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Abstract. In this study, data obtained from a sediment trap experiments off South Java are analyzed and compared to 

satellite-derived information on primary production and data collected by deep-moored sediment traps in the Arabian Sea 10 

and the Bay of Bengal. The aim was to study the relative importance of primary production and the ballast effect on the 

organic carbon export and the CO2 uptake of the biological carbon pumps. Therefore, data obtained from sediment trap 

experiments carried out in other ocean basins were also integrated into the data analysis and a four-box model was 

developed. Our data showed that the organic carbon flux in the highly-productive upwelling system in the Arabian Sea was 

similar to those in the low productive system off South Java. Off South Java as in other river-influenced regions, lithogenic 15 

matter supplied from land mainly controls the organic carbon flux via its ballast effect in sinking particles, whereas 

carbonate produced by marine organisms appears to be the main ballast material in the high productive regions. Since the 

carbonate flux tends to increase with an increasing export production, it is difficult to quantify the relative importance of 

productivity and the ballast effect on the organic carbon flux into the deep sea. However, the export of organic matter into 

the deep sea represents a loss of nutrients for the pelagic ecosystems, which needs to be balanced by mode water nutrient 20 

supply into the seasonal thermocline to sustain the productivity of the pelagic system. The amount of preformed nutrients 

utilized during the formation of the exported organic matter strongly influences the impact of the ballast effect on the CO2 

uptake of the organic carbon pump. Accordingly, this is stronger at higher latitudes where preformed nutrients are formed 

than at lower latitudes where the euphotic zone is nutrient depleted. Nevertheless, the ballast effect enhances the export of 

organic matter into the deep sea and favors the sedimentation of organic matter in river-influenced regions. Since globally > 25 

80% of organic carbon burial occurs in river-dominated systems, the lithogenic ballast is assumed to play an important role 

in the Earth’s climate system on geological time scales. 

1 Introduction 

Photosynthesis and precipitation of carbonate converts dissolved inorganic carbon into particulate organic and inorganic 

carbon. Their export from the sunlit surface ocean into the deep sea is an integral part of the organic carbon and the 30 

carbonate counter pump and strongly influences the Earth’s climate (Volk and Hoffert, 1985). Due to opposing effects on the 
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total alkalinity and resulting shifts of the carbonate system photosynthesis reduces the CO2 concentration in surface waters 

whereas the precipitation of carbonate increases the CO2 concentration (e.g. Zeebe and Wolf-Gladrow, 2001). 

Photosynthesis is, however, the ultimate driver of both pumps because it forms organic matter and transfers the sun’s energy 

into chemical fuel required by marine organisms to precipitate carbonate. It is called primary production and it depends on 

the availability of nutrients in the sunlit surface ocean (euphotic zone). Inputs from land via rivers and the atmosphere as e.g. 5 

aeolian dust are main sources of marine nutrients and once nutrients enter the ocean the ocean’s circulation controls their 

availability for phytoplankton. It returns nutrients, which are released during the respiration of exported organic matter in the 

deep ocean into euphotic zone but it also withdraws nutrients from the surface layer by introducing them into the deep ocean 

by physical processes (Kwon et al., 2009; Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984). Key sites at 

which this occurs are regions of deep and mode water formation in the North Atlantic Ocean and the Southern Ocean. Here 10 

first of all upwelling and deep mixing entrains nutrients from the deep ocean into the surface mixed layer but the lack of light 

(e.g. in winter) and micronutrients such as iron (Falkowski et al., 1998) prevent the utilization of macronutrients (nitrate and 

phosphate). Subsequently, the mode- and deep-water formation returns these biologically unused nutrients into the interior of 

the ocean. These unused nutrients are termed preformed nutrients in contrast to regenerated nutrients, which are used to fix 

CO2 during the photosynthesis and liberated during the respiration of exported organic matter in the deep sea. In addition to 15 

the availability of nutrients the depth at which the exported organic matter is respired influences the CO2 uptake of the 

organic carbon pump because the residence time of CO2 charged water in the deep ocean increases in general with increasing 

water depth (Ittekkot, 1993; Kwon et al., 2009). 

Primary production rates are derived from satellite data (Antoine et al., 1996; Behrenfeld and Falkowski, 1997b) and 

avariety of equations have been developed to describe the carbon export into the deep sea as function of primary production 20 

and water-depth (Fig. 1, e.g, Berger et al., 1988; Bishop, 1989; Rixen et al., 2002; Suess, 1980). Other approaches focus on 

the link between primary production and the carbon export out of the euphotic zone referred to as export production (Eppley 

and Peterson, 1979; Laws et al., 2000) and independently from primary production on those between export production and 

organic carbon fluxes into the deep ocean (Armstrong et al., 2002; Martin et al., 1987). Contrary to primary production, 

which can be measured by the uptake of 14C labelled CO2 (Nielsen, 1951) there are no reliable methods to measure export 25 

production. The large range of estimates on the global mean export production (1.8 -  27.5 1015 g C yr-1) reflects the resulting 

uncertainties (del Giorgio and Duarte, 2002; Honjo et al., 2008; Lutz et al., 2007). Based on numerical model results and 

ocean color data global mean export production rates ranging between 5 to 10 Pg C yr-1 appear currently to be well accepted 

(Bopp et al., 2013; Westberry et al., 2012). 

Phytoplankton can release up to 50% of the photosynthesized organic matter as dissolved organic carbon (DOC) into the 30 

water (Fogg, 1952; Fogg et al., 1965; Glibert and Bronk, 1994; Haas and Wild, 2010). The global mean DOC export of 1.8 

Pg C yr-1 (Hansell, 2013; Hansell et al., 2009) suggests in addition to export production rates of 5 to 10 Pg C yr-1 that only 6 

to 11 % of the organic matter is exported as DOC. This implies that DOC is preferentially decomposed in surface waters and 

that the vast majority of the photosynthesized organic matter is exported as particulate organic carbon (POC). Compared to 
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DOC, lower respiration of POC in the surface waters reflects fundamentally different export mechanism. As a dissolved 

component DOC stays in surface water and feeds the microbial food web until a strengthening of vertical mixing and a 

subsequent re-stratification exports it into subsurface waters. Since in the open ocean mixed layer depths hardly exceed 300 

m DOC reaches the deep sea only at sites of deep water formation in the North Atlantic and Southern Ocean (de Boyer 

Montégut et al., 2004). Contrary to this passive transport POC forms large particles sinking out of the mixed layer as soon as 5 

their density exceeds that of the ambient seawater (Smayda, 1971).  

Sinking particles are separated into the three main groups: The first group contains larger organisms and their residuals 

(phytoplankton, zooplankton, fishes, and marine mammals) loosing the buoyancy after death of the respective organisms. 

The second group are fecal pellets produced by zooplankton and other higher organisms (Osterberg et al., 1963), and the 

third group are large amorphous aggregates referred to as marine snow (Suzuki and Kato, 1953). Marine snow reache 10 

sinking speeds of 16 to 368 m day-1 and certain zooplankton species produce fecal pellets sinking with velocities of 862 to 

2700 m day-1 (Turner, 2002, and references therein).  

Respiration is another factor determining if at all a particle reaches the deep sea. If respiration is too fast particles disappear 

before to they can reach the deep sea. Incubation experiments of individual particles indicate an exponential decay of organic 

matter in the water column (Ploug and Grossart, 2000).  15 

 

POC(t) = POCo * e(-λ*t)       (1) 

 

The velocity-determining factors are the initial amount of organic matter (POCo) and the decay constant (λ). (t) represents 

the time during which the organic matter is exposed to bacterial and enzymatic attacks. (λ) refers to the POC specific 20 

respiration rate, which is assumed to vary in a relative narrow range (0.106 ± 0.028 day-1 (Iversen and Ploug, 2010; Ploug 

and Grossart, 2000). More recent studies based on in situ incubation experiments carried at water-depth < 500 m indicate 

respiration rates of 0.4 ± 0.1 and 0.01± 0.02 day-1 in the subtropical North Atlantic Ocean and the Southern Ocean, 

respectively (McDonnell et al., 2015). This supports results obtained from laboratory and sediment trap studies suggesting 

that respiration rates are temperature dependent and decrease with decreasing temperatures (Iversen and Ploug, 2013; 25 

Marsay et al., 2015).  

Applying equation 1 to calculate carbon fluxes in the water column (Banse, 1990) POCo represents the POC export from the 

euphotic zone (export production = POCeuphotic) and the time (t) results from water-depth and sinking speed of the particle (t 

= (water-depth (z) – depth of the euphotic zone) / sinking speed):  

 30 

POC(z) = POCeuphotic * e (-λ * (z-depth of the euphotic zone)/sinking speed)   (2) 

 

Equation 2 indicate that an increasing sinking speed reduces the respiration and increase the organic carbon flux by lowering 

the time a particle is exposed to respiration in the water column. Tiny little products of rock weathering referred to as 
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lithogenic matter supplied from land as dust and as suspended matter by rivers was assumed to increase the organic carbon 

fluxes if they are incorporated into particles and accelerate their sinking (Haake and Ittekkot, 1990; Ittekkot and Haake, 

1990; Ittekkot et al., 1992).  

