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A B S T R A C T

The trace element composition (Al, Si, P, Ca, and Fe) of suspended particulate matter is presented for the upper 
1000 m of the water column along U.S. CLIVAR/CO2 Repeat Hydrography zonal section I05 (2009) in the South 
Indian subtropical gyre and meridional section I09N/I08S (2007) in the eastern Indian Ocean from the Bay of 
Bengal to the subtropical front. Along I09N, high particulate Al and Fe concentrations are found throughout the 
Bay of Bengal and the northern Indian Ocean indicating significant lithogenic particle loads from river-borne 
sediment transport and smaller contributions from continental dust flux than current model estimates. Parti
cles have elevated Fe:Al ratios compared to the composition of local shelf sediments, indicating that suspended 
particulate matter becomes enriched from scavenging of dissolved Fe that accumulates in the oxygen minimum 
zone in the Bay of Bengal. Along I05, retroflection of the Agulhas Return Current transports African shelf-derived 
lithogenic particles into the western South Indian basin, resulting in the elevated subsurface concentrations of 
particulate Al and Fe nearly 3000 km into the interior of the subtropical gyre. Another region of elevated dis
solved Fe concentrations and Fe-enriched particulate matter was also observed along I05 in intermediate waters 
(>600 m) in the subtropical gyre at 32◦S between 70 and 74◦E, suggesting inputs from a shallow sedimentary or 
possibly volcanic Fe source to these stations. Comparison of data from the crossover between the I05 and I09N/ 
I08S sections and from the 2007 and 2016 occupations of I09N allows investigation of the temporal variability of 
basin-scale distributions of particle-associated trace metals with relatively short residence times in the upper 
water column. The most pronounced differences in trace metal distributions are associated with interannual 
variability in productive near-coastal and upwelling regions where mixed-layer pFe concentrations vary by a 
factor of 2–7, whereas Fe and Al in deeper waters and dust-impacted surface waters in oligotrophic regions show 
significantly less variability.

1. Introduction

The particle phase dominates both fluxes and oceanic reservoirs of 
many trace metals in the global ocean. Particle dynamics, including 
processes such as active biological uptake, adsorption/desorption, ag
gregation, dissolution, and authigenic precipitation are controls on trace 
metal distributions (Jeandel and Oelkers, 2015). Hence, the distribution 
and composition of particulate matter impacts both the availability of 
biologically-important elements (e.g., Fe) and the interpretation of 

paleoclimate proxies and tracers of modern marine processes (e.g., Al).
The particulate phase may function as both a source and a sink for 

trace metals (Ye et al., 2011). For example, the distribution of 
bioavailable dissolved Fe is closely related to the distribution of Fe in the 
particulate phase, which can represent a large reservoir of labile, 
exchangeable Fe (e.g., Milne et al., 2017). Particles also typically 
represent the primary removal mechanism for trace metals in the ocean 
via active biological uptake and passive scavenging by both lithogenic 
and biogenic particles. Changes in particle concentration and 
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composition can result in highly variable removal rates of both micro
nutrients and biochemical tracers, as demonstrated by challenges 
determining residence times for Al in efforts to quantify atmospheric 
dust flux to the surface ocean (e.g., Anderson et al., 2016; Menzel Bar
raqueta et al., 2019). Further complicating understanding of the role of 
particles in marine trace metal cycling is uncertainty associated with 
interpretations of particulate trace metal concentrations as proxies for 
the presence of different particle components with specific origin (i.e., 
lithogenic, authigenic, or biogenic) and known composition. Passive 
scavenging of the dissolved phase has been observed to have localized, 
but significant impacts on particulate trace metal distributions, leading 
to unexpected chemical bulk composition in regions with strong bloom 
cycles in primary productivity (Moran and Moore, 1988; Barrett et al., 
2012) or with large advective trace metal inputs (Barrett et al., 2018; 
Artigue et al., 2021). These open questions about the use of particle 
tracers and particle regulation of trace metal biogeochemical cycling in 
the ocean necessitate continued investigation of particulate trace metal 
distributions in the global ocean. Such datasets will be critical to vali
date model parameterizations of particle dynamics (e.g., Ye and Völker, 
2017), and to test assumptions about particle-mediated processes in 
trace metal modelling efforts (Dutay et al., 2015; Somes et al., 2021; 
Tagliabue et al., 2016; Weber et al., 2018; van Hulten et al., 2013, 
Hulten et al., 2017; Weber et al., 2018; Xu and Weber, 2021). Despite 
significant advances in model capabilities, current global models are still 
limited by omitted or overly limited representations of key mechanisms 
such as non-reductive sedimentary inputs, scavenging by non-biogenic 
particles, and representation of (ir)reversible scavenging processes, 
highlighting the need for continued integration of observational datasets 
to improve model fidelity and predictive skill.

