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Abstract. Oxygen minimum zones (OMZ) play an important role for the global oceanic nitrogen cycle because they account 

for 20 to 40 % of the global loss of bioavailable nitrogen despite covering only about 1 % of the global ocean volume. The 

intermediate waters of the Bay of Bengal (BoB) host one of the most pronounced OMZs with near-anoxic conditions. However, 

it has not yet been recognized as a site with significant nitrate reduction. In this study, we examined the nitrogen cycling 

processes in the East Equatorial Indian Ocean (EEIO) and the BoB by measuring water column properties, including 15 

temperature, salinity, oxygen and nutrient concentrations, as well as nitrate isotope signatures, collected during the SO305 

BIOCAT-IIOE2 cruise in April and May 2024. Potential temperature and salinity profiles showed distinct water masses and 

limited mixing between BoB and the EEIO at 5°N. 

Nitrate stable isotope depth profiles varied significantly, driven by water mass distribution below 300 m and in-situ 

fractionation above 300 m. Phytoplankton uptake acts as a nitrate sink in the surface waters, showing a significant isotopic 20 

enrichment and nitrogen deficit. Below, nitrification was observed, primarily through regenerative production using previously 

assimilated biomass rather than newly fixed nitrogen from N2 fixation. Within the OMZ of the BoB, we identified a persistent 

nitrogen deficit and slightly enriched nitrate isotopes between 100 and 300 m, indicating a nitrogen loss, which we attributed 

to anammox as the dominant nitrogen loss pathway in the BoB. 

1 Introduction 25 

Nitrogen is an essential nutrient for all organisms. However, in its most abundant form, unreactive dinitrogen gas (N2), it is 

unavailable for most microorganisms. Through N2 fixation, N2 is converted to organic nitrogen, making it bioavailable (Gruber, 

2008). This bioavailable nitrogen is removed via denitrification and anammox (Fig. 1), creating N2. The balance between N2 

fixation and nitrogen loss controls the availability of bioavailable nitrogen in the ocean, and consequently marine productivity 

(Gruber, 2008).  30 
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Denitrification is the stepwise heterotrophic dissimilatory process that reduces nitrate (NO3
-) to N2 via nitrite (NO2

-), nitric 

oxide (NO) and nitrous oxide (N2O) (Knowles, 1982; Tiedje, 1988). During anammox (anaerobic ammonium oxidation) 

ammonium and nitrite are combined to produce N2 (Strous et al., 1999; Trimmer et al., 2003). In addition to these loss 

processes, bioavailable nitrogen can be recycled. During assimilation, phytoplankton either uses nitrate or ammonium (NH4
+) 

to build biomass. This biomass is transformed back to ammonium through remineralisation, which subsequently can be further 35 

oxidized to nitrate via nitrification, with nitrite as an intermediate product (Fig. 1; Gruber, 2008).    

 

Figure 1: Schematic overview of the nitrogen cycle with isotopic changes caused by N and O fractionation adapted from Casciotti 

(2016). Abbreviations: Particulate organic nitrogen (PON), ammonium (NH4
+), nitrite (NO2

-), nitrate (NO3
-), dinitrogen (N2), water 

(H2O), and oxygen (O2). 40 

Nitrogen loss only occurs under low oxygen to anoxic conditions. Despite covering only 1 % of the global ocean, oxygen 

minimum zones (OMZ, with oxygen concentrations <20 µM) account,  for 20 to 40 % of fixed nitrogen loss (Bristow et al., 

2017). Anammox has in some cases been observed to tolerate oxygen concentrations up to 20 µM and denitrification up to 

oxygen concentrations of 6 µM. However, in OMZ waters, the rates of both processes increase only at oxygen concentrations 

<1 µM. However, the oxygen thresholds of denitrification and anammox are still associated with a high degree of uncertainty 45 

(Bristow et al., 2016; Dalsgaard et al., 2014; Kalvelage et al., 2011; Rixen et al., 2020). This also applies to nitrification, which 

usually occurs under oxic conditions, but can also occur in niches with extremely low oxygen concentrations (Sun et al., 2021, 

2023). A profound knowledge of the nitrogen turnover processes in OMZs and their regulation by ambient dissolved oxygen 

concentrations is essential to understand the global oceanic nitrogen cycle.    
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The northern East Indian Ocean with its marginal sea, the Bay of Bengal (BoB), hosts one of the most pronounced OMZs in 50 

intermediate waters worldwide, with oxygen concentrations close to anoxic conditions (Rixen et al., 2020; Sridevi and Sarma, 

2020). Following its discovery (Wyrtki, 1971), the BoB’s OMZ is well described in literature (Deuser, 1975; Naqvi et al., 

1978; Sen Gupta et al., 1977). Up to date, no study measured signs for significant nitrogen loss in this area (Howell et al., 

1997; Rao et al., 1994; Sardessai et al., 2007; Sarma et al., 2013), although, in 2017, Bristow et al. estimated a small nitrogen 

loss of ~1.7 Tg yr-1. They hypothesized that more intense nitrogen loss was likely inhibited by variable oxygen concentrations 55 

within the BoB (Bristow et al., 2017; Johnson et al., 2019). Currently, it is discussed whether the BoB is on the verge of 

becoming functional anoxic and may thus evolve towards a significant oceanic nitrogen sink in the future (Bristow et al., 2017; 

Rixen et al., 2020; Sarma and Udaya Bhaskar, 2018; Sridevi and Sarma, 2020).  

Natural variations in nitrate dual isotopes are a commonly used tool to study the marine nitrogen cycle. Nitrogen turnover 

processes usually preferably use lighter isotopes, leading to an enrichment of the remaining substrate pool (Fig. 1). The 60 

magnitude of the enrichment is called isotope effect and is process specific. For the isotope effect, we follow the updated 

notation of Casciotti et al. (2003). The dual isotope approach uses both nitrogen and oxygen isotopes and allows to distinguish 

processes that overlap in δ15N alone, so that the nitrogen cycle can be disentangled (Casciotti, 2016; Sigman & Fripiat, 2019). 

