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Abstract 

234Th (t1/2 = 24.1 d), present in seawater, is a naturally occurring particle-reactive radionuclide 

formed through the radioactive decay of its parent, 238U (t1/2 = 4.47 x 109 y).  The 234Th:238U 

disequilibrium is exploited to quantify fluxes of elements moving out of the euphotic zone by 

attaching on to sinking particles.  Under the Indian GEOTRACES programme, high-resolution 

sampling in the upper 300 m depth was carried out at 11 stations in the Arabian Sea and the Indian 

Ocean during April – May 2014 from 17°N to 16°S along 65°E transect to estimate the 234Th based 

particulate organic carbon (POC) export flux from the upper ocean. Average 234Th fluxes integrated 

to 100 m depth were 2612 and 1968 dpm m-2 d-1 for the Arabian Sea and the Indian Ocean, 

respectively. The estimated POC export fluxes ranged fromnegligibleto9.0 mmol m-2 d-1 and the 
234Th based POC export efficiencies were <2 to 5%. For the same season, the Arabian Sea and the 

Bay of Bengal showed highly contrasting carbon export trends (mean: 4.0 and 0.8 mmol C m-2 d-1, 

respectively).  The modeled POC export fluxes fromin situ and satellite derived primary production 

are higher than the 234Th based values for the Laws and Dunne models and are comparable for the 

Henson model. The modeled POC fluxes which depend on surface temperature and primary 

production could be further refined for the seasonal cycle in biological productivity and associated 

differences in trophic structure, grazing intensity, recycling efficiency, high bacterial activity and 

associated DOC export. 

Keywords:234Th, POC export flux, GEOTRACES, Biological carbon pump, Indian Ocean, Arabian 

Sea 

Key Points : 

1. We present the first 234Th based POC export flux estimates along the 65°E meridional 

transect in the Arabian Sea and the Indian Ocean 

2. In contrast to episodic decrease of primary production from 17°N to 16°S, 234Th based POC 

export fluxes show high values in the Indian Ocean 

3. 234Th deficit in subsurface depths is due to the diel vertical migration, grazing and fecal pellet 

production by mesozooplankton 
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1. Introduction 

Marine phytoplankton accounts for about half of the world’s net primary production of biogenic 

carbon (Geider et al., 2014). The export of biogenic particles from the euphotic zone to the deep 

plays a crucial role in the marine carbon cycle. The oceanic biological carbon pump, the conversion 

of CO2 into biomass and subsequent sinking from the surface layer through the mesopelagic zone, 

plays a key role in the global carbon cycle with its export magnitude ranging from 4 to12 Pg C y-1 

(Henson et al., 2011; DeVries and Weber, 2017).  Global patterns of POC export revealed high 

export rate occurring in the high latitude North Atlantic, the Arctic and the Southern Ocean and low 

particle export efficiency at low latitudes (Le Moigne et al., 2013; Henson et al., 2012).   However, 

sudden export events like the occurrence of phytoplankton blooms enhance POC export flux at all 

latitudes (Buesseler, 1998a,1998b;Thomalla et al., 2008).   

The Indian Ocean is of great interest to oceanographers as it experiences seasonally reversing 

monsoon winds and surface ocean currents.  The tropical Indian Ocean forms the significant part of 

the largest warm pool,which is known to have greater impact on the global climate. The Indian 

Ocean warm pool is not only the site of intra-seasonal variability in the monsoon system but also a 

region from which global climate signals radiate (Webster et al., 1997).    The Indian Ocean 

encompass (i) the Arabian Sea, one of the strongest upwelling zones on earth with high seasonally 

varying primary productivity, (ii) Bay of Bengal which is fresh water stratified and less productive, 

(iii) the equatorial Indian Ocean which lacks climatological upwelling unlike other two tropical 

oceans and (iv) the southern Indian Ocean (Kothawale et al., 2007; Vinayachandran and Shetye, 

1991; McCreary et al., 2013).   In the recent decades, sea surface temperature and heat content of this 

region have been increasing continuously(Schott et al., 2009).  The rising atmospheric CO2 levels 

and sea surface temperature might influence the ability of the biological carbon pump to export POC 

from the euphotic zone (Riebesell et al., 2007).   

 During 1994–1996, the northern Arabian Sea has been extensively studied, as part of the Joint 

Global Ocean Flux Study (JGOFS). One of the peculiar properties of the Arabian Sea is the semi-

annual reversal of wind regimes caused by the monsoon. These reversals have a significant impact 

on the upper ocean circulation and biological productivity of the region (Qasim, 1982; Madhupratap 

et al., 1996; Barber et al., 2001). The negative water balance associated with excess evaporation over 

precipitation and intrusion from the Mediterranean Sea makes the Arabian Sea high saline (>36). 

Some of the biogenic particles produced in surface water settle to the interior where these are 

remineralised. These biogeochemical processes coupled with restricted ventilation contribute to 
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extreme depletion of oxygen in the intermediate waters (100–1200 m depth). This generates a 

widespread oxygen minimum zone (OMZ) with active denitrification (Naqvi, 1991, 1994) in the 

intermediate waters. 

The Indian Ocean is important for the study of the global biological carbon pump and how high 

resolution global biogeochemical models succeed at capturing POC export for areas of the ocean 

with seasonal variability, upwelling, and oxygen minimum zones. Measuring the POC export flux 

can be accomplished by directly collecting material that sinks into sediment traps (Honjo, 1996) or 

by using tracers with well-constrained radionuclide production in surface waters (Cochran, 1992). To 

estimate POC export flux, the 234Th (t1/2 = 24.1 d) based approach is considered advantageous as the 

technique determines the downward flux of 234Th from a single water column profile of 234Th and the 

POC/234Th ratio in sinking particulate matter, thus avoiding complications associated with sediment 

trap deployments (Buesseler et al., 1992).  The global database of 234Th based POC export flux 

contains data collected from the equatorial Pacific, North Atlantic, South China Sea and the Arabian 

Sea with no representative data for the western Pacific, Mauritian upwelling and the equatorial and 

southern Indian Ocean (Le Moigne et al., 2013).  Our knowledge on 234Th based POC export in the 

Indian Ocean is limited to the estimates made two decades earlier by Sarin et al. (1994 and 1996) and 

Buesseler et al. (1998a) in the Arabian Sea as a part of JGOFS programme and a recent study by 

Anand et al. (2017) along 87°E transect in the Bay of Bengal and the Indian Ocean.  In the present 

study, we report vertical profiles of total 234Th and 238U concentrations and 234Th/238U activity ratios 

in the upper 300 m andestimate the upper ocean POC export flux along 65°E   transect in the Arabian 

Sea and the Indian Ocean during spring intermonsoon (April-May 2014).  The primary goals of this 

study are (1) to determine the spatial variability of POC export flux in the Arabian Sea and the Indian 

Ocean along 65°E transect (2) to understand the role of subsurface chlorophyll maxima in carbon 

export and impact of bacterial production, zooplankton grazing and sinking of fecal pellets on 234Th 

distribution at sub-surface waters (3) to compare 234Th based POC export flux in the Arabian Sea and 

the adjacent basin –the Bay of Bengal during the same season and (4) to compare measured and 

modeled primary production and POC export fluxes. 

2. Methods 

2.1. Sampling 

Seawater samples for total 234Th were collected during April – May 2014 onboard the ORV 

SagarKanya (Cruise No. SK312, GEOTRACES GI02 section) and covered a wide range of settings 

from the low productive southern Indian Ocean (16°S) through the oligotrophic equatorial Indian 
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Ocean to the Arabian Sea (17°N) along 65°E transect. Sampling took place from Port Louis, 

Mauritius (27 April 2014) toMormugao port, Goa (30 May 2014) (Figure 1).   Water column profiles 

for total 234Th were collected from surface to 300 m depth at 11 stations at ~ 3to4° intervals along the 

cruise track.  These include 5 stations from the Arabian Sea, 3from the oligotrophic equatorial Indian 

Ocean and 3from the low-productive southern Indian Ocean. Complete details on exact station 

location, sampling date, total water column depth, sampling depths are given in Table 1.   