This manuscript presents the trace element composition (Al, Fe, P, 
Ca, Si) of suspended particulate matter samples collected in the Indian 
Ocean along zonal CLIVAR I05 section across the subtropical gyre and 
along the meridional I09N/I08S section from the Bay of Bengal to the 
subtropical front. The eastern Indian Ocean and South Indian subtrop
ical gyre are characterized by a transition from a biologically productive 
system with significant fluvial sediment transport and aerosol deposi
tion (Panda et al., 2014) in the Bay of Bengal to an oligotrophic gyre 
with potentially significant input of particles from continental margin 
sources but relatively low aeolian trace metal inputs (Grand et al., 
2015a). Limited trace metal data has been reported for the Indian Ocean 
compared to the basin-scale datasets available for other regions 
(GEOTRACES Intermediate Data Product, 2021), and recent Al and Fe 
modelling studies report relatively poor fit to observations compared to 
other basins (Xu and Weber, 2021). High resolution sampling in the 
upper ocean along these three CLIVAR sections provides an opportunity 
to determine likely sources for biogenic and lithogenic particles and 
investigate the processes that drive their cycling. Additionally, the 
residence time for particle-associated trace metals is generally much 
shorter than for dissolved species, making current datasets subject to 
greater uncertainty from potential variability not captured by limited 
existing observations. Such variation could arise from several factors 
operating on a range of timescales, such as seasonal to decadal changes 
in external inputs or variability in biological uptake (e.g., Chan et al., 
2024; Sedwick et al., 2005). Here, we examine the distributions of 
particulate Fe and Al in the Indian Ocean and evaluate the processes that 
influence them, including dust deposition, continental inputs, biological 
uptake, and abiotic scavenging. Additionally, comparisons between 
depth profiles collected at the crossover of the CLIVAR I05 and I09N/ 
I08S sections, as well as between our March 2007 I09N dataset and 
surface-layer sampling conducted at a subset of I09N stations in April 
2016, are used to assess temporal variability in particulate trace metal 
distributions.

2. Methods

Trace metal sampling was conducted along U.S. CLIVAR/CO2 Repeat 

Hydrography sections I09N/I08S (15 February to 26 April 2007) and I05 
(24 March to 11 May 2009) (Fig. 1). Typical station spacing was 
approximately 1 degree of latitude. Seawater was collected from the 
upper 1000 m using 12 L GO-FLO bottles suspended on a trace metal 
rosette and subsampled in a clean laboratory van equipped with a HEPA 
filtered air system (Measures et al., 2008a). Suspended particulate 
matter (SPM) was collected by pressure-filtering (<55 kPa, filtered 
compressed air) seawater through acid-washed, 0.4 μm track-etched 
polycarbonate filters (Millipore). Backing filters of mixed cellulose 
ester were used for even sample loading in polypropylene filter holders. 
The average filtration volume was 9 L. Filters were gently rinsed with 
deionized water adjusted to pH 8 with ammonium hydroxide (3 x ~ 5 
mL) with a low vacuum applied while avoiding loss or redistribution of 
particles in order to remove residual seasalt, avoiding salt interferences 
in ED-XRF analyses. It is possible that a loss of more labile elements (e.g., 
pP) could result from the rinse protocol. Past work comparing rinsed 
SPM metal:P ratios with independent cellular values (e.g., Barrett et al., 
2018; Table 2) suggest such impacts may be small; however, we have not 
done explicit testing of potential rinsing losses. We plan during future 
sample collection, and encourage others to consider, simple experiments 
to evaluate this directly so more clear recommendations for differing 
study aims can be made.

SPM samples were analyzed using energy-dispersive x-ray fluores
cence (ED-XRF) on a Thermo Fisher Quant'X under a vacuum atmo
sphere and calibrated with both commercial thin film standards 
(MicroMatter) and standards prepared using a modification of the 
method reported by Holynska and Bisiniek (1976). The full ED-XRF 
methodology, including an HR-ICPMS intercalibration exercise per
formed with a subset of I09N samples (Fig. S1), is detailed in Buck et al. 
(2021). Method blanks, determined from unused, acid-cleaned filters, 
were subtracted from measured sample values. Values for method 
blanks and detection limits for elements of interest are reported in 
Table 1. Analytical accuracy was confirmed by analysis of certified 
reference material NIST SRM 2783 (air particulate on filter media, 
Table 1).

Data from the I08S section south of the subtropical front have been 
discussed in prior work with additional data from the Indian sector of 
the Southern Ocean (CLIVAR section I06S) (Barrett et al., 2018). Dis
solved Fe and Al data have previously been reported for both sections 
I05 (Grand et al., 2015a) and I09N/I08S (Grand et al., 2015b, 2015c). 
The particulate and dissolved trace metal datasets from each section are 
publicly available on the CCHDO website (http://cchdo.ucsd.edu) under 
Expocodes 33RR20070322 (I09N), 33RR20070204 (I08S), and 
33RR20090320 (I05S). The hydrographic data presented in supple
mental figures were taken from the main CLIVAR CTD and 36-bottle 
rosette. Salinity and nutrient samples were drawn from GO-FLO bot
tles and compared to the main CLIVAR rosette to confirm trip depth; 
hydrographic data and methodological information are available on 
CCHDO under the Expocodes listed above.