In our study region, nitrate stable isotope measurements are still rare. Relatively recently, Bristow et al. (2017) analyzed 

samples in the central and northern BoB, and Harms et al. (2019) and Marshall et al. (2023) presented nitrate stable isotope 65 

data for the subtropical southern Indian Ocean.  

In this study, we use water column properties (temperature, salinity, oxygen, nutrients and dual stable isotope signatures of 

nitrate) to study the nitrogen cycle in both the East Equatorial Indian Ocean (EEIO) and the BoB. The major objectives of our 

study were to 1) determine the isotopic signatures of dissolved nitrate in the water column, 2) decipher the major factors 

affecting the isotopic signatures of dissolved nitrate and 3) identify the major nitrogen turnover processes (i.e. nitrate 70 

production and consumption) in the EEIO and BoB. 

2 Methods 

2.1 Study site 

The Indian Ocean is unique because the Asian landmass forms a northern boundary in the subtropics, which affects the BoB 

in many ways. The Asian landmass leads to seasonally reversing monsoon winds in the northern Indian Ocean, which reverse 75 

direction from south-westerly winds in summer (June to August) to north-easterly winds in winter (December to February). 

The upper surface circulation in the BoB and the zonal current system along the equator are strongly affected by the reversing 

monsoon system.  

In the EEIO (located between 05°S-05°N and 80°E-100°E; Fig. 2), westerly winds emerge during the transition phase in spring 

(April and May), and again in fall (October and November) leading to strong eastwards surface jets, the Wyrtki Jets (Wyrtki, 80 

1973). This leads to annual mean westerly winds that favour downwelling and the absence of a permanent equatorial 
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undercurrent. This downwelling circulation is characterized by the Ekman flow in the surface and divergent geostrophic flow 

in the thermocline (Phillips et al., 2024).  

In the BoB, which forms the north-eastern basin of the Indian Ocean located between 05°-23°N and 80°-95°E (Fig. 2), the 

changing monsoon wind system leads to seasonal reversing ocean surface currents and - because of the monsoonal rainfall - a 85 

maximum discharge of river systems draining in the BoB such as the Ganges/Brahmaputra and Irrawaddy during the summer 

monsoon (Tomczak and Godfrey, 1994). The large amount of fresh-water input from these rivers causes a permanent decrease 

of the salinities in surface waters of the northern and central BoB. High surface temperatures further contribute to large upper-

ocean stratification that restricts vertical mixing. This leads to nutrient depletion and thus oligotrophic conditions in surface 

waters of the BoB (e.g. Kumar et al., 2004; Rao et al., 1994; Sarma, 2002; Shetye, 1993). 90 

 

Figure 2: Station location sampled in the EEIO and BoB in April and May 2024. The blue background highlights the EEIO (<5°N) 

and the orange background the BoB (>5°N). Stations shown in grey where CTD and nutrient measurements were conducted. Stations 

marked in black additionally include nitrate stable isotope sample collection. Suspension samples for particulate nitrogen 

measurements were done at stations marked with points.  95 
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2.2 Sampling 

During the research cruise SO305 BIOCAT-IIOE2 (10 April – 22 May 2024; from Colombo (Sri Lanka) to Singapore), full 

depth CTD casts were performed at 26 stations on board of the R/V Sonne (Fig. 2). The CTD measurements were carried out 

with a Seabird CTD system that was equipped with a pressure sensor and with two parallel sensor sets for conductivity 

(salinity), temperature, and oxygen. Niskin bottles were attached to the CTD to sample the water column at selected water 100 

depths. Seawater samples were collected to calibrate the oxygen and conductivity sensors and to measure nutrient 

concentrations and nitrate stable isotope composition. For nutrients, a full water column profile was sampled at every station. 

Nitrate stable isotope samples were collected at 13 stations and particulate nitrogen concentrations at 16 stations (Fig. 2). 

Oxygen concentrations were measured with SBE 43 Dissolved Oxygen Sensors (Seabird Scientific) and were calibrated with 

oxygen measurements from discrete water samples applying the Winkler titration method (Hansen, 1999; Winkler, 1888). For 105 

the calibration a linear correction polynomial depending on pressure, temperature and the actual oxygen value was fitted. The 

uncertainty of the CTD oxygen sensor calibration was determined to a r.m.s. of ±0.8 µmol kg-1. However, with the Winkler 

titration method, oxygen concentrations below about 2 to 3 µmol kg-1 are not detectable and oxygen concentrations below 

about 3 µmol kg-1 could not be measured with the CTD oxygen sensor. 

Salinity measurements from the Seabird CTD were calibrated against discrete water samples. Sample salinities were measured 110 

using Optimare Precision Salinometers and the calibration was derived following GO-SHIP Repeat Hydrography Manual 

recommendations (Kawano, 2010) resulting in an accuracy of the calibrated CTD salinities of approximately ±0.002 g kg-1. 

2.3 Nutrient analysis 

Nutrient concentrations (nitrate, nitrite, silicate and phosphate) were analysed on board using a continuous flow analyzer (CFA, 

SEAL Analytical) using standard colorimetric methods (Hansen and Koroleff, 1999). Dissolved ammonium concentrations 115 

were measured with the ortho-phthalaldehyde (OPA) fluorometric method following Holmes et al. (1999). The detection limits 

were 0.015 µM for NO3
-, 0.004 µM for NO2

-, 0.065 µM for NH4
+, 0.013 µM for PO4

3- and 0.025 µM for SiO2. We calculated 

nitrogen deficits (Ndef) according to Bristow et al. (2017): 

𝑁𝑑𝑒𝑓 = [𝑁𝑂𝑥
−] −  (

𝑁

𝑃
)

𝑑𝑒𝑒𝑝

× [𝑃𝑂4
3−] 

(1) 

Where, NOx
- is the sum of nitrate and nitrite concentrations, (N/P)deep is the average ratio between NOx

- to phosphate (PO4
3-) 

in the deepest water samples of each station ranging between 2500 to 4500 m, which was 14.16 during the cruise, and PO4
3- 120 

is the phosphate concentration. 