This so-called “ballast effect” emerged as a sort of side effect by studying the sedimentation of clay minerals in the deep-sea. 

According to Stoke’s law such minerals are too small to sink and should stay as suspended solids in the water column 5 

(McCave, 1975) raising the question of how clay with grain sizes < 2 µm reaches the deep sea and accumulate in sediments 

(Rex and Goldberg, 1958). Rex and Goldberg (1958) suggested that the incorporation of lithogenic matter into biologically 

produced aggregates enable the transfer of dust into sediments and studies in lakes and the coastal ocean demonstrated the 

relevance of the interaction between clay and sticky polysaccharides released by plankton for the flocculation of fast sinking 

aggregates (Avnimelech et al., 1982; Kranck, 1973). In the open ocean, fecal pellets were suggested to play a crucial role for 10 

the transport of dust from the ocean’s surface into the deep sea (Honjo, 1976, 1982; McCave, 1984, 1975). The perspective 

changed as sediment trap results from the Arabian Sea in the northern Indian Ocean showed that wind speeds, organic 

carbon and lithogenic matter fluxes revealed the same seasonality (Haake and Ittekkot, 1990; Ittekkot, 1993; Ittekkot et al., 

1992; Ramaswamy et al., 1991). Aeolian dust inputs were considered as an active driving force increasing organic carbon 

fluxes by accelerating the sinking of particles into the deep sea.  15 

First experiments on particle formation by using rolling tanks confirmed the ballast-effect in so far as they showed that 

sinking speed of marine snow produced by diatoms increased from 230 m day-1 to 860 m day-1 (Hamm, 2002). Lithogenic 

matter was not only trapped and passively integrated into aggregates it also interacted actively with the organic matter. This 

accelerated flocculation and reduced the aggregate size. Since larger particles sink faster than smaller ones the reduction of 

aggregate sizes decreases sinking speeds but the associated increase in density overcompensates this breaking effect. The 20 

increase of particle sinking speeds caused by the incorporation of minerals into particles defines the ballast effect whereas 

the type of minerals and the capability of organic matter to trap it strongly influence the strength of the ballast effect 

(Alldredge and McGillivary, 1991; Deng et al., 2015; Iversen and Robert, 2015).  

The organic carbon content of particles formed in rolling tanks range between 2 and 5 % (De La Rocha et al., 2008) and 

resembles those of organic matter in particles collected by sediment traps in the deep sea all over the world (5 and 7 25 

%)(Armstrong et al., 2002; Francois et al., 2002; Klaas and Archer, 2002). These contents were accordingly assumed to 

reflect the organic carbon carrying capacity of minerals in sinking particles (Armstrong et al., 2002). Similar to concepts in 

sedimentology where the preservation of organic matter is considered as a function of its adsorption to mineral surfaces 

(Keil, 2011; Keil and Hedges, 1993) Armstrong et al., (2002) emphasized the protection of organic matter by the mineral 

ballast and distinguished two types of organic matter in sinking particles (Fig. 1). The one is free (POCF) and exposed to 30 

bacterial and enzymatic attacks and the other one is attached to minerals and thereby protected against respiration (POCP).  

The free organic matter was assumed to be exponentially decomposed:  

 

POCF(z) = POCFeuphotic * e (z-euphotic zone/δ)      (3) 
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whereas (δ) is referred to as the length scale of remineralization. According to equation (2) the length scale of 

remineralization corresponds to the quotient of sinking speed and decay constant (δ = sinking speed / λ). The dissolution and 

dissociation reduces the mineral ballast flux and enables also the decomposition of the protected organic carbon but to a 

much lesser extend.  5 

The correlation between organic carbon and calcium carbonate fluxes obtained from a global compilation of sediment trap 

data indicated however, that calcium carbonate instead of lithogenic matter is the most important ballast mineral (Armstrong 

et al., 2002; Francois et al., 2002; Klaas and Archer, 2002; Lutz et al., 2002). In this paper we compiled and analyzed 

sediment trap data collected by deep moored sediment traps at fifteen sites with the aim to study the influence of the ballast 

effect and on the organic carbon export in the Indian Ocean (Fig. 2, Tab. 1, 2). Haake et al.  (1993) and Rixen et al (1996) 10 

described the methods. Furthermore a four-box model was developed to estimate the potential impact of the ballast effect on 

the CO2 uptake of the ocean. 

2. Study Area  

2.1 Monsoon and Surface Ocean Circulation 

The monsoon strongly influences the surface ocean circulation in the Indian Ocean (e.g., Ramage, 1971) and can be 15 

considered as a giant land-sea breeze (Gadgil et al., 2007; Wang, 2009). It develops between the Asian land mass and the 

Indian Ocean and owes its existence to the meridional migration of the sun and the differential heating of land and water. 

This fortifies the cooling in winter and the heating of the atmosphere over the Asian landmass in summer. The summer 

heating enforces the southern hemispheric SE trade winds to cross the equator forming the low-level-cross equatorial 

Findlater Jet Stream (Findlater, 1977). The Findlater Jet interrupts the world’s encompassing tropical high-precipitation and 20 

low-pressure belt referred to as the Inter Tropical Convergence Zone (ITCZ) in the western Indian Ocean and the summer 

heating shifts the ITCZ northwards towards the southern flanks of the Himalayan mountain range (Fig. 3). The monsoon 

influences also neighbouring land masses due to which the Asian monsoon is separated into four subsystems: the north 

African, the Indian, the East Asian, and the Indonesian-Australian monsoon (e.g., Wang et al., 2005 and references therein).  

NE trade winds blowing over the northern hemispheric part of Indonesian Archipelago turn into NW winds after crossing the 25 

equator due to the change of the Coriolis force characterize the Indonesian-Australian monsoon during the boreal winter. The 

associated southward displacement of the ITCZ introduces the rainy seasons (Fig. 3). At the beginning of the boreal summer 

the ITCZ moves northwards, the southern hemispheric SE trade wind replace the NW winds over the South Java Sea south 

of the equator and lower the precipitations rates over Indonesia. 

The Indonesian Archipelago and the southern part of the Himalayan Mountain range are among the regions characterized by 30 

the highest precipitation rates worldwide. Unlike the Indian subcontinent, Indonesia has no major rivers but the numerous 

small Indonesian rivers contribute ~11% (4.3 * 1012 m3yr-1) to the global freshwater discharge into the ocean (Syvitski et al., 
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2005). This even exceeds those of the Indus and the Ganges-Brahmaputra (0.1 * 1012 m3yr-1 

(http://www.sage.wisc.edu/riverdata/) draining the southern part of the Himalayan mountains, whereas it should be noted 

that today humans regulate the discharge of almost all these rivers. Nevertheless, due to the high freshwater fluxes the 

Indonesian Seas and the western Indian Ocean are characterised by low salinity surface waters whereas a freshwater inputs 

falling below evaporation rates leads to the formation the high salinity Arabian Sea Water (ASW). 5 

The monsoon winds reverse the surface ocean circulation in the Indian Ocean (Fig. 3-4, Schott and McCreary, 2001). In 

winter the NE trade winds establish a counter clockwise surface ocean circulation in the Arabian Sea and the Bay of Bengal. 

In the equatorial region the surface circulation resembles those in the Pacific and Atlantic Oceans with a well-established 

South Equatorial Current and a South Equatorial Counter Current (SECC, Schott and McCreary, 2001). During the summer 

the SECC disappears and an eastwards flow establishes north of the equator where all the major currents reverse. The now 10 

clockwise circulation supplies high salinity Arabian Sea Water into the eastward flowing Southwest Monsoon Current, 

which feeds into the clockwise circulation of the Bay of Bengal. Following the monsoon-driven seasonality the eastwards 

flowing South Java Current (SJC) also reverses if the SE trade winds move northward during the boreal the summer 

(Quadfasel and Cresswell, 1992).  In summer the positive wind stress curl causes upwelling in the Arabian Sea, which is 

strongest along the coast of the Arabian Peninsula (Fig. 3-4a, Bauer et al., 1991; Luther and O'Brien, 1990; Ryther and 15 

Menzel, 1965; Sastry and D'Souza, 1972). Contrary to the Atlantic and Pacific Oceans where major eastern boundary 

upwelling systems establish off California, NW Africa, Peru and Namibia/South Africa, the only upwelling system in the 

eastern Indian Ocean develops off South Java and Bali (Susanto et al., 2001). 