3. Results and discussion

3.1. Hydrography and surface circulation

The I09N/I08S meridional section extends from 18◦N in the Bay of 
Bengal traversing the central basin over 82–95◦E and then continues 
southwards to the subtropical front along 95◦E. The I05 zonal section 
spans the South Indian subtropical gyre at 30–34◦S from the African 
margin at 30◦E to the Australian shelf at 115◦E, intersecting the I9N/ 
I08S section at 95◦E. A full discussion of general circulation patterns and 
water masses sampled along the I09N/I08S (Grand et al., 2015c) and I05 
sections (Grand et al., 2015a) has been presented previously. Here, we 
briefly describe the relevant hydrographic context for the particulate 
trace element distributions. Station locations and a simplified schematic 
of surface circulation is shown in Fig. 1. Salinity, temperature, dissolved 
oxygen, and nitrate distributions for both sections are presented in 
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Fig. S2.
The northern reach of the I09N/I08S meridional section in the Bay of 

Bengal is approximately 400 km from the mouth of the Ganges- 
Brahmaputra river delta. The Bay of Bengal receives large fluvial in
puts from the Ganges-Brahmaputra river system that are influenced by 
the Indian Ocean monsoon system. During the northeast monsoon (Dec- 
Mar), high pressure over the Indian subcontinent leads to northeasterly 
winds carrying cool, dry and dust-laden air to the Bay of Bengal (Panda 
et al., 2014). During the southwest monsoon (June-Sept), reversal of 
winds carries moisture-laden oceanic air masses over the river basin, 
leading to heavy precipitation and run-off into the Bay of Bengal. Low 
salinities and high sea surface temperatures lead to highly stratified 
surface waters and relatively shallow mixed layers (typically <20 m). 
Although sampling along I09N/I08S occurred at a time of relatively low 
freshwater discharge prior to the onset of the southwest monsoon (April 
2007), a characteristic low-salinity lens was observed in surface waters 
north of the equator, resulting in strongly stratified surface waters and 
minimal vertical mixing (Fig. S2). Subsurface waters along I09N/I08S in 
the Bay of Bengal to 5◦N were generally hypoxic (2–60 μmol kg− 1) 

below approximately 150 m and enriched in nitrate (25–40 μmol kg− 1) 
(Fig. S2). Low dissolved oxygen (<200 μmol kg− 1) and high nitrate 
(10–35 μmol kg− 1) concentrations were observed in subsurface waters 
throughout the northern Indian Ocean along I09N/I08S to the South 
Equatorial Current (SEC) at 15◦S (Fig. S2).

The westward-flowing SEC is evident along the I09N/I08S section as 
a region of sharp transition between low-salinity surface waters over
lying the oxygen minimum zone in the Bay of Bengal and Northern In
dian Ocean and the high-salinity, well‑oxygenated waters of the 
subtropical gyre (Fig. S2). Anti-cyclonic gyre circulation continues south 
as the Agulhas Current, the western boundary current flowing along the 
South African shelf. Along I05, the 5 stations closest to the African 
margin (west of 31.2◦E) are within the Agulhas Current as evident from 
LADCP data (Grand et al., 2015a). Although some Agulhas waters are 
carried by eddies into the South Atlantic, the majority of the flow ret
roflects and rejoins the gyre circulation in the South Indian basin, 
becoming the Agulhas Return Current. Much of the eastward-flowing 
water of the Agulhas Return Current is recirculated within the western 
gyre (Stramma and Lutjeharms, 1997) where it intersects the I05 track. 
By 70◦E, the eastward flow volume is reduced by an estimated 70% 
(Lutjeharms and Ansorge, 2001), and the remaining flow along the 
subtropical convergence in the eastern basin continues as the South 
Indian Ocean Current. In the eastern basin, the I05 cruise track makes 
northward incursions towards the center of the gyre (to ~30◦N) that are 
apparent in the regions of higher surface salinities and temperature 
centered at ~80 and ~ 105◦E. Circulation in the eastern gyre is rela
tively weak and lacks a prominent northward-flowing eastern boundary 
current. Along the Australian margin, the Leeuwin Current flows 
southward along the shelf; LADCP velocities indicate the I05 station 
closest to the Australian shelf at 114◦E is influenced by the Leeuwin 
Current.