Particulate nitrogen sampling was conducted at 5 to 9 different water depths at each suspension station (Fig. 2). Approximately 

30 L of sea water were filtered on pre-combusted (450 °C, overnight) Whatman GF/F filters and dried at 40°C for two nights. 

Dried filters were used the determine suspended particulate matter and particulate nitrogen concentrations. Particulate nitrogen 
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was measured using an Elemental Analyzer (Euro Vector EA 3000) calibrated against a certified acetanilide standard (IVA 125 

Analysentechnik, Germany). The standard deviation was 0.005 % for nitrogen.  

2.4 Nitrate stable isotope analysis 

For the determination of nitrate stable isotope signatures, water samples were filtered (GF+SFCA, MINISART, 0.45 µm) on 

board and stored frozen (-20 °C) in Falcon PE (polyethylene) tubes until analysis in the home lab. The samples were shipped 

as frozen airfreight to Germany. NOx
- stable isotopes were measured using the denitrifier method (Casciotti et al., 2002; Sigman 130 

et al., 2001). NOx
- in the filtered water sample is reduced to nitrous oxide by Pseudomonas aureofaciens (ATCC#13985). The 

produced nitrous oxide is analysed by a GasBench II coupled with an isotope ratio mass spectrometer (Delta Plus XP, Thermo 

Fisher Scientific). For calibration, two international standards (USGS34: δ15N-NOx
- = -1.8 ‰, δ18O-NOx

- = -27.9 ‰ and IAEA: 

δ15N-NOx
- = +4.7 ‰, δ18O-NOx

- = +25.6 ‰) and one internal standard (δ15N-NOx
- = +7.6 ‰, δ18O-NOx

- = +24.4 ‰) were 

measured in each run. The standard deviation for standards and samples was usually < 0.2 ‰ for δ15N-NOx
- and < 0.5 ‰ for 135 

δ18O-NOx. Nitrite was usually below the detection limit, leading to the assumption that NOx
- isotopes are representative for 

NO3
- isotopes. If nitrite concentration exceeded 5 %, it was removed prior to analysis using sulfamic acid (Granger and Sigman, 

2009), to get nitrate isotope signatures. 

Nitrite can significantly influence the measured δ18O-NOx, even if nitrite is present in seawater at very low concentrations.  

During bacterial conversion to N2O, nitrite undergoes a smaller fractional loss of oxygen atoms compared to nitrate, leading 140 

to lower oxygen isotopic fractionation during nitrite reduction to N2O (about 25 ‰ less) than when N2O is generated from 

nitrate with the same initial δ18O (Casciotti and McIlvin, 2007). As a result, calibrating measured oxygen isotope ratios to 

nitrate reference materials leads to an underestimation of the δ18O of NOx. To account for this methodological bias, we 

corrected the δ18O of NOx by using the measured nitrite concentration relative to that of NOx for each sample. The δ18O data 

for NOx presented these corrected values (Fawcett et al., 2015; Peng et al., 2018). 145 

In the deep ocean, nitrate is produced through nitrification, which utilizes ambient water as the main source of oxygen atoms 

(Buchwald et al., 2012; Casciotti et al., 2002, 2010). Consequently, changes in the δ18O of seawater are reflected in the δ18O 

of the produced nitrate. To account for this, we corrected the δ18O for the salinity-driven depth variations in seawater δ18O 

(δ18ONO3, sal corrected), following the method outlined by Knapp et al. (2008): 

𝛿18𝑂𝑁𝑂3,𝑠𝑎𝑙 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  𝛿18𝑂𝑁𝑂3 − 0.16 (𝑠𝑎𝑙 −  𝑠𝑎𝑙1000𝑚) (2) 

Where, δ18ONO3 denotes the measured values with nitrite correction, sal is salinity of the sample, and sal1000m is the salinity in 150 

1000 m depth at each station. The factor 0.16 is the approximate slope between seawater δ18O and salinity for the Indian Ocean 

(LeGrande and Schmidt, 2006).   

We calculated nitrate isotopic anomalies Δ(15,18) according to Sigman et al. (2005): 
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∆(15,18) =  (𝛿15𝑁 −  𝛿15𝑁𝑑𝑒𝑒𝑝) −
𝜀15

𝜀18
(𝛿18𝑂 −  𝛿18𝑂𝑑𝑒𝑒𝑝 ) 

(3) 

 

Where δ15N and δ18O are nitrate isotopes of the sample and δ15Ndeep and δ18Odeep the deep water values for each station. The 155 

isotopic effects (ε) for denitrification are equal so that 15ε/18ε equals 1 if no other process is involved.  

The δ15N of nitrite was calculated via an isotopic mass balance: 

𝛿15𝑁𝑂2
− =

𝛿15𝑁𝑂𝑥
− × [𝑁𝑂𝑥

−] − 𝛿15𝑁𝑂3
− × [𝑁𝑂3

−]

[𝑁𝑂2
−]

 
(4) 

Where δ15NO2
-, δ15NOx

-
 and δ15NO3

- are the nitrate isotopes of nitrite, sum of nitrite and nitrate and nitrate, respectively.  

3 Results 

3.1 Nutrient distribution 160 

Surface waters (< 50 m) were depleted in nutrients with nitrate often below the detection limit (Fig. 3a, b), leading to an 

average nitrate concentration of 0.7 µmol L-1 ± 2.3 µmol L-1. With depth, nitrate concentrations increased with highest 

concentrations at ~900 m (maximum values of 38.5 µmol L-1 at station 28). With further depth it decreased to average bottom 

water concentrations of 34.9 ± 0.7 µmol L-1. A small nitrite maximum existed at ~70 m with maximum values >1 µmol L-1 

(Fig. 3 c, d). At the same depth, a small increase in ammonium concentrations was measured. Otherwise, nitrite and ammonium 165 

were low and often below the detection limit.  