2.2. 234Th derived POC export fluxes and POC export efficiency 

At each station, seawater samples for total 234Th were collected from 11depths (0-300 m) by using 

Niskin samplers attached to clean, trace metal free CTD rosette system.  The samples were 

immediately sub-sampled into 4 L Nalgene bottles and processed for total 234Th on board by 

following the procedures of Buesseler et al. (2001),Cai et al. (2006b) and Anand et al. (2017).In 

brief, the seawater samples were acidified and spiked with 250 µL of 230Th tracer (30.7 ± 0.9 dpm 

mL-1) and allowed to equilibrate.  After equilibration, pH of the samples was raised to ~8.2 and 

precipitated using KMnO4 and MnCl2.  The MnO2 precipitate was filtered on a 25 mm QMA filter (1 

µm nominal pore size) and dried in ahot air oven.  The filtrate was then mounted, packed and 

counted immediately on a RISØ anticoincidence,low background beta counting system (DTU 

Nutech, Denmark)installed onboard to measure the initial counts of 234Th from beta emission of 234Pa 

[Emax = 2.19 MeV].  To test the performance and efficiency of the detectors, 99Tc high activity 

standards (supplied with the counters) were counted onboard at the start and end of the cruise. 

Identical standards were counted in all the five detectors to check the variability in efficiency 

between the detectors. Six months later, after recording the background counts, the samples were 

demounted and prepared for 230Th percent recovery and 234Th chemical yield in the MnO2 

precipitate.Towards this, the MnO2 precipitate was dissolved, spikedwith ~700 mg of 229Th tracer 

(108.19 pg g-1 or 51.074 dpm g-1) and equilibrated. Column chemistry was performed to purify Th 

from other elements and the final solution was prepared in 0.4 M HNO3. Ratio of 229Th/230Th was 

determined by using XSERIES 2 Quadrupole ICP-MS (Thermo Scientific, Germany).Average 

recoveries of 92.2 ± 8.5% were obtained(n = 102). Measurements of seawater samples at 2000 m 

depth (Table 1) showed an average 234Th/238U A.R. of 1.03 ± 0.03 (n=2). 238U was estimated from 

salinity by following the salinity-uranium relationship given by Pates and Muir (2007) and Owens et 

al. (2011).  Uranium concentration and 234U/238U isotopic composition of seawater collected from 

oxic and sub-oxic regions of the Arabian Sea showed that, in general, uranium behaves 

conservatively in these regions (Rengarajan et al., 2003). Their results showed that anoxic respiration 
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(denitrification) did not remove detectable amounts of uranium from the intermediate waters of the 

Arabian Sea and that the biogeochemical processes associated with denitrification did not influence, 

to any measurable levels, the water column geochemistry of uranium in these waters. 

For particulate 234Th measurement, 8 L of seawater sample collected from 200 m depth was filtered 

immediately onto a pre-combusted QMA filter (1 µm nominal pore size) without any processing and 

dried and mounted on clean plastic holder prior to countingon a beta counter. Six months later, after 

recording the background counts, the samples were exposed to acid fumes to remove inorganic 

carbon and POC was measured using a Flash 2000 Organic Elemental CN analyzer (Thermo Fischer 

Scientific, UK). Before measurement, the analyzer was calibrated using Low Organic Soil Sample 

(LOSS) containing 1.65% carbon as standards selected within the samples’ range.  Measurement 

precision of total carbon is determined by repeated measurements of LOSS standards and was found 

to be ± 3%. The C blank of the dipped filter was generally <10% of the POC on the QMA filters. No 

correction was made for possible adsorption of 234Th on the QMA filters (Moran et al., 1999; 

Benitez-Nelson et al., 2001; Buesseler et al., 2006; Rutgers van der Loeff et al., 2006). For 

particulate 234Th measurement, we kept the filtration time short so that seawater contact time with the 

QMA filter was minimal. Thus adsorption of dissolved 234Th on to QMA filter was minor during our 

sampling period. 

In previous studies, bottle POC/234Th ratios were consistently higher than for large particles collected 

using large volume insitu pumps (Liu et al., 2005; Chen, 2008).  It is suggested that the elevated 

POC/234Th ratio on particles for bottle filtration may be caused by dissolved organic carbon 

adsorption and /or preferential capture of living zooplankton with elevated POC/234Th ratios 

(Buesseler et al., 2006;Cai et al., 2008; Liu et al., 2009). In a recent study, Zhou et al. (2016) 

observed that the effect of adsorption on the POC/234Th ratio on particles collected by both bottles 

and pumps would be negligible since the adsorption-corrected and –uncorrected POC/234Th ratios 

were similar.  The positive offset in POC/234Th ratios between bottle and pump sampling can be 

caused by zooplankton invasion and/or artificial particle formation.The adsorption effect might not 

have been large enough to elevate bottle POC/234Th ratios as reported earlier. In this study, major 

discrepancies in POC measurements like adsorption of DOC onto filter,  small sample volume (~ 1-2 

L) and capture of live zooplankton inside Niskin sample bottles were avoided by filtering 8 L 

seawater onto 25 mm QMA filter (Cai et al., 2008).  

In general, the POC/234Th ratio in sinking particles steadily decreased with depth which is believed to 

be caused by preferential remineralization of organic carbon (Buesseler et al., 2006). In addition, Cai 
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et al. (2006a, 2015) and Black et al. (2017) noted that the size-fractionated POC/234Th ratio showed 

greater variation at the surface than below the euphotic zone and became roughly invariant at 100–

200 m depth. Puigcorbé et al. (2015) showed using high resolution in situ pump sampling that 

POC/234Th ratios in large and small particles converged with increasing depth and were comparable 

at 100 – 500 m depth. Thus, use of POC/234Th ratio on particles below euphotic zone will not cause 

significant error in the calculation of POC export flux. There are several studies on variability of 

POC fluxes and the factors controlling the POC/234Th ratio in suspended and sinking particles as well 

as its dependency on the size and biochemical processes (Hung et al., 2004; Buesseler et al., 2006; 

Xu et al., 2011; Wei et al., 2011). For example, based on a sediment trap study in the northwest 

Pacific Ocean, Hung et al. (2012) demonstrated that sinking particles contained abundant diatom 

cells, fecal pellets, detritus and small particle aggregates mostly < 50 µm that can account for a major 

fraction of the bulk sinking particles in open ocean regions and 234Th was mainly carried by the 

smaller (<50 µm) sinking particles. A study by Sarma et al. (2016) suggested that stratification in the 

Bay of Bengal significantly influenced both (1) the input of nutrients to the sunlit zone, resulting in 

differences in phytoplankton biomass, and (2) size structure in the picoplankton dominating the 

phytoplankton population in the Bay due to limited supply of nutrients and low nutrient 

requirements. Similarly in the Arabian Sea, the incoming short-wave radiation was maximum during 

spring intermonsoon.  The intense solar heating resulted in the highly stratified and shallow mixed 

layer. The weak winds prevalent during this time of the year were unable to break the stratification 

and induce mixing of subsurface waters with surface waters. As a result, the upper layer was devoid 

of any nutrients resulting in oligotrophic mixed layer (Kumar and Narvekar, 2005). Morrison et al. 

(1998) reported very low nutrient levels (below detection levels) in the southern Arabian Sea during 

spring intermonsoon and hypothesized that the planktonic system retains nutrients via local recycling 

processes. Ramaiah et al. (1996)reported that the Arabian Sea was dominated by picoplankton during 

February–March and by bacteria during April–May. Richardson and Jackson (2007) suggested that 

aggregation of picoplankton cells into larger detrital particles and mesozooplankton grazing 

enhanced sinking of smaller particles and their export from the surface layer of the ocean in the 

Arabian Sea. Puigcorbé et al. (2015) compiled global POC/234Th data and found that the POC/234Th 

ratios do not increase with increasing particle size when pico- and nanoplankton dominate the 

phytoplankton community. They also reported that the POC/234Th ratios in small particles collected 

at 100 m were in better agreement with sediment trap ratios than those of large particles. Thus, the 

particles were collected in this study only at 200 m using 1 µm QMA filters which are justified 
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within the estimated uncertainty in representing potentially sinking material to the vertical 234Th and 

POC export flux.  