2.2 Organic Carbon Export 

Sediment trap experiments were carried during the Joint Global Ocean Flux Studies in the Arabian Sea (JGOFS Indik) 20 

between 1994 and 1995 (Honjo et al., 1999; Lee et al., 1998). These studies complemented the Indo/German sediment traps 

program, which started in 1986 and was expanded into in the Bay of Bengal in 1987 (Fig. 3-2, Haake et al., 1993; Ittekkot et 

al., 1991; Nair et al., 1989; Rixen et al., 2009). Between 2001 and 2004 additional sediment trap experiments were carried 

out in the upwelling system off South Java (Mohtadi et al., 2009; Rixen et al., 2005; Romero et al., 2009). The results 

obtained from the sediment trap programs in the Arabian Sea are accessible at https://doi.org/10.1594/PANGAEA.879702 25 

and showed that the organic carbon fluxes in the deep sea follow the monsoon-driven surface ocean processes and reveal 

high fluxes during the summer and winter monsoon (Fig. 5). Upwelling induced by the monsoon winds in summer and 

vertical mixing favoured by winter cooling were the respective processes through which the monsoon increased the nutrient 

supply into the euphotic zone and organic matter export into the deep sea. In the Bay of Bengal the heavy monsoon rain and 

the resulting river discharges are additional nutrient sources to the euphotic zone. The riverine nutrient discharges increase 30 

the organic carbon fluxes near the coast but the freshwater-induced enhanced stratification reduced vertical mixing and 

nutrient inputs from below the mixed layer into the euphotic zone furtherer offshore. The resulting monsoon-driven 

seasonality of the organic carbon fluxes are much lower in the Bay of Bengal as in the Arabian Sea except in the southern 
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Bay of Bengal at the station SBBT. Upwelling occurring off southwest India and the Sri Lanka Dome influenced the 

sediment trap site SBBT (Unger et al., 2003), due to which the organic carbon fluxes revel a seasonality similar to those 

recorded by the sediment traps in the Arabia Sea. 

Organic carbon fluxes were measured over a period of seven and more years at two sites in the Arabian Sea (WAST and 

EAST) and two locations in the Bay of Bengal (NBBT-N and SBBT). At these sites the interannual variability of the annual 5 

mean organic carbon fluxes were < ±15%. In the Arabian Sea opposing effects of the monsoon-driven lateral (water mass 

exchange) and vertical water mass transport (upwelling and vertical mixing) on the nutrient supply into the euphotic zone, 

were assumed to reduce the internannual variability in addition to the intensities of the summer and winter monsoons which 

are inversely related to each other (Rixen et al., 2014). 

In the South Java Sea at our trap site JAM the organic carbon flux reflects the monsoon-caused seasonality with enhanced 10 

fluxes at the end of the rainy season in March and during the boreal summer in August/September whereas these two seasons 

correspond to the winter and summer monsoon in the northern Indian Ocean (Fig. 6). The enhanced summer fluxes were 

assumed to be caused by upwelling whereas phytoplankton blooms triggered by increased riverine nutrient inputs was 

suggested to explain the enhanced fluxes at the end of the rainy season (Mohtadi et al., 2009; Rixen et al., 2006; Romero et 

al., 2009).  15 

Contrary to sediment trap experiments in the Arabian Sea and the Bay of Bengal, which were conducted mainly prior to 

1998 the sediment trap experiment off South Java overlaps with the “Sea-viewing Wide Field-of-view Sensor” Mission 

(SeaWiFS) which was launched in 1997 (McClain et al., 2004). Satellite derived primary production rates derived from the 

‘Vertically Generalized Production Model, VGPM)’ (Behrenfeld and Falkowski, 1997a, b) were downloaded from the web 

site ‘ocean productivity’ (O'Malley, 2015). This data covering the period between years 2002 to 2015 were selected for an 20 

area of  ±1° around the trap sites and converted into monthly means to be compared with the sediment trap data from the 

northern Indian Ocean (Fig. 7). Off South Java satellite and sediment trap data could also be directly linked to each other 

(Fug. 8). 

3. Results and Discussion 

3.1 Primary Production and Organic Carbon Fluxes 25 

In the South Java Sea satellite-derived enhanced primary productions rates correspond to high organic carbon fluxes during 

the upwelling season but enhanced fluxes are not reflected in higher primary production rates during the rainy season (Fig. 8, 

9). A dense cloud cover shading the surface ocean from space observations could have caused this decoupling during the 

rainy season (Hendiarti et al., 2004). Although the same problem occurs in summer during the upwelling season in the 

Arabian Sea (Banse and English, 2000, 1994) the long-term mean organic carbon flux and primary production rates reveal 30 

the same seasonality (Fig. 8). However, in summer primary production rates in the Arabian Sea are higher as off South Java 

whereas the organic carbon flux off South Java exceeds those in the western Arabian Sea. The enhanced export of organic 
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matter in a relatively low productive and weaker upwelling system suggests that a less efficient respiration of organic matter 

increases the organic carbon flux off South Java.  

In order to test this hypothesis and to identify the responsible processes the monthly mean primary production rates obtained 

from our trap sites (Fig. 3.7) were converted into export production based on the equation provided by Eppley and Peterson 

(1979). The resulting monthly mean export production rates and the mean organic carbon fluxes shown in figure 5 were 5 

averaged for the summer (June – September), winter (January - April) and intermonsoon periods (May and October to 

December). The difference between the seasonally averaged export production rates and seasonal averaged organic fluxes 

represent seasonal mean respiration rates. The share of the exported organic matter, which reached the sediment traps and 

which was respired in the water column was plotted against the calculated export production rates (Fig. 10 a). The resulting 

trend follows Michaelis-Menten kinetics and implies that the share of the exported organic matter, which is respired increase 10 

with an increasing export production rates. Such a rising respiration efficiency with an increasing productivity agrees also to 

results obtained from a global compilation of sediment trap data (Francois et al., 2002). 

The data obtained from the Bay of Bengal and the South Java Sea deviate from this trend and scatter around the trend line. 

These deviations were quantified by calculating organic carbon fluxes based on the primary production rates, the Eppley and 

Peterson equation, and the Michaelis-Menten kinetics presented in the figure 10a. The difference between measured fluxes 15 

and those derived from primary production was considered as excess organic carbon flux (POCExcess) indicating how much 

higher the organic carbon was as expected from the primary production. The excess organic carbon flux correlates best with 

the lithogenic matter content suggesting that increasing contribution of lithogenic matter and thus its ballast effect increased 

the excess organic carbon flux (Fig. 10b). 

We repeated the analysis and used a global compilation of sediment trap data presented by Wilson et al. (2012). Since this 20 

data were annual means we converted our data also into annual means, added it to the global data set, and selected annual 

mean primary production rates for all trap locations. The results imply that the recycling efficiency decreases with an 

increasing productivity in the Indian Ocean, but there are many exception indicating that also in low productive regions the 

recycling efficiency is with > 99% as high as in high productive regions (Fig. 11a). This points to spatial and temporal 

variability of the ballast effect, which was studied in further detail by analyzing factors controlling the sinking speed of 25 

particles in the ocean. 

3.2 Ballast Effect 

3.2.1 Sinking Speeds  

Stoke’s law derived from the Navier-Stoke equation is an often used parameterization for calculation sinking velocity (U) of 

particles (e.g., Lal and Lerman, 1975; McCave, 1975; Miklasz and Denny, 2010): 30 

 

U = ((2 * g * Δ ρ * radius2) / (9 η)      (4) 
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where (g) is the gravitational acceleration, (Δ ρ) represents the excess density of particles over water, (radius) defines the 

radius sinking particle, whereas particles are considered to be spheres. (η) is the viscosity of the fluid. The excess density is 

the density difference between the density of the particle (ρparticle ) and the sea water (ρseawater). 

  5 

Δ ρ = ρparticle – ρseawater        (5) 

 

If the particles are larger and the Reynolds number exceeds one the Navier-Stoke drag equation should be used to calculate 

sinking velocities (e.g., Alldredge and Gotschalk, 1988; Engel et al., 2009; Iversen and Ploug, 2010). The Reynolds number 

and the sinking velocities according to the Navier-Stoke drag equation can be calculated as follows: 10 

 

Re = U * radius * ρseawater / η       (6) 

U = ((2 * g * Δ ρ) / (ρseawater * CD) * (area/volume))0.5     (7) 

 

CD is the dimensionless drag coefficient, depending on the Reynolds number: 15 

 

CD = (24/Re) + (6 /(1+Re0.5)) +0.4       (8) 

 

In the ocean sinking particles cover a size spectrum with an equivalent spherical diameter (ESD) ranging mostly between 

0.01 and < 5 mm (Guidi et al., 2009; Iversen et al., 2010) whereas an ESD of 0.1 mm is often considered as thresholds 20 

dividing small and large particles (Durkin et al., 2015; Guidi et al., 2009). Particles formed in the rolling tanks often exceed 

1 mm, reached ESDs of > 1 cm, and resemble in size marine snow collected by scuba divers in the surface water of the ocean 

revealing ESDs of up to 7.5 cm (Alldredge and Gotschalk, 1988; Engel et al., 2009). Due this wide range of ESDs and 

Reynolds numbers, which increase with increasing sinking speeds Stokes law and the Navier-Stokes drag equation are both 

used to calculate sinking velocities of marine particles. Their results are incongruent at a Reynolds number of 1 but, 25 

however, both equations show that particle density (ρparticle) and size influence the sinking velocities. The larger and denser 

the particle is the faster it sinks. This lead to the general assumption that larger plankton forms larger and thus faster sinking 

particles (e.g., Michaels and Silver, 1988; Smayda, 1970). In situ observations, however, show that large particles arriving at 

a water-depth of 380 m sank much slower than smaller particles (Asper, 1987) whereas other studies revels no regular link 

between particle size and sinking velocity (McDonnell and Buesseler, 2012). The deviation of the particle shape from a 30 

sphere as well as the varying particle densities could explain such irregular pattern. 