The calculated Ndef was highest in the upper 300 m, peaking at -3.7 µmol L-1 at 111 m at station 36. Below ~100 m, the Ndef 

reduced to ~350 m, reaching a maximum nitrogen excess of +1 µmol L-1. Below 350 m, the Ndef increased again down to 

1000 m, before decreasing once more to approach ~0 µmol L-1 in the deeper water layers (Fig. 3 i,j). It is striking that station 

2 (1°S und 88.40 °E) exhibited NOx excess up to 2.6 µmol L-1 at 1000 m depth, whereas all the other stations showed a deficit 170 

at the same depths (Fig. 3j).  

Particulate nitrogen concentrations were low, ranging between 0.1 and 1.9 µmol L-1 with highest concentrations in the upper 

100 m of the water column (Fig. 3m, n). High particulate nitrogen concentrations in deep water were measured at station 37 at 

2573 m and 2678 m with 1.8 µmol L-1 and 1.9 µmol L-1, respectively, as well as station 35 at 340 m with 1.8 µmol L-1. 

3.2 Nitrate stable isotope distribution 175 

The nitrate stable isotopes showed distinct depth profiles (Fig. 3e-h). Heaviest isotope signatures were measured in the 

shallowest samples reaching values up to 13.9 ‰ for δ15N-NO3
- and 17.0 ‰ for δ18O-NO3

- (Fig. 3e, g). With increasing water 

depths, isotopic values decreased to 5.3 ‰ at 80 m depth (σ = 23.5 kg m-3, station 18) and 2.6 ‰ at 150 m depth 
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(σ = 25.4 kg m-3, station 4) for δ15N-NO3
- and δ18O-NO3

-, respectively. From 150 to 200 m, nitrate isotopes increased. Below 

200 m (σ ~ 27.5 kg m-3), δ15N-NO3
- showed little variability, averaging 6.7 ± 0.3 ‰. Below 1000 m, δ15N-NO3

- declined, 180 

approaching average deep-water values of 5 ‰ (Sigman et al., 2000).  δ18O-NO3
- displayed greater variability, especially in 

more shallow samples, with notably enriched δ18O-NO3
- values observed towards the north. Greatest spatial variation occurred 

at approximately 150 m water depth, with samples collected in the south being depleted in δ18O-NO3
- and samples in the north 

enriched in δ18O-NO3
-, ranging from 2.6 ‰ at station 4 to 6.2 ‰ at station 38. In deep waters δ18O-NO3

- approached 5 ‰. 

The calculated Δ(15,18) anomalies were negative in shallow waters (>2 ‰). The anomalies increased with water depth, leading 185 

to positive values at depths of 300 to 3000 m and approached 0 ‰ in deep waters (Fig. 3k, l).  
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Figure 3: Depth profiles for concentration of nitrate for (a) 0-300 m, (b) 0-4500m, concentration of nitrite for (c) 0-300 m, 

(d) 0-4500m, δ15N-NO3
- for (e) 0-300 m, (f) 0-4500m, δ18O-NO3

- for (g) 0-300 m, (h) 0-4500m, Ndef for (i) 0-300 m, (j) 0-4500 m, 

Δ(15,18) anomalies for (k) 0-300m, (l) 0-4500m, and particulate nitrogen concentrations for (m) 0-300 m and (n) 0-4500 m. Colours 190 
indicate regions (blue points for EEIO < 5°N and orange points for BoB >5°N, Fig. 2). Samples within the BoB with oxygen 

concentration < 20 µmol kg-1 are displayed as dark red points. 
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3.3 Physical water column properties 

The thermocline waters along the ~88°E section showed a strong separation of the water properties in salinity and oxygen 

(Fig. 4 a, b). North of 5°N, the upper 80 m were characterized by low salinities < 34 and high temperatures > 27°C. South of 195 

5°N, a salinity maximum of > 35.3 was observed below the surface layer (σ > 22.7 kg m-3) in water depths of 70 to 120 m 

and was carried northwards up to ~5°N. In deeper water layers (water depth ~ 100 to 580 m, σ ~ 24.5 to 27.1 kg m-3), we 

observed decreasing salinities in the south and increasing salinities in the north. At ~580 m (σ ~27.1 kg m-3) salinities in both 

regions were comparable (~35), followed by a small decrease in deeper waters (Fig. 4a, c).  

The surface water (< 90 m) was saturated in oxygen, and oxygen concentrations decreased with water depth. North of 5°N a 200 

strong oxygen minimum zone existed in 100 to 750 m with oxygen concentrations < 20 µmol kg-1, reaching minimum values 

below the detection limit of 3 µmol kg-1 in 120 to 220 m water depth. In the south, oxygen concentrations decreased to ~ 

50 µmol kg-1. At ~400 m (σ ~ 26.9 kg m-3) an oxygen peak was measured from 1 °S to 6 °N. Followed by a low oxygen water 

mass below 580 m (σ ~ 27.1 kg m-3). In deep waters oxygen concentrations increased again to 150 µmol kg-1 (Fig. 4b, d).  

  205 
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Figure 4: Vertical distribution of (a, c) salinity and (b, d) oxygen in µmol kg-1 in the upper 300 m depth (a, b) and in the entire water 210 
column along the ~88°E/88.7°E section from CTD measurements during SO305 in April and May 2024. Potential density surfaces 

are contoured in black. Black dots and numbers denote the ship station numbers (also shown in Fig. 2). 

3.4 Water mass distribution 

Water masses were characterized by their potential temperature (T), salinity (S), density, and oxygen concentration profiles. 

The T-S diagram (potential temperature versus salinity) for this study allowed to identify two different, clearly separated, 215 

identifiable water mass distributions within the study area (Fig. 5a):  the EEIO south of 5°N and the BoB north of 5°N. The T-

S profiles diverge in two distinct branches in the mixed layer and in the thermocline below σ values of approximately 
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27 kg m-3, with higher salinity water masses observed in the EEIO and low-salinity water masses found in the BoB (Fig. 5a). 