According to the half-lives of the parent and daughter nuclides, 238U and 234Th are expected to be in 

secular equilibrium with each other.  However, the downward flux of particles removes 234Th and 

breaks the equilibrium.  The 234Th flux scavenged from the upper ocean is estimated from the general 

equation: 

∂Th

∂t
= 𝜆234(𝐴238 − 𝐴234) − 𝑃 + 𝑉        (1) 

where, 
∂Th

∂t
is the change of total 234Th activity with time, 𝐴234 is the measured activity of total 234Th 

in dpm L-1, 𝐴238 is the activity of 238U (generally derived from measured salinity), λ234 is the decay 

constant of 234Th (0.02876 d-1), P is the scavenging rate of 234Th by particles (dpm L-1 d-1), V is the 

sum of advection and diffusion terms. This model assumes a steady state that both the activities and 

fluxes are assumed to be constant for time scales shorter than 35 d (mean-life of 234Th).Winds over 

the Arabian Sea were weakest in the intermonsoon months of April and Octoberfrom drifter and 

satellite data averaged over several years (Beal et al., 2013).  When averaged over 0-100 m and the 

mean life of 234Th, the modeled horizontal velocities were small, < 10 cm s-1, but ADCP based upper 

ocean maximum current speed (measured at 21 m depth) ranged from 50 to 80 cm s-1 which is 

comparatively lower than that during the Southwest Monsoon (~ 150 cm s-1) (Flagg and Kim, 1998). 

Buesseler et al. (1998a) estimated234Th based POC export fluxes in the Arabian Sea during spring 

intermonsoon (March-April 1995) and showed those were similar for both steady-state and non-

steady-state models. In view of the above evidences, steady-state assumptions may be reasonable. 

The 234Th flux(𝐹𝑇ℎ) integrated to depth, z is proportional to the disequilibrium between 234Th and 

238U and is calculated by assuming a closed system at steady stateas  

𝐹𝑇ℎ = 𝜆234 ∫ (𝐴238
𝑧

0
− 𝐴234)𝑑𝑧        (2) 

The 234Th based POC export fluxes were derived from 234Th:238U disequilibrium, by multiplying 

234Th flux scavenged from the upper ocean with the POC/234Th ratio measured in particulate matter 

filtered at 200 m depth.  POC export efficiency is defined as the ratio of estimated 234Th based POC 

flux sinking through the euphotic zone to primary production.This is considered as a measure of the 

strength of the biological pump. 
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2.3. Insitu primary production and satellite based primary production 

The primary production was estimated by following the methods of Hama et al. (1983) and 

elaborated in Anand et al. (2017).  In brief, primary production in the euphotic zone of the seawater 

column was measured using enriched sodium bicarbonate (NaH13CO3).  About 1 L seawater samples 

were collected at each depth in the photic zone and incubated with enriched sodium bicarbonate.  

Samples were incubated on deck under controlled light and temperature conditions for 24 hours and 

filtered onto precombusted GF/F filters.  The samples were measured for POC concentration and 

isotopic composition of carbon and nitrogen using isotope ratio mass spectrometer (IRMS; Delta V 

Plus, Thermo Electron, Germany) further converted to primary production following Hama et al. 

(1983).   

To compare the insitu primary production with satellite based net primary productivity estimates, 

NPP data wereobtained from the Oregon state university ocean productivity webpage 

(http://www.science.oregonstate.edu/ocean.productivity/).   NPP data were downloaded for the two 

widely used primary productivity models-vertically generalized productivity model (VGPM) and 

carbon-based productivity model (CbPM) and mean NPP calculated for each station by defining a 

squared region of 0.5° surrounding the station (Roullier et al., 2014). 

3. Results 

3.1. Hydrography 

Vertical profiles of salinity, temperature, density structure and oxygen saturation (%) along the 65°E 

meridional section of the Arabian Sea and the Indian Ocean are shown as white contour lines relative 

to DIN, phosphate, silicate and fluorescence, respectively, in Figures 2a-d.  The figures reveal the 

occurrence of high salinity water (36.641) in the northern Arabian Sea between 17°N and 13°N while 

salinity contours showed subsurface shoaling towards south of equator.  Sea surface temperature was 

high (30-31°C) in the Arabian Sea and decreased towards the south of equator (27°C at 16°S).  

Upheaving of isotherms at the subsurface depths was observed to the north and south of equator. The 

density gradients (σ) were strong (range: 21 – 27)and well correlated with depth of nutricline.The 

relation between potential temperature and salinity during the spring intermonsoon (Figure 3) 

indicated the presence of different water masses in the surface and subsurface depths of the northern 

Arabian Sea.  The structure of the upper layers of the Arabian Sea is dictated by the transport and 

mixing of the Arabian Sea high salinity water (ASHW, σ = 22.8–24.5), Persian Gulf water (PGW, 

http://www.science.oregonstate.edu/ocean.productivity/
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σ = 26.2–26.8) and the Red Sea water (RSW, σ = 27.0–27.4) (Shetye et al., 1994; Kumar and 

Prasad, 1999). 

Saturation to supersaturation of oxygen was observed in the upper 50 m of the water column and 

decreased to 40-80% at the depth below (75 m to 150 m) and then reduced to near zero levels.  

Dissolved inorganic nitrogen (DIN) concentration was very low in the upper 50 m of water column, 

along the 65°E transect. However, DIN concentrations increased from 2 to 20 µM between 50 and 

100 m depth.  Highest concentrations were found below 200 m depth, at stations between 10°N and 

10°S.  Dissolved inorganic phosphate in the upper 50 m of water column was low (< 1 µM). The 

depth of phosphocline was deeper in the Arabian Sea (~100 m) and shallow in the equatorial region 

(10°N–10°S; ~75m) and deepened to >200 m in the south Indian Ocean (Figure 2).  Low silicate 

waters (<2 µM) were found in the upper 100 m in the Arabian Sea and higher concentrations were 

observed at 10°S. The depth of silicicline followed phosphocline.  Silicate concentrations were high 

(> 25 µM) in the subsurface depths (200-300 m) along the entire transect.  Chlorophyll-a (derived 

from fluorescence) was low in the upper 25 m of water column and prominent subsurface 

chlorophyll maximum (SCM) was observed in the entire study region. Higher concentrations of 

SCM was observed at 13°N and 12°S at ~60m.The DCM relatively deeper at the equator compared 

to either side along the 65°E transect. 

3.2. Total234Th, 238U and 234Th/238U activity ratio 

The total 234Th measured in samples collected between surface and 300 m depth from 11 stations 

during the cruise varied from 0.98 ± 0.05 to 3.09 ± 0.08 dpm L-1 (Table 1).  The 238U values varied 

from 2.40 ± 0.07 to 2.61 ± 0.08 dpm L-1 with the highest and lowest activity values being associated 

with the surface waters. The 234Th/238U activity ratio was high in the Indian Ocean (1.24 ± 0.05 at 

16°S) and low in the Arabian Sea (0.381 ± 0.02 at 16°N).  All the stations sampled in the study 

showed continuous deficit for 234Th relative to 238U, in the sunlit euphotic zone (Figures 4 and 5), 

except at Sta. 8 (16°S 65°E) that recorded continuous 234Th maxima from surface to 300 m depth.  

Sta. 17 located at 16°N 65°E in the Arabian Sea recorded highest deficits for 234Th with 234Th values 

decreasing as low as 0.98 ± 0.05 dpm L-1 (Figures 4 and 5).   Similar 234Th deficits up to 300 m were 

reported by Sarin et al. (1996) and are typical for the Arabian Sea. In general, primary production by 

phytoplankton present in the euphotic zone creates a deficit of 234Th with respect to 238U.  However, 

below the euphotic depth, 234Th remains in equilibrium with 238U or is found in excess in the 

subsurface depths due to remineralization of organic matter and release of 234Th.  In contrast, the 

stations sampled in the Arabian Sea and the Indian Ocean showed pronounced deficit of 234Th in the 
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euphotic zone along with subsequent deficit of 234Th in the subsurface depths (150-300 m) (Figure 

4).  The highest subsurface 234Th deficitwasfound at Sta. 18, where234Th value reduced to 1.52 ±0.05 

dpm L-1 at 300 m depth. 