The density of particle results from their pore water and the density of solid material: 

 

  ρparticle  = (porosity * ρwater ) + (1-porosity)* ρsolids    (9) 
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The composition of the particles collected in the sediment traps and the density of bulk components (D) can be used to 

estimate the density of the solids: 

 

ρsolids = ((Lith%*Dlith) + (OM%*Dom) + (Opal% * Dopal) + (Carb% *Dcarb))/100   (10) 5 

 

In combination with equation 2, 4, and 9 the equation 10 can be used to estimate the impact of a changing lithogenic matter 

content on the sinking speed and the export of organic matter into the deep sea. However, prior to use these equations, the 

density of the bulk components needs to be estimated. 

3.2.2 Density of the Bulk Components 10 

Except lithogenic matter the bulk components of the material collected by sediment traps were produced by marine 

organisms and reveal a density falling below the density of their crystalline analogs (Fig. 12). For example, the density of 

proteins varies between 1.22 to 1.47 g cm-3 whereas the density of organic matter in phytoplankton consisting to > 80% of 

amino acids varies between 1.03 and 1.1 g cm-3 (Lee et al., 2004; Logan and Hunt, 1987; Miklasz and Denny, 2010; Quillin 

and Matthews, 2000). Similar to amino acids carbohydrates can reach a density of up to 1.8 g cm-3 but the density of 15 

transparent exopolymers (TEP) excreted by plankton and consisting of mucopolysaccharids varies between 0.7 – 0.84 g cm-3 

(Azetsu-Scott et al., 2004).  

The density of calcite, the most common calcium carbonate mineral in the pelagic ocean, is 2.71 g cm-3 (Mottana et al., 

1978) and those of opal a hydrous silicon oxide ranges between 1.9 to 2.5 g cm-3. The density of diatom frustules (biogenic 

opal) varies between 1.46 and 2.0 g cm-3 (Csögör et al., 1999; DeMaster, 2003) and coccolithophores reveal a density of only 20 

1.55 g cm-3 (page 71, Winter and Siesser, 1994). The densities derived from sinking speed of foraminifera shells (Schiebel et 

al., 2007; Schiebel and Hemleben, 2000) reach values of up to 1.7 g cm-3. The variability of the density of biogenic bulk 

components implies that marine plankton influences it and that the bulk composition of sediment trap samples collected in 

various regions of the ocean is a poor indicator of the ballast effect. Lithogenic matter hardly improves this situation because 

it is a diverse assemblage of tiny minerals, which also differ with respect to their densities. 25 

At our trap sites quarz and the clay mineral illite mostly compose lithogenic matter (Ramaswamy et al., 1991; Ramaswamy 

et al., 1997) and the density of these two minerals is 2.72 g cm-3
. Clay is a grain size (radius < 0.02 mm) and a mineral group, 

which partly change their density by adsorbing water. This is most pronounced within the group of smectite which density 

decreases from 2.72 to 1.4 g cm-3 during its hydration (Osipov, 2012). However, a density 2.72 g cm-3 might be a realistic 

estimate for the density of lithogenic matter at our tarps site since quarz and illite dominate its composition. Ignoring the 30 

variability of density of the other bulk components and just consider their means the density of solids can be calculated as 

follows (Tab. 2): 

 

ρsolids = ((Lith%*2.72) + (Corg%*1.065) + (Opal% * 1.73) + (Carb% *1.625))/100  (11) 
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The mean composition of particles collected at our trap sites is given in the tables 2 and implies that the density of the solids 

varied between 1.7 and 2.4 g cm-3. On average carbonate and lithogenic matter contribute approximately 30% to the total 

density of the solid. The correlation between lithogenic matter content and density of the solid indicate furthermore that 

lithgogenic matter largely controls the variability of the density of the solids (Fig. 13 a).  5 

Prior to estimate the influence of the density of the solids on the organic carbon flux a variety of other parameters have to be 

estimated, which in addition to the density of the solid control the organic carbon flux and the sinking speed of particles. 

3.2.3 Quantification of the Ballast Effect 

The impact of the density of the solids on the organic carbon flux defines the ballast effect and can be calculated by 

combining equations 2, 4, 5, 9, 10 and 11. In order to use these equations the export production and the organic carbon flux 10 

(Eq.  2) as well as the radius of the particle (Eq. 4), the viscosity and density of seawater (Eq. 4) and the porosity of particle 

(Eq. 9) have to be determined. To come up with reliable estimates of these data a first numerical experiment was carried out 

(see Tab. 3 - Experiment 1). In second experiment we fixed this parameters and changed the density of solids to recalculate 

the organic carbon fluxes, which were compared with the measured ones. 

The first task in the first experiment was to determine the annual mean sinking speed of particles by solving equations 2 for 15 

sinking speed. The required annual mean primary production of the Arabian Sea of 205 g m-2 year-1 was obtained from Rixen 

et al (2002) and the equation introduced by Eppley and Peterson (Eppley and Peterson, 1979) was used to convert the 

primary production into export production (105 g m-2 year-1). Assuming a depth of the euphotic zone of 100 m and decay 

constant (λ) of 0.106 day-1 the export production and the mean organic carbon flux measured by our traps (2.74 g m-2 year-1
, 

see Tab. 2) at water-depth of approximately 3000 m were used to calculate an annual mean sinking speed of particles. The 20 

resulting sinking speed of 84.5 m day-1 was in the second step used to estimate the porosity of sinking particles by combining 

equations 4, 5 and 9. Therefore we choose a particle radius of 0.1 cm because particles with radius of 0.05 to 0.1 cm are 

mainly responsible for the transport of material into the deep sea in the upwelling system of NW Africa (Iversen et al., 

2010).  Furthermore, a temperature of 10°C and a salinity of 35 was selected to calculate the viscosity and density of 

seawater (Wagner and Pruß, 2002) and a mean density of the solid of 1.86 g cm-1 was considered as obtained from our data 25 

(Tab. 2) to calculate the porosity of sinking particles. 

The second experiment aimed at quantifying the possible ballast effect. Therefore all data were kept constant except the 

organic carbon flux and the density of the solids (Tab. 3 - Experiment 2). The regression equation obtained from the 

correlation between lithogenic matter content and the density of the solid was used to translate changes in the lithogenic 

matter content into the density of the solid (Fig. 3.13a) and the equation 2 and 4 were combined to calculate the organic 30 

carbon fluxes at a water-depth of 3000 m. The resulting organic carbon fluxes increased with an increasing lithogenic matter 

content and reveal a variability exceeding those measured by the traps (Fig. 13b). This implies that the ballast-effect could 

suffice to explain the variability of organic carbon fluxes measured by our sediment traps. 
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A sinking speed of only 84.5 m day-1 implies that particles require 35 days to reach the a water-depth of about 3000 m. The 

correlation between surface ocean processes such as onset of upwelling and the resulting increase of organic fluxes measured 

at water-depth of about 3000 m indicate a mean delay of only 14 days (Rixen et al., 1996). This delay calls for a mean 

sinking speed of > 214 m day-1, which agrees to results obtained form U.S. JGOFS sediment traps experiment in the Arabian 

Sea (230±72 m day-1)(Berelson, 2001).  5 

In order to see whether sinking speeds of < 200 m day-1 are consistent with our calculations two more experiments were 

carried out. Within the first of these two experiments (experiment 3) all parameters were kept constant and the sinking speed 

of 214 m day-1 was in addition to the mean organic carbon flux of 2.75 g m-2 year-1 used to recalculate the export production 

(Tab. 3 – Experiment 3). Using equation 2 and a decay constant of 0.106 day-1 this amounts to an export production of only 

11.75 g m-2 year-1 representing only 11% of the satellite-derived export production rate of 105 g m-2 year-1. This indicates 10 

that due to the reduced respiration in fast sinking particles an export production of 11.75 g m-2 year-1 suffice to explain the 

measured organic carbon flux. The remaining 89% of the exported organic carbon could be exported in slow sinking 

particles, which were respired at shallower water-depth. The notion of slow and fast sinking particle is not new and similar to 

the concepts of Armstrong et al. (2002) who divided the export production into large free and a comparable small ballast 

protected fractions (Fig. 1). 15 

The experiment 4 was carried out to test whether the lithogenic ballast effect could also explain the observed organic carbon 

fluxes if one assumes that only 11% of the export production is carried by fast sinking particle into the deep sea (Tab. 3 – 

Experiment 4). Hence, instead of an export production of 105 g m-2 year-1 and a sinking speed of 84.5 m day-1 we used an 

export production and a sinking speed of 11.75 g m-2 day-1 and of 214 m day-1, respectively. The calculated organic carbon 

fluxes agreed quite well the measured ones (Fig. 3-13b) suggesting that even if only fast sinking particles reach the deep sea 20 

the ballast effect could largely explain the observed organic carbon fluxes. Nevertheless, there some exceptions showing 

enhanced organic fluxes although the lithogenic matter content was relatively low.  