The same separation was identified in the σ vs salinity (Fig. 5b) and σ vs oxygen plots (Fig. 5c). Only one station at 5°N 

showed mixing between water masses of the BoB and EEIO (Fig. 5a und b), indicating that exchange of water masses between 220 

the BoB and southern hemisphere is limited due to the blocking effect of the equatorial current system (Schott and McCreary, 

2001). 

In the Bay of Bengal (>5 °N),  T-S diagrams were largely consistent with previous studies (Fig. 5a; Emery, 2001; Rahman et 

al., 2021; Sengupta et al., 2013; Tomczak and Godfrey, 1994), which identified the following water masses in the BoB: 1) Bay 

of Bengal Water (BoBW), 2) Mixed Zone (MZ), 3) Indonesian Throughflow (ITF), 4) Indian Central Water (ICW), 5) Indian 225 

Deep Water (IDW) and 6) Circumpolar Deep Water (CDW).  

The BoBW in the near surface water of the BoB is characterized by extremely low salinities (S<33.5) due to the large amount 

of freshwater input through the combination of strong river discharge and excess precipitation (Schott and McCreary, 2001). 

Further, studies detected Arabian Sea High Salinity Water (ASHSW) and Red Sea Persian Gulf Water (RSPGW) in the BoB 

(Jain et al., 2017; Rahman et al., 2021; Sheehan et al., 2020) (Fig. 5a). The ASHSW is spreading eastward in the upper 100 m 230 

depth with the Southwest Monsoon Current (SMC) around the southern tip of Sri Lanka during summer and northward into 

the BoB with the East India Coastal Current (EICC) and slides below the BoBW (Vinayachandran et al., 1999). Our 

measurements in the BoB did not show the presence of ASHSW north of 5°N, possibly because our cruise took place during 

the spring transition phase. This aligns with Jain et al. (2017), who found that ASHSW disappears to the east and north of the 

south-central bay (85°E, 8°N) as a result of mixing with the BoB’s fresher surface waters. Maximum salinity across most of 235 

the BoB being attributed to Red Sea Persian Gulf Water (RSPGW). There is still discussion about the extension of Persian 

Gulf Water and Red Sea Water into the BoB. Nonetheless, the presence of RSW and PGW in the BoB has been previously 

shown by Jain et al. (2017) and Sheehan et al. (2020) (Fig. 5a).  

The BoB thermocline waters of the upper 1000 m depth mainly originate from southern hemisphere due to the geographical 

boundary in the north. The thermocline waters primarily consist of ICW and water originating from the ITF (You and Tomczak, 240 

1993). The ITF brings relatively low salinity water (S<34.6) originating from the tropical Pacific Ocean and merges with the 

South Equatorial Current (SEC) on its way to the western boundary (Gordon, 2005; Sprintall et al., 2009; You, 1997). ICW is 

formed along the subtropical convergence zone by subduction and is carried westward by the SEC (Sprintall and Tomczak, 

1993; You, 1997). ICW is characterized by higher salinity waters (S > 35, Fig. 3a) and a quasi-linear relation above 7 °C 

(Schott and McCreary, 2001; Sverdrup et al., 1942). During the summer monsoon, both water masses cross the equator and 245 

flow into the Arabian Sea and eventually in the BoB (Schott et al., 2009; Tomczak and Godfrey, 1994; You, 1997). 

In the thermocline waters of the EEIO, we identified the presence of equatorial surface water (ESW), ASHSW, Indian 

Equatorial Water (IEW), and RSPGW. The IEW mainly consists of ITF with contributions of ICW (Tomczak and Godfrey, 

1994). The observed separation between BoBW and ESW at 5°N aligns with findings by Junior (2023), who identified ESW 

between 10°S and 5°N, extending westwards from 60°E. Shee et al. (2023) assigned the most upper 50 m with low salinities 250 

to BoBW with ESW being present from 50-100 m. However, in our observation, the pronounced salinity maximum between 
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σ 23 and 24 kg m-3 shows the presence of ASHSW at water depths between 35-90 m, contrasting the absence of this water 

mass in the BoB (Fig. 5a).  

IDW originates from North Atlantic Deep Water, which is transported into the Indian Ocean with the Circumpolar Current 

and spreads northward along the western boundary (Tomczak and Godfrey, 1994). IDW can be found below about =27.6 255 

µmol kg-1 with oxygen values between 100 and 200 µmol kg-1 ventilating the thermocline from below (Ditkovsky et al., 2023). 

CDW can be found just below the IDW with a salinity of about S=34.7 and very low temperature (Schott and McCreary, 

2001). 

 

Figure 5: (a) T-S (potential temperature versus salinity) diagram from CTD measurements with marked water masses. The colour 260 
bar indicates oxygen concentrations in µmol kg-1, grey lines indicate density surfaces in σ in kg m-3.  (b) Sigma-theta in kg m-3 

plotted against salinity diagram with colour bar indicating oxygen concentrations in µmol kg-1. (c) Sigma-theta in kg m-3 plotted 

against oxygen in µmol kg-1 with colour bar indicating potential temperature in °C. Abbreviations: Bay of Bengal Water (BOBW), 

Equatorial Surface Water (ESW), Arabian Sea High Salinity Water (ASHSW), Mixed Zone (MZ), Indian Equatorial Water (IEW), 

Indonesian Throughflow Water (ITF), Indian Central Water (ICW), Red Sea Persian Gulf Water (RSPGW), Indian Deep Water 265 
(IDW) and Circumpolar Deep Water (CDW). 
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3.4 Correlation analysis 

We examined the relationship of nitrate isotopes with tracers of water mass such as salinity and potential temperature. A strong 

correlation of isotope changes with water mass tracers generally suggests that water masses are the main drivers of change, 

whereas a lack of correlation implies additional processes. Isotopic variability showed no strong correlation in either BoB or 270 