3.3. Primary Production, POC, Particulate 234Th, POC/234Th ratio and Integrated 234Th and 

POC fluxes 

Primary production in all the stations sampled in the study showed an increasing trend from south to 

north along the 65°E transect and varied by a factor of 3 from 58 ± 3 mmol C m-2 d-1 at 16°S to 179 ± 

9 mmol C m-2 d-1 at 17.3°N (Table 2; Figure 6).  POC concentration measured at 200 m depth varied 

from 0.40 to 1.27 µM.  Particulate 234Th ranged between 0.210 ± 0.015 and 1.09 ±0.026 dpm L-1; 

whereas the POC/234Th ratio ranged from0.91 ± 0.04 to 3.77 ±0.29 µmol dpm-1.  The 234Th fluxes 

integrated to 100 m depth varied from 1424 ± 90 dpm m-2 d-1 to 2980 ± 87 dpm m-2 d-1 with high 

fluxes in the Arabian Sea.  The average 234Th fluxes in the Arabian Sea were high (2612 ± 88 dpm m-

2 d-1)(Sta. 14-18) and were low in the equatorial Indian Ocean (1965 ± 88 dpm m-2 d-1) (Sta. 11-13) 

(Figure 6).  These values are ~5 times higher than those observed on a similar transect along 87°E in 

the Bay of Bengal (594 dpm m-2 d-1) and the Indian Ocean (539 dpm m-2 d-1) during spring 

intermonsoon (Anand et al., 2017). The 234Th based POC export fluxes estimated at 100 m depth 

from 234Th deficit fluxes and POC/234Th ratio on particulates collected on 1 µm QMA filter at 200 m 

depth in the study region varied from negligible to 9.0 ± 0.8 mmol C m-2 d-1. 

4. Discussion 

4.1. POC export fluxes  

The Arabian Sea is known to be oligotrophic during spring intermonsoon season, characterized by 

low primary production and POC export flux (Latasa and Bidigare, 1998).  The single largest feature 

in the present study is the episodic north-south decrease in primary production (Figure 6). During 

spring intermonsoon, we find that there exists a significant POC export below the euphotic zone in 

the Arabian Sea. Although the dissolved nutrient levels were very low in the euphotic zone of the 

Arabian Sea, the primary production of the basin is comparatively more than that of the Indian 

Ocean (Figure 2 and 6).  Sawant and Madhupratap (1996) reported that the phytoplankton abundance 

in the central Arabian Sea was quite low during the spring intermonsoon period.Those were mostly 

related with subsurface chlorophyll maxima and nutricline layers. Autotrophic picoplankton 

dominate primary production in the Arabian Sea during spring intermonsoon (Latasa and Bidigare, 

1998) and believed to contribute less to carbon export from surface layers because of their small 
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sizes, slow sinking rates and rapid utilization in the microbial loop.  However, Richardson and 

Jackson (2007) suggested picoplankton might contribute more organic carbon export by aggregation 

of picoplankton cells into larger detrital particles, mesozooplankton grazing and direct feeding by 

salps. 

The POC isotopic composition (13CPOC) varied between -23.4 and -22.1 ‰ in the Arabian Sea 

suggesting that in situ plankton contributed to POC pool in the study region. The PON isotopic 

composition (15NPON) ranged between 5.1 and 10.5 ‰ suggesting that nutrients supplied through in 

situ processes to support phytoplankton production in the study region. The net community 

production suggests dominant heterotrophy in the study region due to weak nutrients supply from the 

subsurface layer to the euphotic zone. In the Arabian Sea during spring intermonsoon higher 

abundance of total bacteria (Ramaiah et al. 1996) associated with high microzooplankton abundance 

(Gauns et al., 2005) was observed. Sarma et al. (2003) suggested that active microbial loop supports 

heterotrophic carbon demand. Thus, low nutrient supply to the euphotic zone triggered microbial 

loop in the study region that contributed to low POC flux to depth during spring intermonsoon. This 

is consistent with the earlier observation by Honjo et al. (1998). 

Normally bacterial production is ~20% of the primary production.In the central Arabian Sea, 

biological production was dominated by bacteria during spring intermonsoon, phytoplankton 

production often accounting for only 2% of the biological production. Thissuggested the presence of 

more DOC with the predominance of a microbial loop in food web in this area during spring 

intermonsoon (Ramaiah et al., 1996; Latasa and Bidigare, 1998).  Such high bacterial populations 

provide evidence for flagellate and ciliate grazing during this season and sustain the zooplankton 

population in the Arabian Sea (Gauns et al., 1996).  Measurement of ∑CO2 made by Sarma et al. 

(1996) also supported the intense bacterial activity in the intermediate depths of the Arabian Sea 

during spring intermonsoon. 

The observed deficit of 234Th in the subsurface depths (150-300 m) in the Arabian Sea and the Indian 

Ocean suggests that there exist a strong grazing and fecal pellet production by mesozooplankton. 

Relative to other ocean basins, the grazing impact of mesozooplankton is significant in the Arabian 

Sea.  Wishner et al. (1998) studied mesozooplankton biomass distributions in the upper 1000 m of 

the Arabian Sea in the Spring Intermonsoon and reported that most of the zooplankton biomass 

occurred in the upper 200 m but there was substantial diel vertical migration, down to 300 - 400 m, 

well within the suboxic water of the oxygen minimum zone. Roman et al. (2000) estimated total 

carbon (phytoplankton, protozoa and detritus) ingestion in the surface 200 m in the Northern Arabian 
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Sea (Average: 44 mmol C m-2 d-1) and derived zooplankton fecal pellet production (Average: 13 

mmol C m-2 d-1) from the estimated ingestion rates and a 70% assimilation efficiency. Zooplankton 

exerts a strong grazing pressure on phytoplankton, leaving a small fraction of phytoplankton 

available for direct export, diminishing the likelihood of algal blooms (Olli et al., 2007).  The 

estimated zooplankton fecal pellet production was greater than the measurements of export flux 

during spring intermonsoon suggesting that the impact of mesozooplankton grazing was significant 

in the Arabian Sea due to high zooplankton biomass, abundance of diatoms and warm temperatures 

(Roman et al., 2000).The potential fecal pellet production is higher by a factor of ~3 to the 234Th 

based POC export flux at 100 m estimated in this study.When estimated fecal pellet production rates 

are higher than measured export rates, it suggests that fecal pellets are recycled in the upper water 

column. Similar observations were reported for spring intermonsoon by Roman et al. (2000).  

POC export flux estimated using 234Th deficit in the subsurface depths (100-200 m) and POC/234Th 

ratio in particulate matter at 200 m depth, during spring intermonsoon in the Arabian Sea and the 

Indian Ocean ranged between 0.5 and 6.3 mmol C m-2 d-1 (mean: 2.4 ± 2.2 mmol C m-2 d-1).  

Wishner et al. (1998) reported that the zooplankton production of 13 mmol C m-2 d-1during spring 

intermonsoon in the Arabian Sea.  This is higher by a factor of ~5 as compared to the average 234Th 

based POC export at 100-200 m depth estimated in this study.  The estimated fecal pellet production 

rate (13 mmol C m-2 d-1) in the Arabian Sea as reported by Roman et al. (2000) was greater than 

measurements of export flux at intermediate depths (100-200 m) by a factor of 5. The POC/234Th 

ratio in fresh zooplankton from the northwest Mediterranean were > 100 while the fecal material 

from these same zooplankton had POC/234Th ratios one to three orders of magnitude 

lower(Rodriguez y Baena et al., 2007).This can be explained by a low surface: volume ratio for 

zooplankton (enriches POC over 234Th) and decreases in POC/234Th ratio with POC assimilation by 

heterotrophic activity and fecal pellet production (Buesseler et al., 2009).Sarin et al. (1996) reported 

sediment trap based POC/234Th ratio of 20-43 µmol dpm-1 at 100-130 m depth during spring 

intermonsoon in the central Arabian Sea. 

Sarin et al.(1994) measured the activities of 234Th and 238U at a few stations along 65°E in the central 

Arabian Sea and west coast of India during winter monsoon (December 1988) and observed a 

continuous deficit of 234Th with respect to 238U in the upper 300 m depth of the water column.  