The density of the solids and the annual mean organic carbon fluxes measured by our sediment traps and those deployed in 

1994/95 during the U.S. JGOFS support the results obtained from our numerical experiments. The density of the solids 

correlates with the organic carbon export whereas exceptions occur, which are characterized by high organic carbon fluxes 25 

and low densities (Fig. 14a). The correlation is based on data measured in the river influenced regions whereas the data from 

the upwelling dominated areas in the Arabian Sea and the southern Bay of Bengal are the exceptions.  

These exceptions correlate to the flux of carbonate carbon (Fig. 14b) suggesting that carbonate act as mineral ballast in 

marine dominated regions. This support results obtained from global compilations (Fig. 3-14b, Francois et al., 2002; Klaas 

and Archer, 2002). Accordingly, lithogenic matter seems to be the main ballast mineral in the river (land)-influenced regions 30 

where precipitation of carbonate controls the ballast effect in the open ocean areas including the upwelling-dominated 

regions in the northern Indian Ocean. Since enhanced and low fluxes of carbonate carbon are often associated with high and 

low export production rates (Fig. 11c) it is difficult to quantify the relative importance of productivity and the carbonate 

ballast on the carbon export into the deep sea in marine dominated systems. 
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Contrary to the river-influenced regions in the northern Indian Ocean the global compilation of sediment trap data show no 

correlation between the organic carbon fluxes and lithogenic matter content (Fig. 13c). Even at sites at which the lithogenic 

matter content was high the organic carbon flux into the deep sea was low. This could mean that the production of organic 

matter was simply too low to sustain a high export production and/or varying densities of the supplied clay could have 

caused it (Fig. 12). However, the resulting question is actually why at all pelagic ecosystems export organic matter? 5 

3.3 Ecosystem Function and Sensitivity to Climate Change  

The export and respiration of organic matter into and in the deep sea introduces nutrients into the long-term overturning 

circulation of the ocean, which withdraws nutrients from the pelagic ecosystem and lowers their productivity (Heinze et al., 

1991). In contrast, the respiration of organic matter within the seasonal thermocline would prevent this nutrient loss and keep 

it accessible to the pelagic ecosystems on a seasonal cycle. The seasonal thermocline defines the subsurface layer from 10 

which water is introduced into the euphotic on the seasonal times scale. In the Arabian Sea upwelled water originates 

approximately at a water-depth of down to approximately 350 m (Rixen et al., 2000a; Rixen et al., 2000b) which 

corresponds to the water-depth at which the majority of particles disappear in the upwelling systems off NW African (Guidi 

et al., 2009; Iversen et al., 2010). In the Arabian Sea it corresponds to the depth at which the secondary nitrite maximum 

(SNM) is located which indicates the zone of active denitrification (Fig. 3-15, Naqvi, 1991; Rixen et al., 2014). 15 

Denitrification during which nitrate is reduced to N2 to decompose exported organic matter occurs due to the lack of 

dissolved oxygen. Since oxygen concentrations remain low (> 5µM) and nitrate concentrations even increase below SNM 

one could assume that the decomposition of organic matter is extremely low and largely restricted to the upper part of the 

oxygen minimum zone, which corresponds to the seasonal thermocline (Fig. 15b). 

Assuming as indicated in experiment 3 and 4 that 89% of the exported organic matter is respired within the seasonal 20 

thermocline it raises the question how slow must particles sink to be decomposed at such shallow water-depths? Using our 

equations from the numerical exercises as discussed before and considering a decay constant of 0.106 day-1 a sinking speed 

of particles of about 8 m day-1 would suffice to explain the respective decomposition in the Indian Ocean (Fig- 15 a). Such 

low sinking speed are within the range of those (3 – 55 m day-1) determined at water-depth < 500 m in the subtropical 

Atlantic Ocean (McDonnell and Buesseler, 2012). Commonly used equations to parameterize organic carbon flux into the 25 

deep-sea (see e.g. Fig. 1) as well as results derived from comprehensive studies on carbon fluxes and respiration in the North 

Atlantic Ocean (Giering et al., 2014) support the assertion that the majority of organic matter is respired in the upper part of 

the water column.  However, these equations show a continuously decreasing carbon flux but no clear distinction between 

the seasonal thermocline and the deep ocean (Fig. 1). This in turn is crucial considering that nutrients released beneath the 

seasonal thermocline are lost for the pelagic ecosystem. 30 

Globally the depth and density of the seasonal thermocline varies and is deeper and denser in colder regions where upwelling 

and deep vertical mixing reduce the stratification. Vice versa, it is shallower and less dense in warm and stratified waters. 

The postulated accelerated respiration of organic matter at higher seawater temperatures (Iversen and Ploug, 2013; Marsay et 
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al., 2015) could accordingly be a crucial factor ensuring the respiration of organic matter within the warmer and shallower 

seasonal thermocline of the ocean at lower latitudes. Furthermore, to reach this goal also sinking speeds of particles must be 

adjusted to the local density structure of the seasonal thermocline, which in turn explains the large variability of the density 

of the bulk components (Fig. 12). Nevertheless, the density of lithogenic matter, biogenic opal, and carbonate by far exceeds 

the density of seawater even if one considers that it increases with increasing water-depth to values of up to approximately 5 

1.05 g cm-3. Accordingly, tests discarded from foraminifera (e.g. Schiebel and Hemleben, 2000) as well as fecal pellets could 

reach sinking speeds of several hundred meters per day as mentioned before. Since this enhances the export of organic 

matter into the deep sea and lowers the productivity of pelagic ecosystems by favoring the removal of nutrients from the 

seasonal thermocline the formation of fast sinking particles is counterproductive. Hence, successful ecosystems should be 

characterized by low exports rates into the deep sea. The formation of TEP, which is lighter than seawater, is a possibility to 10 

counteract the formation of fast sinking particles and to sustain productivity by ensuring respiration of organic matter in the 

seasonal thermocline.  

Nevertheless, even if only a small share of the export production is exported out of the seasonal thermocline into the deep 

sea (1 – 6 %, Fig. 11a) it represents a loss of nutrients, which must be balanced over longer periods of time in order to 

sustain pelagic ecosystems. The Antarctic mode water formation is the main source of nutrients for the tropical and 15 

subtropical seasonal thermocline and it is fed by upwelling of deep water at the Antarctic divergence (Pedlosky, 1990; 

Sarmiento et al., 2004; Stommel, 1979). In order to sustain productivity and the relatively constant carbon export as 

indicated by the trap data the loss of nutrients via the export of organic matter into the deep sea must be balanced by the 

mode water nutrient supply (Fig. 16). 

If the fraction of the export production that reaches the deep sea increases and the associated loss of nutrients remains 20 

unbalanced by the mode water nutrient supply the nutrient concentrations in the seasonal thermocline decreases. Assuming a 

constant supply of subsurface water into the euphotic via upwelling and vertical mixing a decreasing nutrient concentration 

lowers nutrient inputs into the euphotic zone and thus the export production. Changes in ecosystem functions, which increase 

the formation of fast sinking particles due to e.g. the enhanced production of ballast material, the reduced formation of TEP, 

and/or the production of fast sinking fecal pellets are accordingly contra-productive. On the other hand side an intensification 25 

of upwelling, which is associated with an enhanced mode water nutrient supply could balance enhanced losses of nutrients 

and sustain an enhanced organic carbon flux into the deep sea. 

The functioning of such a bottom-up regulated system is extremely sensitive to climate changes. First of all, global warming 

might favor the export of particles out of the seasonal thermocline by lowering the seawater density and secondly increasing 

CO2 concentrations in the atmosphere could reduce the carbonate precipitation in surface waters (Pörtner et al., 2014). 30 

Numerical models designed to quantify impacts of increasing CO2 concentration in the atmosphere on the carbonate ballast 

effect reveal hardly any impact on the CO2 uptake of the biological carbon pumps even as the carbonate production in the 

open ocean was reduced by 50% (Gangstø et al., 2011; Heinze, 2004). The opposing effects of the organic carbon and the 

calcium carbonate counter pump was believed to cause this, which means that the enhanced CO2 uptake by carrying CO2 
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into deeper waters was compensated by the enhanced formation of calcium carbonate. In river dominated systems the 

situation differs because the acidic freshwater reduces the carbonate production (Ittekkot et al., 1991; Rixen et al., 2006) and 

as discussed before lithogenic matter is the main ballast mineral determining the export out of the seasonal thermocline into 

the deep sea. In order to test the influence of the ballast effect on CO2 uptake of the ocean under the assumption that only fast 

sinking particles reach the deep sea and slow ones are respired with the seasonal thermocline we developed a four-box 5 

model. Previous studies investigated the influenced of the ballast effect on CO2 uptake of the ocean by using the Martin-

equation (DeVries et al., 2012; Kwon et al., 2009). 