EEIO when data from all depths were analysed (R2 < 0.26, p < 0.001 and R2 <0.49, p < 0.001 for δ15N-NO3
- and δ18O-NO3, 

respectively, in BoB and R2 < 0.30, p < 0.001 and R2 <0.40, p < 0.001 for δ15N-NO3
- and δ18O-NO3

- in EEIO). This indicates 

that water mass changes are not the sole driver for isotopic variability within the entire water column. The correlations 

improved significantly after excluding the upper water masses from both regions. In the BoB, removing the measurements 

done in BoBW and MZ from the dataset (water depth from 0 – 170 m), led to strong significant correlations for both δ15NO3
- 275 

(R2 = 0.83, p <  0.001) and δ18O-NO3
- (R2 = 0.73, p < 0.001), which further improved by excluding measurements from the 

ITF (depths to 300 m, R2 = 0.92, p < 0.001 and R2 = 0.72, p < 0.001 for δ15N-NO3
- and δ18O-NO3

-, respectively). In the EEIO, 

excluding measurements from the ESW, ASHSW and IEW (0 – 225 m water depth) led to strong significant correlations 

(R2 = 0.83, p < 0.001 and R2 = 0.85, p < 0.001 for δ15N-NO3
- and δ18O-NO3

-), respectively.  

4 Discussion 280 

4.1 Correlation analysis 

The nitrate stable isotopes exhibited distinct depth profiles, with significant variation in the upper 300 m and minimal variation 

at greater depths. In the deepest samples, δ15N-NO3
- declines, approaching average deep-water values of 5 ‰ (Sigman et al., 

2000). These isotopic changes can result from changes of in-situ nitrogen turnover processes as well as changes in water 

masses. For the latter case, nitrogen concentration and isotope signatures are not due to processing in the BoB but are inherited 285 

from the region of water mass formation and are transported to the study site (e.g. Harms et al., 2019; Marshall et al., 2023). 

To evaluate the extent to which variations in nitrate stable isotopes can be attributed to changes in water mass contribution, 

we examined the relationship of nitrate isotopes with salinity and potential temperature (section 3.5), showing that water 

masses are not the sole driver for isotopic variability with no strong correlation in either BoB or EEIO when data from all 

depths were analysed. Excluding water masses in the upper 200 to 300 m of the water column improved the correlations 290 

significantly, leading to strong significant correlations of water mass tracers with dual nitrate stable isotopes. Therefore,  we 

conclude that the δ15N-NO3
- and δ18O-NO3

- in the deeper water were water mass specific and reflect variations in the water 

mass distributions, while the nitrate isotopic signatures in the upper 300 m were influenced by in-situ nitrate fractionation. 

4.2 Nitrate turnover in the upper 300 m of the water column 

In the upper 300 m, nitrate isotope depth profiles showed significant variation, with highest values in the uppermost samples, 295 

lowest values around 70 – 90 m (σ ~ 22-24 kg m-3), and a slight increase with greater depth (Fig. 3). A comparison of nitrate 
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stable isotopes in the upper water column between the EEIO and BOB reveals several notable differences: 1) similar δ15N-NO3
- 

depth profiles in EEIO and BOB with distinct variabilities (Fig. 3e), 2) enriched δ18O-NO3
- in BoB with oxygen concentration 

below 20 µmol kg-1 compared to lower values in the oxic EEIO (Fig. 3g, Fig. 6c), and 3) persistent Ndef between 100 and 300 

m (σ: 24 – 27 kg m-3) in BoB (Fig. 3i) while in the EEIO the Ndef disappears below ~100 m. The isotopic variations with depth 300 

suggest changes in nitrate cycling with depths, while the regional decoupling between δ15N-NO3
- and δ18O-NO3

- shows regional 

differences in nitrate cycling in the EEIO and BOB. 

4.2.1 Surface waters 

In the majority of the samples from water depths above ~80 m, δ15N-NO3
- and δ18O-NO3

- increased significantly up to > 20 ‰ 

and > 15 ‰, respectively (Fig. 3e, g). We attribute this simultaneous increase in both isotopes along with low nitrate 305 

concentrations (Fig. 4a, Fig. 3b, c) in oxic surface waters to nitrate assimilation. Upper ocean assimilation has been observed 

and documented in numerous studies (e.g. Fawcett et al., 2015; Peng et al., 2018; Wankel et al., 2007). During nitrate 

assimilation, phytoplankton preferentially utilize the lighter isotopes, resulting in an enrichment of the remaining nitrate pool 

as its concentration decreases (Fig. 1). Culture studies showed that nitrate assimilations leads to a ratio of δ18O to δ15N of 0.96-

1.09 (Granger et al., 2004, 2010; Karsh et al., 2012), which matches the ratio of 0.95 (R2 = 0.70, p < 0.01) found in our study 310 

(Fig. 6a). This indicates active phytoplankton uptake as dominant nitrate sink in the surface water of the BoB and EEIO (Fig. 

7).  

In the warm, sunlit ocean, N2 fixation may produce newly bioavailable nitrogen (Fig. 1, Marshall et al., 2023). However, in 

the BoB, Löscher et al. (2020) found no consistent evidence for N2 fixation, whereas Saxena et al. (2020) detected N2 fixation 

but assessed its contribution to primary production as negligible. Shiozaki et al. (2014) only found low N2 fixation rates in the 315 

south and equatorial Indian Ocean, with similar minimal influence on primary production (Saxena et al., 2020). Since 

δ15N-NO3
- is not significantly more depleted than δ18O-NO3

-, which would be typical for N2 fixation (Marshall et al., 2023), 

and in agreement with the previous studies (Löscher et al., 2020; Saxena et al., 2020; Shiozaki et al., 2014), N2 fixation seems 

negligible in the BoB and EEIO in our study. 