Additionally, the authors explained that the 234Th deficit remained unaltered in the sub-oxic layers 

indicating that the oxygen depletion and denitrification processes do not significantly affect the 234Th 

removal by particles.  These continuous 234Th deficit trends from surface to 300 m depth are similar 
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to those observed in the present study (Table 3).   In a similar study made by Sarin et al. (1996) 

during spring intermonsoon (April-May 1994) in the Arabian Sea, the 234Th export fluxes showed an 

increasing trend from south (1345 dpm m-2 d-1 at 11°N) towards northern Arabian Sea (1685 dpm m-2 

d-1 at 21.5°N).  Results suggest that the POC export flux is substantially higher than primary 

production indicating the prevalence of an active microbial loop present during this season.  Such 

increasing trends in234Th export flux was also observed in the present study from 2545 ± 87 dpm m-2 

d-1 at 10°N to 2980 ± 87 dpm m-2 d-1 at 17.3°N.  Sarin et al. (1996) estimated high POC export fluxes 

due to sediment trap based POC/234Th ratio (20 μmol dpm-1), which is higher than our measured 

ratios (range: 0.91 – 3.77 μmol dpm-1). Seasonal studies made by Buesseler et al. (1998a) showed 

steeper gradients in 234Th flux from the coast of Oman to the central and southern Arabian Sea and 

the 234Th flux measured across the basin varied between 0 and > 5000 dpm m-2 d-1 with low flux 

during spring intermonsoon in the offshore stations.  Our average POC/234Th ratio of 2 μmol dpm-1 is 

comparable with the ratio reported earlier (range: 2 - 5 μmol dpm-1) and theestimated average POC 

export flux of 3.8 mmol m-2 d-1 in the Arabian Sea is similar to those reported earlier in the central 

Arabian Sea (range: 0.3 - 2.9 mmol m-2 d-1) (Buesseler et al., 1998a).  Overall, the organic carbon 

export flux in the Arabian Sea during spring-intermonsoon was found to be low compared to 

monsoon (Buesseler et al., 1998a). Results of organic carbon measured from shallow sediment traps 

deployed at ~900 m water depth in the western Arabian Sea (16° 20’N 60° 18.8’E) also showed low 

organic carbon flux ~0.83 mmol m-2 d-1 (Mohan et al., 2006).  A possible mechanism for such 

reduced export flux, though remineralization at this trap depth is significant, could be due to lack of 

diatom group of phytoplankton in this season, which could be able to ballast to deeper depth, caused 

by occurrence of nutrient poor oligotrophic conditions in the photic zone (Gauns et al., 2005).  

POC export efficiencies calculated from 234Th based POC export flux to primary production ratio 

during spring intermonsoon for all the stations in the Arabian Sea and the Indian Ocean were varied 

between <2 and 7% (Table 2; Figure 6).  These values are comparable to the global estimates (<2-

10%) derived from surface primary production and POC export flux (Buesseler, 1998b). In a recent 

study, Anand et al. (2017)reported in situ primary production (range:13.2 - 173.8 mmol C m-2 d-1) 

and  POC export flux (range: negligible to 7.7 mmol C m-2 d-1) for the stations along 87°E transect in 

the Bay of Bengal and the Indian Ocean during spring intermonsoon period (March – April 2014). 

For the same season, the Arabian Sea and the Bay of Bengal showed highly contrasting carbon 

export trends (mean: 4.0 and 0.8 mmol C m-2 d-1, respectively).  Remineralization of organic carbon 

in the surface and sub-surface waters considerably reduced organic carbon export in the Bay of 
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Bengal besides annually recurring anticyclonic eddies enhanced organic carbon utilization and 

heterotrophy.   

4.2. Comparison of 234Th based carbon export with modeled flux estimates 

There are three empirical models to estimate POC export flux using in situ and/or satellite-derived 

temperature and net primary production or chlorophyll (Laws, 2000; Laws et al., 2011; Dunne et al., 

2005; Henson et al., 2011). These models rely on database of in situ measurements which are 

sparsely distributed in the oceans both spatially and temporally. Laws (2000) and Laws et al. (2011) 

developed an empirical relation as a function of PP and surface temperature, T to estimate POC 

export flux, EF as below: 

𝐸𝐹𝐿𝑎𝑤𝑠 = 𝑃𝑃 × 0.04756 × (0.78 −
0.43×𝑇

30
) × 𝑃𝑃0.307(3) 

Dunne et al. (2005) derived an empirical equation to predict POC export flux as a function of 

temperature, euphotic depth and primary production: 

𝐸𝐹𝐷𝑢𝑛𝑛𝑒 = 𝑃𝑃 × {−0.0101 ℃−1 × 𝑇 + 0.0582 × 𝑙𝑛 (
𝑃𝑃

𝑍𝑒𝑢
) + 0.419}(4) 

Henson et al. (2011) got an exponential function using global dataset of only 234Th and trap based 

export measurements and sea surface temperature: 

𝐸𝐹𝐻𝑒𝑛𝑠𝑜𝑛 = 𝑃𝑃 × 0.23𝑒−0.08×𝑇(5) 

We used in situ and satellite based primary production (PP) and surface temperature (T) to calculate 

POC export flux estimates from the above three models (Table 4).  Here 10 m below the deep 

chlorophyll maximum (DCM) is taken for the depth of euphotic zone (𝑍𝑒𝑢) (Haskell II et al., 2015). 

The 1% PAR light level depth was deepest during the sampling period and varied from 80 to 100 m 

depth (Dickey et al., 1998). Earlier studies in the central Arabian Sea have reported DCM was 

located at a depth of ~70 m (Bhattathiri et al., 1996; Latasa and Bidigare, 1998).  In the absence of 

PAR measurements, use of DCM+10 m as euphotic depth is justified for the late spring 

intermonsoon. 

The comparison of observed carbon export fluxes and modeled POC fluxes predicted by Henson et 

al. (2011) are nearly similar while the fluxes predicted by Laws (2000) and Laws et al. (2011) and 

Dunne et al. (2005) are 2-5 times higher.   Earlier comparison made on a global scale showed that in 

situ export fluxes are lower than that predicted by Laws export model for the temperature range of 

20-25°C (Maiti et al., 2016) while, in the present study, the maximum SSTis extended upto 31°C.   
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Although all the models showed significant carbon export, at Sta. 8 (16°S 65°E), there is no 234Th 

based POC export.  The excess 234Th than 238U observed in the upper water column restrict the 

ability of the model to predict fluxes at thisstation.   

Overall, we find the average in situ primary production to be higher, by a factor of 3 – 6, than the 

VGPM and CbPM primary production estimates. However, the CbPM primary production estimates 

in the study area are 127% higher compared to the VGPM estimates (Figure 7).  The reason for such 

difference is beyond the scope of the present study, so we have used both in situ primary production 

and VGPM, CbPM values for comparison. The 234Th based POC export flux is similar to the 

estimates from Henson model while Laws and Dunne models show comparatively higher export flux 

in the study region.  A plot showing relation between POC export fluxesestimated from 234Th flux 

and various models, and in situ primary production is shown in Figure 8. The model based POC 

export flux increases with increasing primary productivity for the Laws (3-15 mmol m-2 d-1) and 

Dunne model (5-30 mmol m-2 d-1) (Figure 8).  However, the Henson model does not show any 

significant increase though primary production increased from 58 to 180 mmol m-2 d-1.The 234Th 

derived flux based export efficiencies vary from 0.014 - 0.070 and the model based export 

efficiencies vary around 0.02 for Henson model, 0.13 - 0.17 and 0.091 - 0.184 for the Laws and 

Dunne models. ThePOC export efficiency values are similar to export efficiencies derived from the 

Henson model whereas these are higher for the Laws and Dunne models (Figure 9).    Although the 

observed export fluxes and export efficiencies between in situ measurements and the Henson model 

are comparable, this model does not seem to represent the variations observed in the 234Th based 

fluxes.   

On a global scale, the Henson model could be applied to predict export fluxes and export efficiencies 

whereas in a region specific study like the present one, there are latitudinal variability in primary 

production and surface temperature in this region.  In this study, the discrepancy between estimated 

and modeled export flux estimates for the Laws and Dunne models could be due to time lag between 

primary production and subsequent carbon export due to seasonal changes in dominating 

phytoplankton groups in the Arabian Sea and the Indian Ocean (Buesseler et al., 2007; Maiti et al., 

2016). Henson et al. (2015) described that the current empirical algorithms that consider only 

temperature were simple and resulted in large variability in export efficiency with increasedprimary 

production and needed to consider the carbon fraction carried by slow-sinking particles.  The 

Arabian Sea experiences strong seasonal variability in primary production and changes in 

phytoplankton community and subsequent export.  Ramaiah et al. (1996) showed that the Arabian 
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Sea was dominated by picoplankton community in February and consequently followed by high 

bacterial abundances in April-May.  Change in phytoplankton community from diatoms during 

winter monsoon to picoplankton in February followed by bacterial abundance in April-May indicated 

the strong seasonal food web structure with a possible decrease in primary production, particle size 

and carbon export in the Arabian Sea (Sawant and Madhupratap, 1996; Bhattathiri et al., 1996).  