3.4 The Impact of the Ballast Effect on the CO2 Uptake of the Ocean 

The four-box model consists of an atmosphere, the euphotic zone, the seasonal thermocline, and the deep sea (Fig. 17). The 

parameterization of Wanninkhof (1992) was used to the calculate air sea flux of CO2. Upwelling of water from the deep-sea 10 

and the seasonal thermocline supply nutrients into the seasonal thermocline and the euphotic zone and downwelling balances 

upwelling. For calculating up- and downwelling velocities between the deep sea and the seasonal thermocline a residence 

time of water within the deep sea of 1500 years was considered. A residence of 13 days was used to calculate the up- and 

downwelling velocities between the seasonal thermocline and the euphotic zone, which results in residence time of water 

within the seasonal thermocline of one year. A total carbon inventory of 38 1018gC and 0.589 1018gC was assumed for the 15 

ocean and the atmosphere (Ciais et al., 2013) and the concentration of total alkalinity and phosphate was adjusted to those 

obtained from the World Ocean Atlas (Tab. 3-4, Garcia et al., 2010; Goyet et al., 2000). If the model runs without 

considering the particle export the total dissolved inorganic carbon, the total alkalinity, and phosphate was equally 

distributed in the ocean and the CO2 concentration in the atmosphere amounts to 384 ppm. In a next step the export of 

phosphate incorporated into organic matter into and out of the seasonal thermocline was included. Phosphate was translated 20 

into carbon by using the Redfield ratio C/P ratio of 106, the exported production was adjusted to 10 Pg C year-1, and 10% of 

the export production was assumed to be exported out the seasonal thermocline by the formation of fast sinking particles 

(Tab. 4 – Experiment 1). The organic to carbonate carbon ratio was set to 0.7 as seen in the sediment trap data (Klaas and 

Archer, 2002; Rixen et al., 2009). The resulting concentration of phosphate agreed to those obtained by Garcia (Garcia et al., 

2010) and the total alkalinity (TA) was selected in order to obtain an atmospheric CO2 concentration of 280 ppm equaling 25 

those in the preindustrial atmosphere. However, the phosphate concentration in the euphotic zone was higher in our model as 

in the World Ocean Atlas, which first of all reflects an overestimation of preformed nutrients. As mentioned before, these 

nutrients are formed when the lack of light prevents their utilization in winter at the sites of deep and mode water formation. 

Due to the scarcity of wintertime data from these regions the nutrient concentration in the WOA might also be 

underestimates. However, more complex box models and general circulation models produces phosphate concentration of 30 

1.4 and 0.2 µM in high and low latitudes with a mean of about 0.4 µM at a CO2 concentration of 270 - 280 ppm (Archer et 

al., 2000). Within these models decreasing phosphate concentrations are associated with decreasing atmospheric CO2 
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concentrations as in our model, which was designed to study the influence of the ballast effect on the CO2 uptake of the 

ocean (Tab. 4). 

Therefore, we first assumed that an enhanced lithogenic matter supply increases the ballast effect and enhances the fraction 

of organic matter, which is exported into the deep sea (Tab. 4 – Experiment 2). The rain ratio remained constant and the 

fraction of the export production, which reaches the deep sea is increased from 10 to 20%. The CO2 concentration in the 5 

atmosphere decreased by 35 ppm from 280 (experiment 1) to 245 ppm (experiment 2) and the associated enhanced storage 

of carbon and nutrients in the deep sea lowered the export production from 10.67 to 7.65 PgC year-1. 

In the following experiment we assumed that an enhanced carbonate production strengthened the ballast effect and raised the 

rain ratios from 0.7 to 1.12 (Tab. 4 - Experiment 3). The organic carbon flux remained constant but the CO2 concentration 

increased form 245 to 280 ppm and equaled those obtained without considering an enhanced ballast effect. This result agrees 10 

to those results obtained from global ocean general circulation models (Gangstø et al., 2011; Heinze, 2004) and meets the 

expectation that the ballast effect increases the export of nutrients into the deep ocean. The effect on the CO2 concentration 

depends additionally on the rain ratio and decreases if the rain ratio increases. 

During the last two experiments we tested the extent to which the preformed nutrient concentration determines the influence 

of an enhanced lithogenic matter supply on the CO2 uptake of the ocean. If one assumes that phytoplankton consumes all 15 

nutrients in the surface water and exports it as organic matter into the deep sea the export production increases from 10.67 Pg 

C year-1 (Tab. 4 – Experiment 1) to 26.84 Pg C year-1 (Tab. 4 – Experiment 4). The CO2 concentration in turn decreases from 

280 to 174 ppm suggesting that a reduced formation of preformed nutrients could strongly reduce the atmospheric CO2 

concentration as shown also in other models studies (Archer et al., 2000; Ito and Follows, 2005). However, the assumption 

that all nutrients are used is unrealistic and would probably cause anoxia in the real ocean. Nevertheless, such a numerical 20 

exercise its quite interesting because it provides the possibility to study the influence of the ballast effect on the CO2 uptake 

of the ocean in the absence of preformed nutrients (Tab. 4 - Experiment 5). As in experiment 2 we just increased the fraction 

of export production to the deep sea from 10 to 20%. Consequences were a reduced export production but in contrast to 

experiment 2 the CO2 concentration equaled 174 ppm those of experiment 4. Accordingly, the ballast effect did not affect the 

atmosphere CO2 concentration in the absence of preformed nutrients, which in turn means that its impact on the CO2 25 

concentration depends on the preformed nutrient concentrations. 

This could be explained if one imagines that in the absence of preformed nutrients all nutrients are regenerated nutrients, 

which means they are attached to CO2. The total amount of stored CO2 results from the product of the nutrient inventory and 

C/P ratio of 106. This maximum storing capacity cannot be exceeded and thus eliminates the influence of the ballast effect 

on the CO2 uptake.  30 

Nevertheless, the ballast effect enhances the nutrient storage in the deep ocean and lowers nutrient concentrations in the 

upper ocean. In the presence of preformed nutrients this increases the residence time of regenerated nutrients in the deep 

ocean and reduces the formation of preformed nutrients in the surface waters. This in turn increases the CO2 uptake of the 
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ocean. The more preformed nutrients are transferred into regenerated nutrients and exported as organic matter into the deep 

ocean the stronger is the influence of the ballast effect on the CO2 uptake. 

A similar result was obtained by DeVries et al. (2012). These authors used an ocean circulation model in which the organic 

flux was described by the equation introduced by Martin at al. (1987). However, they introduced the term sequestration 

efficiency, which similar to our approach defines the proportion of export production out of the seasonal thermocline into the 5 

deep sea. The associated CO2 uptake efficiency in turn was strongly influenced by the availability of preformed nutrients 

indicating as in our exercise that the ballast effect influences the CO2 uptake via its influence on the preformed nutrient 

concentrations. The more preformed nutrients the stronger the influences of the ballast effect on the CO2 uptake of the 

organic carbon pump. This implies that the ballast effect is strongest at high latitudes in the regions where the preformed 

nutrients are formed whereas at lower latitudes where the euphotic zone is nutrient depleted the ballast effect appears to be of 10 

lower importance for the CO2 uptake of the ocean. Accordingly enhanced aeolian dust input, was assumed to increase the 

CO2 uptake of the ocean during the glacial periods by fertilizing the Southern Ocean with iron and supplying lithogenic 

ballast material (Falkowski et al., 1998; Ittekkot, 1993). 

Quantitatively aeolian dust input is with an average of 475 Mill. t year-1 almost negligible compared to a river discharge of 

14030 Mill t year-1 (Mahowald et al., 2005; Syvitski et al., 2005). However, rivers supply lithogenic matter mainly in the 15 

tropics and warmer temperate regions (>75% of the global discharge) (Syvitski et al., 2005), which restricts their impact on 

the CO2 uptake of the organic carbon pump but not their role in the global carbon cycle. Since it enhances the organic carbon 

export and favors burial of organic matter in marine sediments (Keil, 2011; Keil and Hedges, 1993) it controls the life-time 

of CO2 in the climate systems. Accordingly the riverine lithogenic matter supply plays an important role in the long-term 

carbon cycle and since it increases not only the supply of organic matter but also its preservation within sediments, > 80% of 20 

the organic carbon burial occurs in river-dominated systems (Hedges and Keil, 1995).  