3.2. I09N/I08S: Bay of Bengal and northern Indian Ocean

Distributions of particulate P, Ca, Si, Al and Fe along the I09N/I08S 
section are shown in Fig. 2. The biogenic pFe (pFebio) pool was calcu
lated from observed pP concentrations using a cellular Fe/P quota of 0.6 
mmol mol− 1 and is reported as a percentage of total pFe concentrations. 

Fig. 1. Location of trace metal sampling stations along CLIVAR zonal section I05 (2009) and meridional section I09N/I08S (2007) north of the subtropical front. 
Large-scale circulation patterns shown are based on Stramma and Lutjeharms (1997) and near-surface LADCP velocities observed during occupations of the I09N/ 
I08S and I05 sections (Grand et al., 2015a, 2015b, 2015c).

Table 1 
Detection limits and method blank values for trace elements of interest as given 
in filter sample concentrations (ng cm− 2) and equivalent seawater concentration 
(nM) for the max filtration volume (11.2 L) with results of analysis of NIST 2783 
(air particulate on filter media) compared to certified values. Where no method 
blank is given, the signal peak was indistinguishable from the background.

detection limit method blank NIST 2783

ng 
cm− 2

nM ng 
cm− 2

nM certified value (ng 
cm− 2)

measured (ng 
cm− 2)

Al 8.9 0.36 14.5 0.6 2330 ± 53 2032 ± 125 (n =
40)

Fe 1.0 0.02 4.32 0.1 2660 ± 160 2945 ± 81 (n =
40)

P 2.0 0.07 41.9 1.5 N/A N/A
Ca 4.0 0.1 9.25 0.3 1325 ± 110 1269 ± 71 (n =

40)
Si 4.6 0.2 BDL – 5884 ± 160 5400 ± 440 (n =

40)
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The Fe/P quota used is the average value measured in individual 
phytoplankton cells collected along I09N in 2016 (Twining et al., 2019); 
differences between cells were not statistically significant. The 
measured Fe/P quotas along I09N are among the lowest of global ob
servations of marine phytoplankton Fe stoichiometry (Twining and 
Baines, 2013) and could return a conservative estimate of pFebio. Note 
that plots of pP and pFebio are restricted to the upper 500 m as pP 
concentrations below this depth were typically below the ED-XRF 
detection limit (0.1 nM); all other plots extend to 1000 m.

3.2.1. Biogenic particle distributions: Particulate P, Ca, and Si along I09N/ 
I08S

Concentrations of particulate P (pP) are highest (up to 30 nM) within 
the upper 100 m and covary with fluorescence in the upper 200 m (R2 =

0.64), consistent with a biogenic particle source. Rapid attenuation of pP 
occurs with depth and concentrations are relatively homogenous below 
200 m, averaging 0.9 ± 0.8 nM. Concentrations of particulate Ca (pCa) 
in surface waters arise primarily from production and export of biogenic 
CaCO3 by coccolithophores. Similarly, production of biogenic silica by 
diatoms is reflected by mixed-layer particulate Si (pSi) distributions. 
However, the subsurface distribution of pSi can be dominated by inputs 
of aluminosilicate minerals rather than export of biogenic particles as 

observed in the Bay of Bengal and discussed further below.
Although pP is generally low (<5 nM) in surface waters in the Bay of 

Bengal and Northern Indian Ocean, there are two regions along I09N 
where concentrations are elevated. The first occurs at 7 stations centered 
at 10◦S where pP concentrations up to 29 nM are observed. Here, open- 
ocean Ekman pumping results in localized upwelling in a band across 
the Indian Ocean (Schott et al., 2002). Although this upwelling feature is 
strongest during the southwest monsoon, it is present throughout the 
year and is evident during sampling of the I09N/I08S section by shoaling 
of isotherms and nutriclines at 10◦S (Fig. S1). Increased biological 
productivity from this nutrient delivery to surface waters can be seen by 
a band of high chlorophyll concentrations in surface waters at ~10◦S 
during occupation of I09N/I08S (Fig. 2); such blooms are frequently 
observed by ocean color satellite imagery across this upwelling regime 
(Murtugudde et al., 1999). The sharp increase in pSi (>300 nM) relative 
to concentrations at surrounding stations in the subtropical gyre (<25 
nM) suggests this upwelling-enhanced biological activity is primarily 
due to increased diatom productivity.

Sharp increases in chlorophyll, pP (up to 19 nM), and pCa (up to 270 
nM) in surface waters are also found at the southern edge of the sub
tropical gyre beginning at 30◦S. This region of elevated pCa extends into 
circumpolar waters and is discussed more extensively in Barrett et al. 