Although a lot of comparisons were made in different major world oceans, between 234Th based and 

modeled estimates, these resultsare the first comparison made in theIndian Ocean.     

The differences between modeled and in situ estimates found in the present study were similar to 

those reported for the Southern Ocean (Maiti et al., 2013), North Pacific Ocean (Stukel et al., 2015), 

and for global ocean models (Henson et al., 2011, 2015).  Reasons for such disagreement between 

modeled and 234Th based export efficiencies could include the time lag between production and 

export usually due to small phytoplankton communities, vertical migration of zooplankton that 

transfers carbon from surface and the export of DOC (Buesseler et al., 2007; Moran et al., 2012; 

Baumann et al., 2013; Henson et al., 2015; Laws et al., 2000; Maiti et al., 2016).  A recent study 

quantified the temporal lag between primary production and export and revealed that the export 

efficiency highly varied at regions with strong seasonal variability in primary production (Henson et 

al., 2015).  The current empirical algorithms for export efficiency that only consider temperature are 

overly simple and extrapolating carbon export from these models can result in error of up to ± 60%  

(Henson et al., 2015). 

5. Conclusion 

The amount of organic carbon exported out of the ocean’s euphotic zone, and its rate of 

remineralization in the mesopelagic zone, determines the amount of carbon sequestered in the deep 

ocean by the ocean’s biological carbon pump. We have used the 234Th/238U proxy to estimate POC 

fluxes in the Arabian Sea and Indian Ocean along 65°E transect.  The primary production  varied 

from 58 ± 3 mmol C m-2 d-1 to 179 ± 9 mmol C m-2 d-1 and the 234Th based POC export fluxes in the 

study region varied from negligible to 9.0 ± 0.8 mmol C m-2 d-1.In contrast to the episodic decrease 

of primary production from 17°N to 16°S, 234Th derived POC export fluxes show high values in the 

Indian Ocean.  The 234Th deficit in subsurface depths in this region is due to the diel vertical 

migration, grazing and fecal pellet production by mesozooplankton. 

In addition, very few 234Th studies are able to get in situ NPP measurements at the same time and so 

this study is uniquely able to assess production and export with both in-situ and satellite based 

estimates in one of the most dynamic regions of the upper ocean. Estimates of POC export fluxes 
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with empirical models and satellite observations of net primary production in the euphotic zone 

cannot determine the attenuation of the organic carbon flux with depth due to microbial loop and 

their predictions vary widely when compared among different models and with 234Th tracer based 

estimates.  The 234Th based POC export flux is similar to the estimates from Henson model while 

Laws and Dunne models show comparatively higher export flux in the Arabian Sea and the Indian 

Ocean. Significant uncertainties remain especially on seasonal cycle in biological productivity that 

will need to be constrained by both improved models and increased observations. 
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Table 1 

Station details (location, total water column depth and date of collection), depth, temperature, 

salinity, 238U, total 234Th and the total 234Th/238U ratio for the SK312 cruise along the GEOTRACES 

GI02 section in the Arabian Sea and Indian Ocean.  Standard deviations of radionuclide data are 

based on counting error (1). 

 

Depth (m) 
Pot. Temp.  

(°C) 

Salinity 

(psu) 

238U  

(dpm L-1) 

234Th  

(dpm L-1) 
234Th/238U (A.R.) 

Sta. 8, 16° 01.08’S, 65° 00.04’E; 3182 m, 09.5.2014 

2 27.253 34.893 2.49 ± 0.07 2.98 ± 0.08 1.20 ± 0.05 

10 27.259 34.830 2.48 ± 0.07 2.63 ± 0.07 1.06 ± 0.04 

25 27.253 34.876 2.49 ± 0.07 2.29 ± 0.06 0.92 ± 0.04 

50 27.066 34.886 2.49 ± 0.07 3.09 ± 0.08 1.24 ± 0.05 

75 23.745 35.021 2.50 ± 0.07 2.95 ± 0.07 1.18 ± 0.05 

100 22.965 35.021 2.50 ± 0.07 2.70 ± 0.07 1.08 ± 0.04 

150 22.442 35.054 2.50 ± 0.07 2.63 ± 0.07 1.05 ± 0.04 

200 20.117 35.472 2.53 ± 0.08 2.66 ± 0.07 1.05 ± 0.04 

300 14.925 35.388 2.52 ± 0.08 2.84 ± 0.07 1.13 ± 0.04 

2000 2.253 34.710 2.47 ± 0.07 2.71 ± 0.09 1.10 ± 0.05 

Sta. 9, 12° 00.06’S, 64° 59.98’E; 3449 m, 11.5.2014 

2 27.840 34.577 2.47 ± 0.07 2.27 ± 0.07 0.92 ± 0.04 

10 27.858 34.679 2.47 ± 0.07 2.38 ± 0.07 0.96 ± 0.04 

25 27.827 34.702 2.47 ± 0.07 1.33 ± 0.05 0.54 ± 0.03 

50 24.150 35.049 2.50 ± 0.08 1.11 ± 0.04 0.43 ± 0.02 

75 20.894 35.223 2.51 ± 0.08 1.69 ± 0.05 0.67 ± 0.03 

100 20.694 35.527 2.53 ± 0.08 2.38 ± 0.06 0.94 ± 0.04 

150 17.215 35.366 2.52 ± 0.08 1.73 ± 0.05 0.69 ± 0.03 

200 14.123 35.172 2.51 ± 0.08 2.25 ± 0.06 0.90 ± 0.04 

300 11.311 34.937 2.49 ± 0.07 2.36 ± 0.06 0.95 ± 0.04 

Sta. 10, 08° 1.09’S, 66° 41.43’E; 4161 m, 13.5.2014 

2 28.737 33.619 2.40 ± 0.07 2.00 ± 0.06 0.84 ± 0.04 

10 28.740 33.781 2.41 ± 0.07 1.84 ± 0.05 0.76 ± 0.03 

25 28.745 34.030 2.43 ± 0.07 1.55 ± 0.05 0.64 ± 0.03 

50 24.247 35.211 2.51 ± 0.08 1.74 ± 0.05 0.69 ± 0.03 

75 19.913 35.121 2.50 ± 0.08 2.05 ± 0.06 0.82 ± 0.03 

100 18.190 35.111 2.50 ± 0.08 2.70 ± 0.06 1.08 ± 0.04 

150 14.835 34.948 2.49 ± 0.07 2.30 ± 0.06 0.92 ± 0.04 

200 13.103 34.947 2.49 ± 0.07 2.00 ± 0.05 0.80 ± 0.03 

300 11.118 34.920 2.49 ± 0.07 2.10 ± 0.06 0.85 ± 0.03 
 

Sta. 11, 05° 16.05’S, 67° 54.01’E; 3000 m, 14.5.2014 

2 29.295 34.467 2.46 ± 0.07 2.03 ± 0.06 0.83 ± 0.03 

10 29.295 34.471 2.46 ± 0.07 1.64 ± 0.06 0.67 ± 0.03 

25 28.355 35.136 2.51 ± 0.08 1.62 ± 0.05 0.65 ± 0.03 

50 23.466 35.245 2.51 ± 0.08 1.30 ± 0.05 0.52 ± 0.02 

75 19.264 35.276 2.52 ± 0.08 2.19 ± 0.06 0.87 ± 0.04 

100 17.513 35.269 2.51 ± 0.08 2.88 ± 0.06 1.15 ± 0.04 

150 14.417 35.168 2.51 ± 0.08 2.41 ± 0.06 0.96 ± 0.04 

200 13.296 35.089 2.50 ± 0.08 2.32 ± 0.06 0.93 ± 0.04 

300 11.024 34.941 2.49 ± 0.07 2.58 ± 0.06 1.03 ± 0.04 
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Sta. 12, 0° 0.408’S, 65° 0.29’E; 3900 m, 16.5.2014 