4. Conclusion 

Our data showed that the organic carbon flux into the deep sea in the higher productive upwelling systems could be as high 

as in low productive systems influenced by river discharges. Within the river-influenced regions the ballast effect exerted by 

the supply of lithogenic matter from land mainly controls the organic carbon flux whereas carbonate produced by marine 25 

organisms appear to be the main ballast material in the high productive and more marine dominated regions. The flux of 

carbonate tends to increase with an increasing exports production due to which the relative importance of productivity and 

the ballast effect on the organic flux into the deep sea is difficult to quantify. Since the export of organic matter into the deep 

sea represents a loss of nutrients the mode water nutrient supply balances this losses in order to sustain the productivity of 

pelagic ecosystems. The ballast effect increases the CO2 uptake of the organic carbon by enhancing the removal of 30 

preformed nutrients from the euphotic zone. For that reason, it appears to be most efficient at high latitudes and less effective 

at lower latitudes where the euphotic zone is nutrient depleted. Contrary to the supply of lithogenic matter the carbonate 
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precipitation reduces the influence of the ballast effect on CO2 uptake. In the river-influenced Indian Ocean the influence of 

lithogenic matter supply on the CO2 of the organic carbon pump might be much lower as those of aeolian dust inputs into the 

ocean at higher latitudes. However, it enhances the export of organic matter into the deep sea and favors the sedimentation of 

organic carbon. Since > 80% of the organic carbon burial occurs in rivers-dominated systems the lithogenic ballast strongly 

influences the Earth’s climate on geological time scales. 5 
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Captions 

Figure 1: Particulate organic carbon flux (POC) versus water-depth. The red line indicates the organic carbon fluxes 
calculated based on the equation obtained from Rixen et al. (2002).  A primary production of about 205 g m-2 year-1 40 
representing the mean primary production in the Arabian Sea (Rixen et al., 2002) was used for calculating the POC 
flux. The equation introduced by Eppley and Peterson (1979) was used to convert primary into export production 
(105 g m-2 year-1; Export = 0.0025* (primary productions)2) which in addition to mean organic carbon and total flux 
measures at out trap sites (Tab. 1) were used to compute the flux of free and protected organic carbon based on the 
equations given by Armstrong et al. (2002). The blue line shows the Martin curve (Martin et al., 1987) for which an 45 
export production of  about 50 g m-2 year-1 was use to meet the sediment trap data indicated by black circle. 

Figure 1: Particulate organic carbon flux (POC) versus water-depth. The red line indicates the organic carbon fluxes calculated 
based on the equation obtained from Rixen et al. (2002).  A primary production of about 205 g m-2 year-1 representing the mean 
primary production in the Arabian Sea (Rixen et al., 2002) was used for calculating the POC flux. The equation introduced by 
Eppley and Peterson (1979) was used to convert primary into export production (105 g m-2 year-1; Export = 0.0025* (primary 50 
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productions)2) which in addition to mean organic carbon and total flux measures at out trap sites (Tab. 1) were used to compute 
the flux of free and protected organic carbon based on the equations given by Armstrong et al. (2002). The blue line shows the 
Martin curve (Martin et al., 1987) for which an export production of  about 50 g m-2 year-1 was use to meet the sediment trap data 
indicated by black circle. 

Figure 2: Bathymetric chart of the northern Indian Ocean and the adjacent land mass. Data were obtained from 5 
http://Ingrid.ldgo. Columbia.edu/SOURCE/WORLDBATH. White circles show the sediment trap sites operated by the joint 
Indo/German and Indonesian German projects (see Tab. 2-1). The black circles and diamonds represent the U.S. JGOFS sediment 
trap site M1 to M5 (Honjo et al., 1999; Lee et al., 1998) and the Dutch sediment trap sites in the Arabian Sea and off Somalia 
(Koning et al., 1997). 

Figure 3: Monthly mean precipitation rates during the boreal winter (January) and summer (July). The data over the ocean were 10 
obtained form the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (Andersson et al., 2010) and those over 
land from the Global Precipitation Climatology Centre, Landsurface Monitoring Product 1.0 (Schneider et al., 2011). The 
averaged data cover the period between 1987 and 1998. The black line indicates the area influenced by the monsoon. 

Figure 4: Monthly mean sea surface temperature in the Indian Ocean (Smith et al., 2008) and the surface ocean circulation 
simplified and redrawn for Schott and McCreary (2001). The arrows indicate the South Equatorial Current (SEC), South 15 
Monsoon Current (SMC), Sri Lanka Dome (SD), East Indian Coastal Current (EICC), South Java Current (SJC), Indonesian 
Through Flow (ITF), Somali Current (SC), Great Whirl (GW), Ras al Had Jet (RHJ), West Indian Coastal Current (WICC), 
North Monsoon Current (NMC). The black circles show the sediment trap sites (Fig. 2, Tab. 1). 

Figure 5: (a) Monthly mean organic carbon fluxes (POC) obtained from our sediment trap experiments at stations where 
monsoon-driven upwelling and vertical mixing cause a pronounced seasonally and (b) at sites where seasonality is weak. The POC 20 
fluxes were normalized to a water-depth of 2000 m by using the equation introduced by Rixen et al. (2002). 

Figure 6: Organic carbon fluxes (bars), sea surface temperatures (Stokes and Reynolds, 2010) selected for the sampling site JAM. 
The precipitation rates (Schneider et al., 2011) were averaged for entire Indonesia. Grey bars indicate the rainy and the upwelling 
season. 

Figure 7: Monthly mean primary production rates (Behrenfeld and Falkowski, 1997b) selected for the sediment trap location. The 25 
data were downloaded from the web site ‘ocean productivity’ (O'Malley, 2015) and covered the periods between 2002 and 2014. 

Figure 8: Organics carbon fluxes measure at JAM and the primary production rates selected for the JAM site. The primary 
production rates were downloaded from the web site ‘ocean productivity’ (O'Malley, 2015). 

Figure 9: (a) Monthly mean primary production rates (Behrenfeld and Falkowski, 1997b) our trap sites WAST and JAM. (b) 
Monthly mean organic carbon fluxes (POC) obtained from the sediment trap sites WAST and JAM as well as the monthly mean 30 
precipitation rates over Indonesia obtained from the DWD (2010). 

Figure 10: (a) The proportion of the exported organic carbon, which reaches the water-depth of 2000 m and the respective 
respiration of the organic matter in the water column during the summer, winter and intermonsoon seasons at our trap sites. 
These two fractions add to 100 %. This means that if e.g. 2% of the export production reaches the water-depth of 2000 m 98% of 
the export organic matter is respired. Black and red circles indicate data from the Arabian Sea stations WAST, CAST, and EAST, 35 
which were used to fit the curves. Magenta and grey circles show the other data. (b) Excess organic carbon fluxes (POCExcess) 
versus the lithogenic matter content. 

Figure 11: (a) The proportion of the exported organic carbon, which reaches the water-depth of 2000 m and the respective 
respiration of the organic matter in the water column versus the export production. Contrary to figure 10a the annual mean rates 
were used to calculate the presented data. Magenta and the grey circles indicate the data from the Indian Ocean and the red and 40 
black circles show sediment trap data obtained from a global compilation (Wilson et al., 2012). (b) Annual men carbonate carbon 
(particulate inorganic carbon, PIC) versus annual mean organic carbon fluxes and (c) the annual mean PIC flux versus the export 
production. As in (a) the export production was derived from primary production rates according the equation obtained form 
Eppley and Peterson (1979). Red and grey circles reveal data from the Indian Ocean and sediment trap data obtained from a 
global compilation, respectively. 45 
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Figure 12: Densities of bulk components (red lines) as compiled from literature. Black circles and lines indicate the densities of 
crystalline analogues whereas the black circle with the row ‘Clay’ indicate the density of illite. The grey area shows the density 
range of sea water. 

Figure 13: Lithogenic matter content versus the density of the solid (a), the annual mean organic carbon fluxes determined at our 
sediment trap (b) as well as organic carbon fluxes measure at our sites in the Indian Ocean (red circles) and at other sites world 5 
wide (black circles). The global data set was obtained from Wilson et al. (2002). The black line in (b) indicates the results from 
experiment 2 (Tab. 3) and the blue line shows the results form experiment 4 (Tab. 3.) 

Figure 14: The organic carbon fluxes (POC) versus the density of the solids (a) and carbonate carbon (particulate inorganic 
carbon, PIC) flux (b).  The red circle indicate trap sites influenced by upwelling in the Arabian Sea and the southern Bay of 
Bengal (SBBT), the blue circle show the data from the rive-dominated regions in the Bay of Bengal and off South Java and the 10 
grey circles show the sediment trap data from the U.S. JGOFS site in the Arabian Sea (Honjo et al., 1999). The arrows indicate the 
main forcing mechanism. 

Figure 15: The particulate organic carbon (POC, black line), oxygen concentrations (blue line), change of oxygen with depth (= 
oxygen consumption, red line), and nitrite concentrations versus water-depth. The deeper secondary nitrite maximum indicates 
active denitrification. Figure (a) shows the upper 500 m and figure (b) the upper 3500 m of the water column. The data were 15 
measured during the German RV Meteor cruise M74 in 2007 at our station CAST (RV Meteor station 950). For further 
information see Rixen et al. (2014) and Gaye et al. (2013).  An export production of 105 g m-2 year-1 (see Tab. 3) and equation (2) 
was used to calculate the POC flux. Furthermore it was assumed that approximately 11% of the organic matter (11.6 g m-2 year-1, 
Tab. 3 –Exp. 3) was exported in fast sinking particles (214 m day-1) and 89% in slow sinking particle (8 m day-1). The oxygen 
consumption and the deep nitrite maximum suggest that the slow sinking particles were respired by oxic-respiration and 20 
denitrification in the upper and lower part of the seasonal thermocline. The shaded area indicates the respiration of slow sinking 
particles. The black circle in (b) shows the mean organic carbon flux of 2.74 g m-2 year-1 as measured by our sediment traps (Tab. 
2). 

Figure 16: Schematic of the nutrient cycle in the open ocean. 

Figure 17: Schematic of the model structure including the results of Experiments 1 (see Tab. 4). 25 

 

Table 1: Number of station, trap ID, station name, position, water-depth, and trap depth. 