In surface waters, another possible nitrogen source is atmospheric deposition that reflects in low δ15N-NO3
- (-14 ‰ to 2 ‰; 320 

Altieri et al., 2021) and high δ18O-NO3
- (>60 ‰; Kendall et al., 2007) values. Thus, the observed simultaneous increase of 

both nitrate isotopes contradicts significant nitrate input by atmospheric aerosol deposition which is in line with findings of 

Sarma (2022). SO305 took place during the transition period and the early stage of the southwest monsoon. The prevailing 

south-westerly winds were, therefore, not favourable for a pronounced aerosol transport from the land and led to low aerosol 

deposition at the time of our study (Bange et al., 2024).  325 

https://doi.org/10.5194/egusphere-2025-1660
Preprint. Discussion started: 30 April 2025
c© Author(s) 2025. CC BY 4.0 License.



16 

 

 

Figure 6: Nitrate isotope signatures and nitrate deficit for samples in the upper 300 m: (a) δ18O-NO3
- plotted against δ15N-NO3

-. 

Regression line equation and R2 values was only calculated for surface water samples (<100 m). Diagonal grey lines have a slope of 

1.  Colours indicate nitrate concentrations and shapes the region of the sample (filled triangles stand for EEIO, full circles stand for 

BoB). (b) δ15N-NO3
- and (c) δ18O-NO3

- plotted against Ndef. Colours and shapes indicate region (blue filled triangles stand for EEIO 330 
< 5°N and orange filled circles stand for BoB > 5°N). Filled dark red circles display samples in the BoB with oxygen concentrations 

< 20 µmol kg-1. 

4.2.2 Subsurface waters 

At ~70-90 m σ: 22 – 24 kg m-3), a nitrite maximum exists with concentrations > 1 µmol L-1 (Fig. 3c). Just below the nitrite 

maximum, lowest nitrate isotopes were measured (Fig. 3e, g) alongside a steep increase in nitrate concentration (Fig. 3a) and 335 

reduced Ndef (Fig. 3i), indicating nitrate production via nitrification. Ammonium was most probably produced via 

remineralisation of organic material originating either from new production or regenerated production (Fig. 1; Marshall et al., 

2023), even though rapid nitrification can disguise this production by immediate oxidation of freshly produced ammonium. 

The formation of the primary nitrite maximum (PNM) at the base of euphotic zone may result from an imbalance between 

ammonium oxidation and nitrite oxidation when ammonium oxidation is higher than nitrite oxidation. We calculated 340 

δ15N-NO2
- via a mass balance. All calculated values were extremely low with an average of -58.1 ‰. Due to the low 

concentration, the calculation of nitrite isotope is prone to errors. However, values below -14 ‰, as in this case, indicate 

ongoing nitrite oxidation, which exhibits an inverse kinetic isotope effect (-9 – -20‰; Buchwald and Casciotti, 2010; Casciotti, 

2009) and amplifies the 15N depletion of nitrite caused by nitrate reduction (Fig. 1; Casciotti, 2009).  

The observed δ18O-NO3
- minimum values of 2.6 ‰ and 3.6 ‰ in the EEIO and BoB, respectively, are close to the global mean 345 

oceanic value of 2.4 ‰ relative to the nitrification source (Sigman et al., 2009) indicating freshly nitrified nitrate. Since we 

did not find any indication of significant N2 fixation (section 4.2.1), it appears that primarily regenerative nitrate production 

by nitrification of phytoplankton organic matter takes place in the BoB and EEIO (Fig. 7). 
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4.2.3 Nitrogen deficit in subsurface waters of the BoB 

Between 100 and 300 m, the BoB exhibited a significant Ndef, reaching up to -3.7 µmol L-1 (Fig. 3i). Oxygen concentrations in 350 

the BoB at depth of the Ndef were low and fell below 20 µM, and in some cases oxygen concentrations even dropped below 

the detection limit of 3 µM (Fig. 4b). Such low oxygen concentrations are theoretically favourable for nitrate removal via 

anammox or denitrification (Bristow et al., 2016; Dalsgaard et al., 2014; Kalvelage et al., 2011; Rixen et al., 2020).  

Generally, water column nitrate removal should be accompanied by an isotopic enrichment of nitrate. Indeed, in the BoB, 

samples with persistent Ndef and low oxygen concentrations were accompanied by a small, but notable enrichment of both 355 

δ15N-NO3
- and δ18O-NO3

- (Fig. 6b, c). This enrichment can be indicative of nitrate removal and clearly differs from nitrate dual 

isotope signatures in the oxic water column in the BoB and EEIO (Fig 3e, g). Within the OMZ, nitrate stable isotopes reached 

values up to 7.2 ‰ and 6.3 ‰ for δ15N-NO3
- and δ18O-NO3

-, respectively. This corresponds to an enrichment of 1.7 ‰ and 

4.1 ‰, respectively, over deep water values. The enhanced enrichment of δ18O-NO3
- in the BoB becomes particularly evident 

in comparison with the EEIO, where δ18O-NO3
- values were notably lighter (Fig. 3g). Theoretically, a shift in δ18O-H2O can 360 

lead to changes in δ18O-NO3
- of freshly produced nitrate because oxygen from water is incorporated (Kool et al., 2007; Snider 

et al., 2010). However, BoB and EEIO have similar δ18O-H2O signatures (Kim et al., 2021; Sengupta et al., 2013; Srivastava 

et al., 2007). Therefore, we argue that the observed δ18O-NO3
- shift and enrichment in the BoB was not caused by regional 

δ18O-H2O differences but is rather caused by differences in nitrate turnover between BoB and EEIO. Based on the correlation 

of δ18O-NO3
- increase with Ndef in the BoB (Fig. 6c), we claim that the main differences are linked to nitrate loss in the anoxic 365 

water column of the BoB.  