2 30.534 35.045 2.50 ± 0.07 2.07 ± 0.06 0.83 ± 0.03 

10 30.480 35.262 2.51 ± 0.08 1.88 ± 0.07 0.75 ± 0.04 

25 30.411 35.258 2.51 ± 0.08 1.84 ± 0.05 0.73 ± 0.03 

50 29.810 35.298 2.52 ± 0.08 1.85 ± 0.05 0.74 ± 0.03 

75 27.370 35.585 2.54 ± 0.08 2.17 ± 0.06 0.86 ± 0.04 

100 22.179 35.473 2.53 ± 0.08 2.50 ± 0.06 0.99 ± 0.04 

150 16.568 35.264 2.51 ± 0.08 1.99 ± 0.05 0.79 ± 0.03 

200 13.331 35.148 2.51 ± 0.08 1.71 ± 0.05 0.68 ± 0.03 

300 12.047 35.080 2.50 ± 0.08 1.86 ± 0.05 0.74 ± 0.03 

Sta. 13, 3° 59.85’N, 64° 59.99’E; 3800 m, 18.5.2014 

2 30.510 34.766 2.48 ± 0.07 2.13 ± 0.06 0.86 ± 0.04 

10 30.466 34.802 2.48 ± 0.07 1.69 ± 0.05 0.68 ± 0.03 

25 30.390 34.800 2.48 ± 0.07 1.34 ± 0.06 0.54 ± 0.03 

50 28.467 35.149 2.51 ± 0.08 1.08 ± 0.05 0.43 ± 0.02 

75 25.884 35.519 2.53 ± 0.08 1.55 ± 0.05 0.61 ± 0.03 

100 22.521 35.438 2.53 ± 0.08 2.71 ± 0.06 1.07 ± 0.04 

150 17.422 35.218 2.51 ± 0.08 2.15 ± 0.05 0.86 ± 0.03 

200 13.895 35.216 2.51 ± 0.08 1.96 ± 0.05 0.78 ± 0.03 

300 11.765 35.129 2.50 ± 0.08 2.15 ± 0.06 0.86 ± 0.03 

Sta. 14, 6° 59.87’N, 64° 59.91’E; 4858 m, 20.5.2014 

2 31.060 34.548 2.46 ± 0.07 2.39 ± 0.06 0.97 ± 0.04 

10 31.022 34.638 2.47 ± 0.07 2.23 ± 0.06 0.90 ± 0.04 

25 29.471 35.168 2.51 ± 0.08 1.69 ± 0.05 0.67 ± 0.03 

50 28.578 35.678 2.54 ± 0.08 1.28 ± 0.04 0.51 ± 0.02 

75 26.977 36.452 2.60 ± 0.08 1.72 ± 0.05 0.66 ± 0.03 

100 23.836 35.802 2.55 ± 0.08 1.50 ± 0.05 0.59 ± 0.03 

150 17.992 35.371 2.52 ± 0.08 1.93 ± 0.05 0.77 ± 0.03 

200 14.950 35.217 2.51 ± 0.08 1.69 ± 0.05 0.67 ± 0.03 

300 12.644 35.199 2.51 ± 0.08 1.62 ± 0.05 0.65 ± 0.03 

Sta. 15a, 9° 59.92’N, 65° 00.02’E; 4543 m, 21.5.2014 

2 30.864 34.271 2.44 ± 0.07 2.28 ± 0.06 0.93 ± 0.04 

10 30.854 34.312 2.45 ± 0.07 1.82 ± 0.06 0.75 ± 0.03 

25 30.762 34.308 2.45 ± 0.07 1.41 ± 0.05 0.58 ± 0.03 

50 29.074 34.874 2.49 ± 0.07 1.34 ± 0.05 0.54 ± 0.03 

75 28.535 35.890 2.56 ± 0.08 1.49 ± 0.05 0.58 ± 0.03 

100 27.692 36.119 2.58 ± 0.08 2.23 ± 0.06 0.87 ± 0.04 

150 21.201 35.625 2.54 ± 0.08 2.27 ± 0.06 0.90 ± 0.04 

200 15.938 35.174 2.51 ± 0.08 1.84 ± 0.05 0.73 ± 0.03 

300 13.344 35.350 2.52 ± 0.08 1.81 ± 0.05 0.72 ± 0.03 

Sta. 16, 12° 59.94’N, 65° 00.04’E; 4203 m, 23.5.2014 

2 30.993 36.054 2.57 ± 0.08 2.34 ± 0.06 0.91 ± 0.04 

10 30.998 36.201 2.58 ± 0.08 1.89 ± 0.06 0.73 ± 0.03 

25 29.259 36.488 2.60 ± 0.08 1.73 ± 0.06 0.67 ± 0.03 

50 25.175 36.161 2.58 ± 0.08 1.44 ± 0.05 0.56 ± 0.03 

75 24.972 36.343 2.59 ± 0.08 1.89 ± 0.05 0.73 ± 0.03 

100 24.314 36.411 2.60 ± 0.08 2.50 ± 0.07 0.96 ± 0.04 

150 18.611 35.771 2.55 ± 0.08 2.46 ± 0.06 0.96 ± 0.04 

200 16.168 35.729 2.55 ± 0.08 2.20 ± 0.05 0.87 ± 0.03 
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300 13.400 35.522 2.53 ± 0.08 2.57 ± 0.07 1.01 ± 0.04 

2000 2.765 34.813 2.48 ± 0.07 2.46 ± 0.07 0.99 ± 0.04 

Sta. 17, 16° 00.01’N, 65° 00.01’E; 3797 m, 25.5.2014 

2 30.502 36.559 2.61 ± 0.08 2.20 ± 0.06 0.84 ± 0.04 

10 30.487 36.618 2.61 ± 0.08 1.69 ± 0.05 0.65 ± 0.03 

25 30.407 36.629 2.61 ± 0.08 1.44 ± 0.05 0.55 ± 0.03 

50 25.495 36.151 2.58 ± 0.08 0.98 ± 0.05 0.38 ± 0.02 

75 24.211 36.151 2.58 ± 0.08 1.67 ± 0.05 0.65 ± 0.03 

100 24.201 36.340 2.59 ± 0.08 2.39 ± 0.06 0.92 ± 0.04 

150 21.088 35.963 2.56 ± 0.08 1.83 ± 0.05 0.71 ± 0.03 

200 18.208 35.811 2.55 ± 0.08 1.69 ± 0.05 0.66 ± 0.03 

300 15.158 35.867 2.56 ± 0.08 1.68 ± 0.05 0.66 ± 0.03 

Sta. 18a, 17° 18.01’N, 69° 03.59’E; 3600 m, 28.5.2014 

2 30.336 36.630 2.61 ± 0.08 2.11 ± 0.06 0.81 ± 0.03 

10 30.338 36.632 2.61 ± 0.08 1.67 ± 0.05 0.64 ± 0.03 

25 30.078 36.641 2.61 ± 0.08 1.42 ± 0.05 0.54 ± 0.02 

50 26.822 36.549 2.61 ± 0.08 1.06 ± 0.04 0.41 ± 0.02 

75 25.132 36.495 2.60 ± 0.08 1.70 ± 0.05 0.65 ± 0.03 

100 23.958 36.415 2.60 ± 0.08 2.23 ± 0.06 0.86 ± 0.03 

150 20.443 35.999 2.57 ± 0.08 1.49 ± 0.05 0.58 ± 0.03 

200 17.593 35.789 2.55 ± 0.08 1.69 ± 0.05 0.66 ± 0.03 

300 14.438 35.654 2.54 ± 0.08 1.52 ± 0.05 0.60 ± 0.03 

 
a Data from Anand et al., 2018
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Table. 2.  

In situ primary production, 234Th flux, particulate organic carbon, 234Th and POC/234Th ratio from sinking particulate matter are given for all the stations 

sampled along the GEOTRACES GI02 section in the Arabian Sea and Indian Ocean of the SK312 cruise.  Also shown are the integrated fluxes of 234Th 

and POC export fluxes with POC export efficiencies calculated up to 100 m and euphotic depth. 