Fig. 2. Distribution of particulate P, Ca, Si, Al, Fe (nM) and pFebio (%) along CLIVAR section I09N/I08S from the Bay of Bengal to 40◦S. Note the reduced depth scale 
(500 m) in the plots of particulate P and pFebio. Black points indicate individual samples; the black line at 34◦S represents the crossover point with CLIVAR section 
I05. The top panel shows average chlorophyll concentrations (mg m− 3) over Feb-Apr 2007 from SeaWiFS satellite imagery overlaid with the locations of trace 
metal stations.
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(2018). Our observations are consistent with remote sensing algorithms 
(Balch et al., 2005, 2011; Sadeghi et al., 2012) and in situ studies (Balch 
et al., 2014; Holligan et al., 2010) that suggest a pattern of high coc
colithophore production in a band around the Southern Ocean spanning 
~30◦ to 60◦S (the “Great Calcite Belt”).

3.2.2. Particulate Al and Fe along I09N/I08S
The subsurface distribution of pAl and pFe in the Bay of Bengal and 

northern Indian Ocean is strongly influenced by the Ganges- 
Brahmaputra river system, which is estimated to deliver >108 tons of 
suspended sediment annually into the Bay of Bengal (Islam et al., 1999). 
Sediment loads can vary seasonally by several orders of magnitude ac
cording the monsoon cycle in the tropical Indian Ocean; sampling along 
I09N/I08S occurred in spring, a time of minimum sediment delivery 
from the river system (Barua et al., 1994). Maximum pAl (35.4 nM) and 
pFe (13.6 nM) concentrations are observed at northernmost stations in 
the Bay of Bengal approximately 400 km from the river delta with 
subsurface maxima at depths of 150–450 m and concentrations gener
ally decreasing with distance offshore, consistent with lateral transport 
of sediment from the shelf (Fig. S3). The pSi distribution also reflects this 
large input of lithogenic particles, with a local maximum (~50–85 nM) 
at these depths coincident with the pFe and pAl signals. The observed Fe: 
Al molar ratio of suspended particle matter in the subsurface (>150 m) 
particle plume that extends from the Bay of Bengal to the equator is 0.38 
± 0.05, somewhat higher (p > 0.01, two-tailed one-sample t-test) than 
the composition of suspended sediment sampled over the shelf within 
100 km of the river mouth (Fe:Al ratio of 0.27) (Stummeyer et al., 2002), 
or the Fe:Al of bulk continental crust (0.26) (Wedepohl, 1995). Sus
pended particulate matter is likely enriched in Fe due to scavenging of 
the large subsurface reservoir of dFe (0.6–1.5 nM) that accumulates in 
this region from both sinking organic matter remineralization and 
sedimentary dFe inputs from the shelf (Grand et al., 2015b; Chinni et al., 
2019).

Particulate Al and Fe distributions in the Bay of Bengal are also 
impacted by deposition of aerosol dust transported from the Indian 
peninsula and Southeast Asia. Sampling along I09N/I08S took place 
during peak seasonal dust transport associated with the late NE 
monsoon (Jan-April) when winds carry continental air masses over the 
Bay of Bengal (Srinivas and Sarin, 2013). Previous studies have esti
mated annual dust fluxes of 0.3–6 g m− 2 yr− 1 from ship-board obser
vations (Srinivas and Sarin, 2013; Panda et al., 2014), 2.5 g m− 2 yr− 1 

from surface-ocean dAl measurements (Grand et al., 2015b), and 2–10 g 
m− 2 yr− 1 from atmospheric model output (Ginoux et al., 2001; Zender 
et al., 2003; Jickells et al., 2005). Given high modelled dust flux esti
mates, surface waters in the Bay of Bengal had unexpectedly low average 
mixed-layer pAl (1.0 ± 0.6 nM) and pFe (0.3 ± 0.1 nM) concentrations 
north of 5◦N at the time of sampling. For comparison, concentrations up 
to an order of magnitude higher (>10 nM pAl and > 3 nM pFe) have 
been observed in the equatorial North Atlantic under the Saharan 
outflow (Barrett et al., 2015) where annual dust deposition is estimated 
at 2–20 g m− 2 yr− 1 (Buck et al., 2010; Mahowald et al., 2005; Measures 
et al., 2008a). The relatively low concentrations observed in the Bay of 
Bengal could result from a combination of the episodic nature of dust 
deposition and relatively short residence times (days to weeks) expected 
for mineral dust particles in the surface ocean (Dammshäuser et al., 
2013). However, dry deposition dominates aerosol delivery to surface 
waters during this period (Srinivas and Sarin, 2013), introducing less 
temporal variability in flux rates compared to periods with significant 
wet deposition. Additionally, trace metal sampling during the April 
2016 occupation of I09N also revealed similarly low pFe (0.3–0.6 nM) 
and pAl (0.6–2.5 nM) concentrations in Bay of Bengal surface waters 
(Twining et al., 2019), giving confidence that our observations were 
representative of typical conditions in this region. Assuming steady-state 
conditions with observed mixed layer depth (50 m), Al content of 
aerosol dust (8%), and estimated residence of particles in the mixed 
layer (several days), we determine that the observed surface ocean pAl 

distribution could originate from a dust flux of ~2 g m− 2 yr− 1. Because 
sampling occurred during the high dust season and a short residence 
time was chosen for calculations, on this value represents an upper limit 
on the dust flux. Hence, our observations are most consistent with dust 
deposition estimates based on direct atmospheric sampling and steady- 
state models of dAl distributions, and on the lower end of atmospheric 
model estimates.