We calculated negative Δ(15,18) anomalies ranging from -2 ‰ to 0 ‰ (Fig. 3k). An enhanced enrichment of δ18O-NO3
- has 

been observed in the BoB before (Bristow et al., 2017) and in other OMZs (Gaye et al., 2013) and was attributed to coupled 

anaerobic and aerobic processes, involving nitrate reduction to nitrite followed by its reoxidation to nitrate. Studies have shown 

that during nitrate reduction, the ratio of the kinetic isotope effect is 1:1 (15ε:18ε) (Granger et al., 2008). However, repeated 370 

nitrate reduction and nitrite oxidation cause little changes on the isotopic signature of δ15N-NO3
-, but leads to an increase in 

δ18O-NO3
- values because nitrite oxidation strongly fractionates on nitrogen with -9 ‰ to -20‰ and less on oxygen( -1 ‰ to -

8 ‰, respectively (Buchwald and Casciotti, 2010; Casciotti, 2009). The nitrate that undergoes reduction initially has a lower 

δ18O value than the reoxidized nitrite, causing the negative Δ(15,18) anomaly (Gaye et al., 2013). Thus, in the OMZ of the 

BoB, the combination of an Ndef with observed isotopic enrichment might result from ongoing nitrate reduction/reoxidation 375 

cycles and partial nitrite consumption of nitrite by anammox (Fig. 7). 

Bristow et al. (2017) identified a significant potential for nitrogen removal via anammox, with little evidence of denitrification 

in the BoB. Based on their measurement of oxygen at trace level, they hypothesized that these trace oxygen levels enable 

nitrite-oxidizing bacteria to outcompete anammox bacteria for available nitrite, leading to nitrite limitation of anammox rather 

than ammonium or oxygen limitation. Anammox are known for their tolerance of ambient oxygen levels, with tolerances as 380 

high as 20 µM (Okabe et al., 2023), making their contribution to the Ndef more likely than denitrification. Denitrification, 
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shown to be driven by episodic supply of organic matter (Ward, 2013), might also be limited by low particulate nitrogen 

availability in the BoB (Fig. 3m, n). Furthermore, Bristow et al. (2017) found a similar isotopic enrichments in nitrate isotopes 

and negative Δ(15,18) anomalies that match our data. Thus, anammox appears to be the more plausible nitrogen loss pathway 

in the BoB. Nitrogen removal by anammox can explain the observed nitrogen deficit as well as the dual isotope enrichment of 385 

nitrate.  

Intriguingly, anammox bacteria can also produce nitrate via re-oxidation of nitrite, as they fix carbon dioxide into biomass 

using reducing equivalents produced during the oxidation of nitrite to nitrate (Dalsgaard et al., 2003; Kobayashi et al., 2019). 

The nitrate production via anammox bacteria has a significant impact on nitrite and nitrate dual isotopes, but is still often 

overlooked (Granger and Wankel, 2016; Kobayashi et al., 2019). Similar to conventional nitrification, nitrite oxidation via 390 

anammox has an inverse isotopic effect (Brunner et al., 2013; Kobayashi et al., 2019) with a significant higher isotope effect 

in 15ε ranging from -30 to -45 ‰ than 18ε ranging from -2 to -12 ‰ (Kobayashi et al., 2019). Thus, nitrite oxidation by 

anammox bacteria could contribute to the decoupling of nitrate isotopes and resulting enrichment of δ18O-NO3
-, further 

supporting anammox as the most important nitrogen loss pathway in the OMZ of the BoB. 

 395 

Figure 7: Schematic overview of nitrogen turnover processes in the (a) EEIO and (b) BoB in the upper 300 m of the water column. 

The figure shows individual measurements and moving averages for nitrate (µmol L -1), Ndef (µmol L-1), Δ(15,18) (‰), δ15N-NO3
- (‰) 

and δ18O-NO3
- (‰) for each region. Nitrate is shown in dark blue, nitrite in purple, Ndef in light blue, δ15N-NO3

- in dark red, δ18O-

NO3
- in light red and Δ(15,18) in orange. The background indicates measured oxygen concentrations (µmol kg-1). The zone of nitrate 

assimilation in surface waters is evident by high δ15N-NO3
- and δ18O-NO3

- values as well as low nitrate concentrations and a Ndef. In 400 
the EEIO subsurface water are dominated by coupled remineralisation and nitrification, which shows in a reduced Ndef and lighter 

nitrate isotopes. In the BoB, subsurface waters with low oxygen concentrations also show signs of nitrate reduction by a pers istent 

Ndef below 100 m along with enriched δ18O-NO3
- values that lead to negative Δ(15, 18) anomalies. This can be explained by nitrate 

reduction, which might be fuelled by nitrate production during nitrification, coupled with anammox. 
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5 Conclusions 405 

This study sheds light on the nitrogen cycle in the EEIO and BoB. We used nitrate stable isotope signatures to disentangle 

turnover processes and reveal fundamental regional differences in nitrogen cycling between both regions. A detailed analysis 

of water mass distributions in both regions revealed that the OMZ in the BoB was well separated from the EEIO at 5°N. This 

separation was also reflected in water column distribution of nitrate isotope signatures. Nitrate isotope signatures in deeper 

water masses (> 300 m) were solely controlled by changes in water mass distribution, whereas in the upper 300 m isotope 410 

variations were caused by on-site nitrate fractionation. In surface waters (0-80 m), one active nitrate sink was phytoplankton 

assimilation, causing a significant isotopic enrichment and Ndef in the upper 50 m. In the underlying waters, nitrification took 

place, most presumably fuelled by regenerated phytoplankton biomass rather than by remineralisation of nitrogen that was 

freshly fixed by N2 fixation. In the OMZ of the BoB between 100 and 300 m, we found a persistent Ndef along with nitrate 

isotope signatures that were slightly but significantly enriched compared to deep water values and samples from the same 415 

depths in the EEIO. Given the dynamic oxygen concentrations in the water column (Bristow et al., 2017; Johnson et al., 2019), 

anammox appeared to be the more plausible nitrogen loss pathway in the BoB. Overall, we find that there is convincing 

evidence for nitrate reduction processes in the BoB. To fully assess the significance of nitrogen loss in the Bay of Bengal and 

the potential future evolution of nitrate reduction pathways, it is essential to conduct detailed studies on nitrogen cycling 

processes, measure the rates of potential nitrogen loss mechanism, and explore the microbial communities that drive these 420 

transformations within this dynamic and ecological significant oxygen minimum zones.  
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