Sta. 

code 

Position Euphotic 

deptha 

(m) 

In situ primary 

production  

(mmol m-2 d-1) 

POC  

(µmol L-1) 

Particulate 
234Th  

(dpm L-1) 

POC/234Th  

(µmol dpm-1) 

234Th Flux  

(dpm m-2 d-1)  

POC Flux 

(mmol m-2 d-1)  

POC export 

efficiency  

(%) 

 (1) (2) (1) (2) (1) (2) 

8 16.00°S  

64.99°E 

145 58.4 ± 2.9 0.93 ± 0.03 0.31 ± 0.016 3.03 ± 0.182 (852) ± 

(99) 

(1016) ± 

(135) 

- - - - 

9 12.00°S  

65.00°E 

59 129.4 ± 6.5 0.79 ± 0.02 0.21 ± 0.015 3.77 ± 0.292 2373 ± 

86 

1504 ± 

58 

9.0 ± 

0.8 

5.7 ± 

0.5 

6.96 4.40 

10 8.02°S  

66.69°E 

56 86.9 ± 4.3 0.53 ± 0.02 0.41 ± 0.018 1.29 ± 0.068 1575 ± 

87 

1126 ± 

56 

2.0 ± 

0.2 

1.5 ± 

0.1 

2.30 1.73 

11 5.27°S  

67.90°E 

65 130.1 ± 6.5 1.09 ± 0.03 0.38 ± 0.018 2.84 ± 0.158 1827 ± 

88 

1780 ± 

72 

5.2 ± 

0.4 

5.0 ± 

0.4 

4.00 3.84 

12 0.01°S  

65.00°E 

95 107.4 ± 5.4 0.72 ± 0.02 0.33 ± 0.017 2.17 ± 0.130 1424 ± 

90 

1361 ± 

83 

3.1 ± 

0.3 

3.0 ± 

0.3 

2.89 2.79 

13 4.00°N  

65.00°E 

69 139.2 ± 7.0 0.40 ± 0.01 0.39 ± 0.018 1.02 ± 0.056 2645 ± 

87 

2109 ± 

66 

2.7 ± 

0.2 

2.2 ± 

0.1 

1.94 1.58 

14 7.00°N  

65.00°E 

72 176.3 ± 8.8 0.95 ± 0.03 0.34 ± 0.017 2.84 ± 0.167 2484 ± 

86 

1657 ± 

69 

7.0 ± 

0.5 

4.7 ± 

0.3 

3.97 2.67 

15 10.00°N  

65.00°E 

92 109.3 ± 5.5 0.58 ± 0.02 0.43 ± 0.018 1.36 ±  

0.07 

2545 ± 

87 

2371 ± 

79 

3.5 ± 

0.2 

3.2 ± 

0.2 

3.20 2.93 

16 13.00°N  

64.99°E 

65 135.7 ± 6.8 1.00 ± 0.03 1.09 ± 0.026 0.91 ± 0.035 2127 ± 

91 

1554 ± 

65 

1.9 ± 

0.1 

1.4 ± 

0.1 

1.40 1.03 

17 16.00°N  

65.00°E 

67 174.8 ± 8.7 0.43 ± 0.01 0.41 ± 0.018 1.04 ± 0.055 2926 ± 

89 

2213 ± 

65 

3.0 ± 

0.2 

2.3 ± 

0.1 

1.72 1.32 

18 17.30°N  

69.06°E 

85 179.7 ± 9.0 1.27 ± 0.04 0.84 ± 0.024 1.51 ± 0.062 2980 ± 

87 

2658 ± 

73 

4.5 ± 

0.2 

4.0 ± 

0.2 

2.50 2.23 

 
a (DCM+10 m) is considered as the depth of euphotic zone (Haskell et al., 2015) 

(1) - Integrated to 100 m depth 

(2) - Integrated to euphotic depth 

Values in parentheses are excess 234Th released from biological remineralization of sinking particulate material. 

For the modeled POC export flux calculations; in situ primary production, surface temperature and euphotic depth are used.
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Table. 3.   

Comparison of 234Th based POC export flux measured in the Arabian Sea during spring 

intermonsoon.  

Station code Position  POC flux  

(mmol m-2 d-1) 

Reference 

TN045-N9 17.2 °N 68 °E 2.4 Buesseler et al. (1998) 

SK312-18 17.3 °N 69 °E 4.5 This study 

SK91-15N 15 °N 64 °E 30.9 Sarin et al. (1996) 

TN045-S11 14.5 °N 65 °E 2.9 Buesseler et al. (1998) 

SK312-16 13.0 °N 65 °E 1.9 This study 

TN045-S13 12.0 °N 65 °E 0.3 Buesseler et al. (1998) 

SK91-11N 11.0 °N 64 °E 26.8 Sarin et al. (1996) 

SK312-15 10.0 °N 65 °E 3.5 This study 

TN045-S15 9.9 °N 65 °E 2.7 Buesseler et al. (1998) 
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Table 4.  

In situ and modeled, primary production and export efficiencies, for the Arabian Sea and Indian 

Ocean along the GEOTRACES GI02 section.  

Primary  

production 

Avg. 

productivity 

(mmol m-2 d-1) 

 Avg. export efficiency (%) 
 234Th based Laws model Dunne model Henson model 

 Arabian Sea 

In situ 155 ± 31   2.6 ± 1.1 16.2 ± 1.2 14.9 ± 1.9 2.0 ± 0.1 

VGPM 23 ± 2  18 ± 9.8 9.0 ± 0.4 3.8 ± 1.3 2.0 ± 0.1 

CbPM 47 ± 5  8.6 ± 4.4 11.3 ± 0.4 8.1 ± 1.4 2.0 ± 0.1 

 Indian Ocean 

In situ 108 ± 31  3.6 ± 2.0  15.5 ± 1.3 14.2 ± 3.3 2.3 ± 0.2 

VGPM 18 ± 3  23.8 ± 15.0 9.0 ± 0.5 3.9 ± 2.8 2.3 ± 0.2 

CbPM 44 ± 6  9.6 ± 6.3 11.8 ± 0.6 9.1 ± 2.8 2.3 ± 0.2 
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Figure captions 

Figure 1. Station location and bathymetry map of the study region along the GEOTRACES 

GI02section in the Arabian Sea and the Indian Ocean during April-May 2014. 

Figure 2. Depth-latitude vertical sections of oxygen saturation (%) and CTD sensor parameters 

(Salinity and Temperature) with dissolved inorganic nutrients.  Salinity (white contours) is 

shown relative to dissolved inorganic nitrogen (DIN) (a), Temperature (white contours) is 

shown relative to phosphate (b), density (white contours) is shown relative to silicate (c) and 

Oxygen saturation (white contours) is shown relative to fluorescence (d).   The black contour 

lines represent the maximum depth of limiting nutrient.   

Figure 3. TS diagram for all the stations sampled in the cruise SK312 with Indian Ocean water 

masses superimposed (based on Wyrtki, 1971; Prasad et al. 2001).  Abbreviations are 

ASHSW, Arabian Sea High Salinity Water mass; PGW, Persian Gulf Water; RSW, Red Sea 

Water mass. 

Figure 4. Vertical (0-300 m depth) profiles of 234Th (black line), 238U (black-dash line), 

fluorescence (black dotted line) and dissolved oxygen (grey dash-line) measured at all the 

stations in the cruise.   

Figure 5. Depth-latitude vertical sections of oxygen saturation (%) (white contour lines) is 

shown relative to (a)234Th, (b) 238U and (c) 234Th/238U activity ratio. 

Figure 6. Latitudinal variability of (a)in situ primary production, (b) POC, (c) particulate 234Th, 

(d) POC/234Th ratio, (e) 234Th flux, (f) POC export flux and (g) POC export efficiency.  234Th 

flux, POC flux and POC export efficiency of the southernmost station (Sta. 8 at 16°S) is not 

shown asthere is no 234Th deficit.    

Figure 7. Comparison of latitudinal variation of in situ primary production with satellite data 

based NPP using VGPM and CbPM algorithms. Note there is no latitudinal change in 

modeled NPP values.  

Figure 8. Plot showing relation between primary production and POC export flux: in situ 

primary production (a) along with satellite data based NPP estimates using VGPM (b) and 

CbPM (c) algorithms. The POC export flux out of the euphotic zone were derived by Laws, 

Dunne and Henson’s models.Dashed trend lines represent export efficiencies of 2, 5, 10 and 

20%.  

Figure 9. Plot showing relation between primary production and POC export efficiency.234Th 

based POC export efficiency (filled circles) is plotted along with those derived from (i) Laws’ 

model (open circle), (ii) Dunne’s model (open square) and (iii) Henson’s model (open 

triangle). Primary production from in situ measurements(a) as well as satellite data based 

NPP estimates using VGPM (b) and CbPM(c) algorithms are used to derive export 

efficiencies. Note that Henson model based POC export efficiencies are comparable with 

those derived using 234Th. 
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