South of the SEC in the South Indian subtropical gyre, pAl concen
trations are generally low in the upper 1000 m (0.4–2.0 nM) and average 
1.2 ± 0.8 nM in surface waters. These surface-ocean observations are 
generally consistent with concentrations that would be expected from 
recent estimates of dust flux to subtropical waters of 0.5 ± 0.3 g m− 2 

yr− 1 (Grand et al., 2015b), using similar assumptions of mixed layer 
depth and residence time detailed above. However, there are two re
gions at ~10◦S and south of 30◦S where elevated pAl concentrations are 
found in surface waters; these coincide with the regions of high bio
logical productivity discussed above. The high pAl signal (up to 3.7 nM) 
centered at 10◦S likely arises from scavenging of the relatively high dAl 
concentrations in these surface waters by Si-rich particles in this up
welling zone, passive adsorptive scavenging by diatoms being a signif
icant sink in the cycling of dAl (Hydes, 1979; Orians and Bruland, 1986). 
Here, there could also be a contribution of pAl from a remnant sedi
mentary signal in the Indonesian Throughflow that is the source of high 
surface-ocean dAl here (Grand et al., 2015c). South of ~30◦S, elevated 
surface-ocean pAl concentrations up to 12.4 nM are associated with 
elevated pCa in the band of high coccolithophore productivity that be
gins at the southern edge of the subtropical gyre. As discussed in Barrett 
et al. (2018), this pAl signal is largely due to passive scavenging of dAl 
by biogenic CaCO3-rich particles rather than onto diatom frustules. The 
mixed layer dAl pool at these latitudes is in part supplied by local dust 
deposition but is estimated to be largely supplied (>75%) by the lateral 
advection of Al-rich waters from the western gyre (Barrett et al., 2018).

Concentrations of total pFe are relatively low in the central South 
Indian Gyre, averaging 0.13 ± 0.03 nM in the surface layer (I09N/I08S 
stations 70–113). The portion of the pFe pool associated with biogenic 
particles along the transect is estimated to be a maximum of 16% in 
productive surface waters; using the full range of measured values from 
Twining et al. (2019) would return a maximum of 8–17% pFebio. 
Biogenic pFe generally declines with depth and is notably <0.1% of total 
pFe concentrations in subsurface waters >200 m in the Bay of Bengal. 
Higher concentrations of surface-ocean pFe (0.5–0.9 nM) and an 
increased proportion of pFebio are found at 5 stations (stations within the 
localized upwelling feature centered at centered at 10◦S, associated with 
a shallow nutricline (Fig. S2) and the elevated signals seen in satellite 
chlorophyll, pP, and pSi (Fig. 2). Indicators of primary productivity 
(chlorophyll, pP and pCa) also increase south of ~30◦S as the section 
approaches the subtropical front and the northern extent of the Southern 
Ocean calcite belt. Here we find the highest contributions of pFebio to the 
total pFe pool but little increase in total measured pFe as lithogenic pFe 
inputs from aerosol dust deposition significantly decline south of 30◦S 
(Grand et al., 2015b).

3.2.3. Data comparison with 2016 I09N trace metal sampling
Suspended particulate matter samples were collected in the surface 

layer (generally 20 m) at a subset of stations during an April 2016 
occupation of I09N (Twining et al., 2019). The concentrations of pFe and 
pAl in surface waters from both March 2007 and April 2016 are plotted 
in Fig. 3. Although sample collection, processing, and analysis varied 
(ED-XRF analysis of polycarbonate filters in this study; sequential 
digestion followed by HR-ICP-MS analysis of Supor filters by Twining 
and coauthors), the pFe and pAl datasets show similar latitudinal trends 
in surface-ocean concentrations. As will be discussed further below 
when considering the depth profiles at the I09N/I08S and I05 crossover 
stations, the largest differences in particulate trace metal concentrations 
primarily stem from interannual variability in biological productivity. 
Both datasets show increasing concentrations of both pFe and pAl 
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northwards into the Bay of Bengal, although pFe concentrations 
measured in 2009 were generally higher and pAl concentrations 
measured in 2016 were more variable. The largest differences are pFe 
concentrations that were up to 7× times higher in 2007 than measured 
in 2016 at the upwelling region centered at 10◦S. The 2016 dataset does 
not show an elevated pFe signal (or associated scavenged pAl) due to 
increased productivity, although Twining and coauthors do report 
elevated particulate Zn concentrations here that they attribute to 
increased phytoplankton biomass and response in biogenic particle 
composition. Outside of the Bay of Bengal and this upwelling zone, 
open-ocean pAl and pFe concentrations are very similar in the North 
Indian Ocean and South Indian subtropical gyre during the two occu
pations of I09N. Difference in average Fe:Al between 2007 (0.40 ± 0.15) 
and 2016 (0.22 ± 0.9) are largely driven by Fe-enriched particles in 
2007 in those two regions, and both datasets show a weak trend of 
increasing Fe:Al in surface particles from the subtropical gyre into the 
Bay of Bengal (Fig. 3).

