (Fe), implying the absence of any 

discernible dCo peak corresponding to nitrite peak in the OMZ of central BoB (GI09/02). Previous 

studies in the Benguela upwelling zone also confirm a much lower flux of dCo compared to dissolved 

Iron (dFe) and dissolved Manganese (dMn) from the reducing sediments (Liu et al., 2022). Further 

observations along the Congo River Margin(Vieira et al., 2020) and Peruvian Shelf (Sanial et al., 2018) 

support such lower release, possibly due to the minimal increase of dCo in subtoxic waters (<10µM; 

Liu et al., 2022). The minimal shelf release and transport combined with the significantly large surface 

concentration of dCo in the northern BoB supplied from external sources such as rivers, SGD and 

atmospheric sources, makes it challenging to detect any substantial dCo peak coinciding with nitrite 

peak in the OMZ of northern BoB. However, the modest increase in dCo in low oxygen conditions 

(below 250 m) is a result of the strong association of dCo with PO4
3- similar to the dissolved Cadmium 

(dCd) (Ikhsani et al., 2023) due to the ballast effect and deeper remineralization of sinking organic 

matter (Kwon et al., 2009; Rixen et al., 2019). The input of lithogenic matter to the water column in 

river-dominated regions of the Indian Ocean has increased the organic carbon flux rate by 62% (Rixen 

et al., 2019), thereby affecting the remineralization scale length in the BoB water column. All the 

afore-mentioned  discussed factors influence the biogeochemical cycling of dCo in the BoB waters, 

creating a noticeable difference from the Arabian Sea and other global OMZ regions. 

 

 



5.6 Impact of global warming on the dCo inventory of the northern Indian Ocean 

A few available studies suggest a decreasing trend of DO in the global ocean during recent years 

resulting in the intensification and expansion of global OMZ (Huang et al., 2023; Stramma et al., 

2008). The increase in sea surface temperature due to global warming increases ocean deoxygenation 

(Keeling et al., 2010) which in turn modifies the extent and intensity of global OMZ including the BoB 

and the Arabian Sea (Behrenfeld et al., 2006; Falkowski et al., 2011; Ito et al., 2017). The impending 

variation in the redox condition of the water column due to global warming might influence the 

biogeochemical cycling of cobalt in the BoB and Arabian Sea releasing more cobalt to the water 

column due to its reductive dissolution. A rough estimate of dCo increase in the northern Indian Ocean 

is made based on the rate of change of DO in the Indian Ocean due to global warming. The BoB has a 

dCo:DO slope of 0.0001nM µM-1 (Supplementary Figure S10) in the OMZ waters (between 100-1500 

m). Considering a decreasing rate of 0.59 mmol oxygen m-3 decade-1 (Huang et al., 2023), dCo may 

further increase at a rate of 0.06 pmol L-1decade-1 in the BoB. Similarly, the dCo:DO in the OMZ 

waters of Arabian Sea is observed to be 0.0016 nM µM-1. Hence, with a reported decreasing rate of 

1.9 mmol oxygenm-3 decade-1 (Huang et al., 2023), the dCo will increase at a rate of 3.04 pmolL-

1decade-1 in the OMZ of the Arabian Sea. These estimates suggest that a total decrease of 0.81 Tmol 

in DO reservoir in the OMZ of the Bay of Bengal due to global warming will lead to a 0.082 Mmol 

increase in dCo reservoir in a decade. Similarly, in Arabian Sea, 5.16 Tmol decrease per decade of DO 

will result in 8.26 Mmol increase of dCo. These estimates were made based on the current inventory 

of DO and dCo in the OMZ of the BoB and the Arabian Sea and their rates of change of DO per 

decade. The present study estimates 1.4% decrease in DO will lead to an increase of 0.1% dCo 

inventory of BoB. Correspondingly, a 19% decrease in DO will lead to a 3.26% increase in the dCo 

reservoir of Arabian Sea in the coming decade. Such discussions clearly imply that the future global 

warming will lead to intensification of the OMZ in the Indian Ocean resulting in the increase in dCo 

inventory of the sea water.  