Table 2: Trap ID, annual mean bulk fluxes and contents, as well as the density of the solids (Den) and contribution of lithogenic 
matter to the density of the solids (L-Den.). The EPT trap was deployed at a water-depth of only 590 m (see Tab. 1) and therewith 
within a depth-range at which trap results are assumed to be heavily biased by physical and biological processes (Honjo et al.  30 
2008). The time-series obtained at the tap site NAST and WPT covered no full annual cycle and were therefore also excluded. 

Table 3:Parameters chosen to calculate the impact of the density of the solids on the export production by combining equations 2, 
4, 5, 9, and 10. The equation to calculate the density of the sold from the lithogenic matter content measured in the trap samples 
are obtained from figure 13a. 

Table 4: Results obtained from the numerical model experiments (see Fig.:17). Total alkalinity (TA) and concentrations of total 35 
dissolved inorganic carbon (DIC), the CO2 concentration in the atmosphere, the export production (Exp.) and the organic carbon 
flux out of the seasonal thermocline (POC), the fraction of the exported organ matter which was exported out the seasonal 
thermocline (frac.) and the ratio between the organic carbon and carbonate carbon export (rain). WAO indicate that the data 
were selected from World Ocean Atlas (Garcia et al., 2010) and from Goyet et al. (2000) and averaged globally for the respective 
water-depth (euphotic zone 0 -100 m, seasonal thermocline (100 - 300 m), and the deep sea (> 350 m)). 40 
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Table 1. Number of station, trap ID, station name, position, water-depth, and trap depth. 

 

No. Trap ID Name Lat. Lon. 

W-

Depth T-Depth 

   [°N] [°N] [m] [m] 

1 WAST Western Arabian Sea Trap Station  16.26 60.58 4032 3017 

2 CAST Central Arabian Sea Trap Station 14.51 64.72 3920 2944 

3 EAST Eastern Arabian Sea Trap Station 15.57 68.73 3791 2870 

4 NAST Northern Arabian Sea Trap Station 19.98 65.73 3147 2478 

5 EPT East Pakistan Trap Station 24.77 65.82 1093 590 

6 WPT West Pakistan Trap Station 24.60 65.59 1900 1466 

7 NEAST Northeastern Arabian Sea Trap Station 16.93 67.84 3545 3039 

8 SAST Southern Arabian Sea Trap Station 11.60 66.08 4243 3032 

9 EIOT Equatorial Indian Ocean Trap Station 3.56 77.78 3400 2374 

10 NBBT-N Northern Bay of Bengal Trap Station – North 17.42 89.65 2267 1889 

11 NBBT-S Northern Bay of Bengal Trap Station – South 15.48 89.45 2709 2172 

12 CBBT-N Central Bay of Bengal Trap Station – North 13.14 84.41 3266 2261 

13 CBBT-S Central Bay of Bengal Trap Station – South 11.03 84.43 3462 2527 

14 SBBT Southern Bay of Bengal Trap Station 5.09 87.26 3995 2976 

15 JAM Java Mooring -8.28 108.02 3250 2456 
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Table 2. Trap ID, annual mean bulk fluxes and contents, as well as the density of the solids (Den) and contribution of lithogenic 
matter to the density of the solids (L-Den.). The EPT trap was deployed at a water-depth of only 590 m (see Tab. 3-1) and 
therewith within a depth-range at which trap results are assumed to be heavily biased by physical and biological processes (Honjo 
et al.  2008). The time-series obtained at the tap site NAST and WPT covered no full annual cycle and were therefore also 
excluded. 5 

 

Trap ID 

Total 

Total POC CaCO3 Opal Lith. POC CaCO3 Opal Lith. Den. L-Den.  

 

[g m-2 year-1] [%] [g cm-3] [%] 

WAST 55.87 3.13 29.16 13.08 8.01 5.60 52.18 23.40 14.34 1.74 21.65 

CAST 36.85 2.29 22.08 4.88 5.78 6.20 59.91 13.25 15.68 1.73 23.71 

EAST 34.40 2.09 17.94 5.43 7.27 6.07 52.16 15.78 21.14 1.79 30.93 

EPT 443.82 11.93 62.67 33.44 326.23 2.69 14.12 7.53 73.50 2.34 82.40 

NEAST 64.69 4.45 29.44 8.52 18.72 6.87 45.51 13.17 28.94 1.86 40.82 

SAST 43.68 2.27 27.10 5.95 6.53 5.21 62.05 13.63 14.95 1.74 22.57 

EIOT 27.86 1.52 16.36 5.21 3.57 5.44 58.72 18.69 12.80 1.72 19.52 

NBBT-N 47.75 2.89 13.30 10.39 18.85 6.06 27.85 21.76 39.48 1.98 52.25 

NBBT-S 33.71 2.21 10.96 7.70 11.08 6.55 32.50 22.85 32.86 1.91 45.08 

CBBT-N 54.41 2.90 15.50 11.74 21.94 5.34 28.49 21.57 40.33 2.00 52.96 

CBBT-S 34.84 1.99 13.38 8.92 8.95 5.72 38.41 25.60 25.70 1.85 36.40 

SBBT 39.93 2.25 19.96 9.81 6.11 5.64 49.99 24.56 15.30 1.75 22.96 

JAM 141.70 4.84 15.10 31.27 86.61 3.42 10.66 22.07 61.12 2.22 72.07 

Mean 51.31 2.74 19.19 10.24 16.95 5.68 43.20 19.69 26.89 1.86 36.74 

Std. 29.16 0.96 6.14 6.83 21.77 0.83 15.10 4.41 13.98 0.14 15.70 
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Table 3. Parameters chosen to calculate the impact of the density of the solids on the export production by combining equations 2, 
4, 5, 9, and 10. The equation to calculate the density of the sold from the lithogenic matter content measured in the trap samples 
are obtained from figure 3-13a. 

 
Parameters Exp. 1 Exp. 2 Exp. 3  Exp. 4 Units 

Primary production  205.00    g m-2 year-1 

Export production (POCeuphotic) 105.00  11.60  g m-2 year-1 

Organic carbon flux (POC(z)) 2.74 0.7 – 9.2 2.74 1.7 – 4.5 g m-2 year-1 

Decay constant (λ) 0.106 0.106 0.106 0.106 day-1 

Water-depth (z) 3000 3000 3000 3000 m 

Depth of the euphotic zone  105 105 105 105 m 

Sinking speed 84.5 84.5 214 214 m day-1 

Particle radius 0.1 0.1 0.1 0.1 cm 

Temperature 10 10 10 10 °C 

Salinity 35 35 35 35  

Sea water density (S,T) 1.0270  1.0270  1.0270  1.0270  g cm-3 

Viscosity (S,T) 0.0127 0.0127 0.0127  0.0127  g cm-1 s-1 

Porosity 0.9993 0.9993 0.9993 0.9993  

Density of the solids 1.9 0.0112 * 

Lith(%) + 

1.58 

1.9 0.0112 * 

Lith(%) + 

1.58 

g cm-3 

 5 
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Table 4. Results obtained from the numerical model experiments (see Fig. 3-17). Total alkalinity (TA) and concentrations of 
total dissolved inorganic carbon (DIC), the CO2 concentration in the atmosphere, the export production (Exp.) and the 
organic carbon flux out of the seasonal thermocline (POC), the fraction of the exported organ matter which was exported out 
the seasonal thermocline (frac.) and the ratio between the organic carbon and carbonate carbon export (rain). WAO indicate 
that the data were selected from World Ocean Atlas (Garcia et al., 2010) and from Goyet et al. (2000) and averaged globally 5 
for the respective water-depth (euphotic zone 0 -100 m, seasonal thermocline (100 - 300 m), and the deep sea (> 350 m)). 
 

 TA 

WOA 

TA PO4- 

WOA 

PO4 DIC 

WOA 

DIC CO2 

Atm. 

Exp. POC frac. rain 

 µeq. µM ppm PgC year-1   

Experiment 1       280 10.67 1.07 0.1 0.70 

Euphotic zone 2307 2377 0.77 1.27 2053 1934      

S. thermocline 2313 2378 1.26 1.28 2133 1936      

Deep sea 2343 2499 2.19 2.19 2248 2100      

            

Experiment 2       245 7.65 1.53 0.2 0.70 

Euphotic zone  2330  0.91  1873      

S. thermocline  2331  0.92  1874      

Deep sea  2505  2.23  2110      

            

Experiment 3       280 7.65 1.53 0.2 1.12 

Euphotic zone  2224  0.91  1817      

S. thermocline  2225  0.92  1818      

Deep sea  2516  2.23  2112      

            

Experiment 4       174 26.84 2.68 0.1 0.70 

Euphotic zone  2210  0.00  1718      

S. thermocline  2212  0.02  1722      

Deep sea  2517  2.32  2135      

            

Experiment 5            

Euphotic zone  2210  0.00  1718 174 13.48 2.70 0.2 0.70 

S. thermocline  2211  0.01  1720      

Deep sea  2517  2.32  2136      
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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Figure 14 
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Figure 15 
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Figure 17 
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