3.3. I05: South Indian subtropical gyre

Distributions of pP, pCa, pSi, pAl, pFe, and pFebio along the I05 zonal 

section are shown in Fig. 4. In the panels for pAl and pFe, profiles from 
the two stations closest to the South African coast are omitted and 
plotted separately in Fig. 5.

3.3.1. Biogenic particle distributions: Particulate P, Ca, and Si distributions 
along I05

Distributions of the biogenic particle tracers in the upper water 
column indicate two regions of high productivity along the I05 transect. 
First, high pP concentrations (>15 nM) are observed at stations within 
20 km of South Africa, reflecting productive coastal waters in the strong 
upwelling regime of the Agulhas Current system. Additionally, at two 
stations over 97–98◦E, low sea-surface temperatures, shallow mixed 
layer depths, and increased phosphate and nitrate concentrations in the 
mixed layer indicate the presence of a cold-core eddy (Grand et al., 
2015a, their Fig. 4). At these same stations, pP (8–10 nM) and pCa 
(130–150 nM) concentrations are significantly elevated and suggest 
enhanced coccolithophore productivity within the eddy.

Outside of coastal and eddy-influenced stations, concentrations of pP 
are generally low (<5 nM) across the interior of the South Indian sub
tropical gyre. The relatively small north-south range of the I05 cruise 
track (30–34◦S) does traverse a region of sharp gradients in primary 

Fig. 3. Concentration of pAl (top panel) and pFe (bottom panel) in surface-layer samples along I09N in March 2007 (solid symbols, 8–25 m, this study; analyzed by 
ED-XRF) and in April 2016 (open symbols, 18–40 m, Twining et al., 2019; analyzed by HR-ICP-MS). The plot of pAl is shown with a solid vertical line representing the 
analytical limit of detection for the ED-XRF data (this study only). The solid vertical line in the pFe plot represents bulk crustal Fe:Al of 0.26 (Wedepohl, 1995) while 
dotted lines show latitudinal trends in particle Fe:Al measured in 2007 (R2 = 0.44) and 2016 (R2 = 0.31).
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productivity as shown by average surface-ocean chlorophyll concen
trations over March–May 2009 (Fig. 4). Concentrations of pP in the 
eastern basin exhibit more variability than in the western gyre; these 
zonal variations can be largely explained by excursions of the I05N 
cruise track equatorward into the low-productivity gyre interior at 
~80◦E and ~ 105◦E. Similarly, surface-ocean pCa concentrations are 
relatively constant across the basin (45 ± 18 nM) but decline at ~80◦E 
and ~ 105◦E as the I05 transect skirts the edge of the band of high 
coccolithophore productivity encircling the Southern Ocean from ~30◦S 
to 60◦S (Balch et al., 2011; Sadeghi et al., 2012). Concentrations of pSi 
are generally low through the gyre (typically <25 nM) and are typically 
highest in the upper 200 m, consistent with biogenic material. However, 
much higher pSi concentrations (1.0–1.5 μM) are found between the 
surface and 400 m at stations closest to the African shelf, reflecting 
lithogenic particles mobilized by the Agulhas Current system over the 
African shelf, as discussed below.

3.3.2. Particulate Al and Fe along I05
Measurable pAl concentrations above the ED-XRF detection limit 

(0.36 nM) occurred in 41% (n = 405) of suspended particulate matter 
samples collected along I05 in the South Indian subtropical gyre. Con
centrations of pFe were measurable by ED-XRF (>0.02 nM) in 99% of 
suspended particulate matter samples. Regions with pAl below the 
detection limit were largely from areas of high-resolution sampling in 

near-surface waters (<80 m) in the central gyre (50–80◦E) and from 
some intermediate depths at 80–100◦E. The low pAl concentrations 
found in near-surface waters along I05 in the central gyre likely reflect 
expected low seasonal dust fluxes to the surface ocean. Seasonal back 
trajectory analyses suggest that transport of dust-laden air masses from 
the Australian continent, the primary input of Al to surface waters along 
I05, occurs during austral fall and winter (Grand et al., 2015b). Hence, 
the bulk of annual deposition of aerosol Al to the subtropical gyre likely 
occurred 8–9 months prior to sampling along I05. Although the dAl 
signal from partial dissolution of these mineral aerosols persists (Grand 
et al., 2015a), pAl is expected to have a shorter residence time in the 
upper ocean (days to months) (Barrett et al., 2015 and references 
therein). Hence, short residence times combined with seasonality in 
aerosol dust supply account for the low pAl concentrations in the surface 
layer at the time of sampling.