6. Conclusion 

The present study illustrates the dCo distribution over the Indian Ocean comprising the BoB, the 

Arabian Sea, the CIOB, and the SIO (up to 30 °S). The dCo has a considerable variation of 0.002 to 

0.13 nmol/L in the Indian Ocean. The coastal Arabian Sea has a surface dCo concentration of 0.12-

0.13 nmol/L owing to the proximity of the sources from the continents which decreases to 0.02-0.03 

nmol/L in the central part. In contrast, the BoB has a higher dCo surface concentration of 0.11 nmol/L 

not restricting to the coastal part but spreading over the northern BoB that progressively decreases to 

0.03 nmol/L in the southern part (5 °N). This could be attributed to the combined effect of high riverine 



input along with the atmospheric dust, shelf supply, and SGD. In addition, the scavenging type of 

profile of dCo in the BoB could be linked to low biological productivity and subsequently lower 

utilisation through biological uptake. The variation in the Co:P slopes (18 to 41µM M-1) progressively 

increase from the SIO to the Northern Indian Ocean (Arabian Sea) and the intercepts over the different 

regions of the Indian Ocean are associated with the increased primary productivity along with the 

community shift.  

In the OMZ area of the Arabian Sea, the surface dCo is low (0.037-0.05 nmol/L) due to the biological 

uptake which increases to 0.115 nmol/L at the oxycline depth associated with the nitrite maxima and 

dMn peak. However, the OMZ area of the BoB shows a contrasting feature with a scavenging-type 

surface profile and no pronounced peak at the nitrite maxima. Rather a minor increase in the dCo in 

the OMZ waters of BoB corresponds to remineralisation of PO4
3-. The above-mentioned contrasting 

feature between the Arabian Sea and the BoB is due to the different processes associated with them. 

The peak of dCo in the Arabian Sea OMZ along with nitrite and dMn corresponds to the release of 

dCo along with dMn associated with the bacterial mediated oxidation. However, in the BoB, the 

absence of dCo peak with nitrite maxima demonstrates the dominance of scavenging over the bio 

uptake and remineralisation at deeper depth due to the ballast effect. The deeper water dCo contribution 

is attributed to the reductive dissolution of the bottom sediments in the coastal BoB (0.060 nmol/L) 

and the interaction of the subducting polymetallic nodule rich (Fe-Mn, Cu, Ni, Co) oceanic crust with 

the fluids along the Java-Sumatra subduction Zone (0.05-0.065 nmol/L). The present study reveals 

intricate biogeochemical cycling processes of dCo in the Indian Ocean and also the difference in dCo 

cycling between the OMZ of the Arabian Sea and the Bay of Bengal and its link to the future global 

climate changes. 

Open Research 

The dCo data, used in the present study have been provided in the  Supplementary Information and 

will also be archived at the institutional (CSIR- National Institute of Oceanography, Goa) data 

repository centre at the URL, https://publication-data.nio.res.in/s/jdF5dKXToa9j7DZ . The dCo data 

used for the comparison and validation of sampling and analytical techniques is from Vu and Sohrin 

(2013). The estimation of Atmospheric flux includes the Al flux data from Xu and Weber (2021). 

River and groundwater dCo data taken from Samanta and Dalai, (2018), Mishra and Kumar (2020), 

Akshitha et al (2022). The DO decrease rate and reservoir values were taken from Huang et al. 

(2023).The spatial maps for soluble Co flux and other section plots are created using ODV software 

(Version 5.6.3, 2022) (https://odv.awi.de, 2022). 
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Figure 1: The cruise tracks of GI10 (SSD069) and GI09 (SSD079) and the location of the sampling 

stations in the Indian Ocean. The GI10 cruise was conducted during January- February 2020 whereas 

cruise GI09 was completed during March- June 2021. Major rivers flowing to the Bay of Bengal and 

the Arabian Sea are also shown in the map. 



 

 

Figure2: Section plots showing the salinity with the density contours in the Indian Ocen labelled with 

different water masses, BoBLSW (Bay of Bengal Low Saline water), ASHSW (Arabian Sea High 

Saline Water), PGW (Persian Gulf Water), RSW (Red Sea Water), ITF (Indonesian Through Flow), 

SSW (Subtropical Surface Water), SAMW (Subantarctic Mode Water), AAIW ( Antarctic 

Intermediate Water), NADW (North Atlantic Deep Water), AABW (Antarctic Bottom Water) along 

the cruise tracks of (a) GI10 and (b) GI09.  



 

Figure 3: Section plots of dCo along the cruise tracks (a) GI10 in the Arabian Sea, (b) GI09 covering the Bay 

of Bengal (BoB), Central Indian Ocean Basin (CIOB), and Southern sector of Indian Ocean (SIO). Section plots 

clearly show the high dCo in the coastal areas, OMZ, and the Subduction Zone deep waters 

 

 

 

 

 

 

 

 

 



 

Figure 4: Profiles of dCo in the Indian Ocean along the cruise tracks of GI09 and GI10. Profiles are segregated region wise (a) Arabian Sea, (b) Bay of Bengal, (c) 

Equatorial Indian Ocean (EIO) (Eastern) (d) Southern sector of Indian Ocean (SIO), (f) Central Indian Ocean Basin (CIOB). (e) Location map of all the stations plotted 

in this figure. The profiles of different stations are distinguished with different colours and markers mentioned in the legend box of each plot.



 

 

Figure 2: Spatial distribution of the surface dCo (nM) concentration over the Indian Ocean. Higher 

dCo is observed in the coastal areas of the Northern Indian Ocean (Arabian Sea and Bay of Bengal). 

The dCo value gradually decreases as we move from the northern to the Southern sector of the 

Indian Ocean 



 

Figure 6:  dCo vs PO4
3- and dCo vs DO plots in the water column of different regions of the Indian Ocean (a-

b) Arabian Sea (c-d) Bay of Bengal, (e-f) Southern sector of the Indian Ocean, (g-h) Central Indian Ocean 

Basin. The different depths are colour coded and mentioned in the colour bar. The correlation of dCo with 

PO4
3- and DO along with regression line and p-value are mentioned in the plots for depths 0-250m (Red line) 

and >250m (Blue line)  



 

Figure 7: The dCo profile is compared with other chemical parameters like DO, and macronutrients like Silicate, 

Phosphate, Nitrite and nitrate in different parts of the Indian Ocean. The profile are the representatives for 

specific regions in the Indian Ocean (Arabian Sea- GI10/17, Bay of Bengal- GI09/02, Equatorial Indian Ocean 

EIO (GI09/05), Southern Sector of Indian Ocean (SIO)-GI09/15 and Central Indian Ocean Basin (CIOB) -

GI09/20). Nitrate could not be measured in theGI10 cruise due to technical issues and Nitrite was not detected 

in SIO and CIOB. 



 

 

Figure 8: Scatter plots of dCo (nmol/L) and phosphate (µmol/L) in the water depth of 0 -250 m in 

different parts of Indian Ocean: (a)Bay of Bengal (BoB)- Orange, (b) , Arabian Sea (9°N)- Pink , (c) 

Arabian Sea Perennial OMZ (ASOMZ)- Blue, (d) Central Indian Ocean Basin (CIOB)- Green and 

(e)Southern sector of Indian Ocean (SIO)- Red. The slopes, intercepts, and correlation coefficients are 

mentioned in the plot. 



 

 

Figure 9: dCo vs DO in the water column (a), (b) in the Bay of Bengal (c) in the Arabian Sea. These 

profiles show the release of dCo to the water column in low oxygen conditions. Still, the dCo in the 

OMZ waters of the Bay of Bengal and the Arabian Sea behaves differently due to different 

biogeochemical processes. 



 

 

 

Figure 10: dCo vs Nitrite (NO2
-) vs dMn in the water column (a) Arabian Sea (b) Bay of Bengal. The 

dCo in the Arabian Sea is correlated with the nitrite as well as the dMn peak in the zone of 

denitrification due to the release of dCo and the dMn from the bacterially mediated Mn oxides. 

However, the dCo is not correlated with the nitrite in the Bay of Bengal. The dMn data of the Arabian 

Sea (a) is taken from Singh et al., 2023 and that of Bay of Bengal (b) is unpublished data from GI09 

cruise. 

 