Concentrations of pFe were uniformly low (0.03–0.15 nM) in the 
upper 200 m of the water column throughout the central South Indian 
gyre. Vertical profiles of pFe generally display a characteristic subsur
face minimum (<0.1 nM) at depths of 50–150 m, coincident with the 
depth of the subsurface fluorescence maximum and where pFebio makes 
up a higher proportion of the total pFe pool (Fig. S4). Biologically- 
mediated aggregate formation and export leads to efficient vertical 
transport of lithogenic particles out of the upper water column; these 
processes have been previously identified as controlling similar features 

Fig. 4. Distribution of particulate P, Ca, Si, Al, Fe (nM) and pFebio (%) along CLIVAR section I05. Note the reduced depth scale (500 m) in the plots of particulate P 
and pFebio. Black points indicate individual samples; the black line at 95◦E represents the crossover point with CLIVAR section I09N/I08S. The top panel shows 
average chlorophyll concentrations (mg m− 3) over March–May 2009 from SeaWiFS satellite imagery overlaid with the locations of trace metal sampling stations.
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in pFe profiles observed in the subtropical North Atlantic (Barrett et al., 
2012).

Both continental margins were observed to supply lithogenic parti
cles to subsurface waters into the interior of the South Indian subtropical 
gyre. On the eastern edge of the I05 section, transport of shelf sediments 
along the Australian continental margin results in slightly elevated pAl 
(1–2 nM) and pFe (0.4–0.9 nM) below 200 m at 12 stations within 1300 
km of the coast. The two stations closest to the South African coast reach 
extremely high pAl (700 nM) and pFe (200 nM) concentrations in the 

upper water column (Fig. 5). We hypothesize this signal is likely due to 
vigorous sediment resuspension over the shelf within the Agulhas cur
rent, which experiences seasonal peak transport speeds over our sam
pling period (Feb-March) (Hutchinson et al., 2018). Elevated subsurface 
pAl (>1 nM) and pFe (>0.4 nM) extend into the interior of the gyre to 
~60◦E where particle transport into the western gyre is presumably 
aided by the retroflection of the Agulhas current. After being enriched in 
shelf-derived particles, these waters flow eastward as the Agulhas Re
turn Current at 39–44◦S (Lutjeharms and Ansorge, 2001). Approxi
mately a third of this flow volume is recirculated into the western gyre 
interior between 40 and 50◦E, and another third by 60–70◦E. Speeds 
observed within the southern Agulhas Current (up to ~2 m s− 1) and 
Agulhas Return Current (0.2–1.5 m s− 1) (Lutjeharms, 2007) would 
imply timescales for particle transport of ~1–4 weeks at 40◦E to ~3–20 
weeks at 60◦E.

Towards the center of the basin, there are 5 stations at 34◦S between 
70 and 74◦E with elevated pFe (this work) and dFe (Grand et al., 2015a) 
at intermediate depths (600–700 m) (Fig. 6). Here, maximum pFe con
centrations reach 0.42–0.94 nM compared to maximum pFe concen
trations of 0.30–0.46 nM at stations to the immediate east and west. 
These particle samples are also enriched in Fe (Fe:Al = 0.96 ± 0.28) 
relative to the composition of particulate matter in the Agulhas recir
culation cell (Fe:Al = 0.45 ± 0.13) or at stations impacted by shelf in
puts near the Australian margin east of 100◦E (Fe:Al = 0.46 ± 0.04). 
These Fe-rich particles appear to be associated with a supply of dFe to 
subsurface waters (Fig. 6 and Fig. S5). Concentrations of dFe at the 
depths >600 m at these 5 stations (0.44–0.99 nM) are significantly 
higher (p < 0.01, two-tailed t-test) than concentrations over the same 
depths at 5 adjacent stations to the east and west (0.29–0.64 nM). The 
source of intermediate-depth pFe and dFe signals in this region is un
clear. Although the 2009/2010 Japanese-GEOTRACES section GI04 
showed that hydrothermal activity along the central Indian Ridge near 
the Rodriguez Triple Junction impacts the distribution of dFe in the 
Central Indian basin to 30◦S, hydrothermal influence is restricted to 
depths of 2000–3500 m (Nishioka et al., 2013). Concentrations of dFe at 
the 2 hydrothermally-impacted stations along GI04 closest to the area of 
interest are significantly lower in the upper 1000 m than observed along 
I05 (Fig. 6). There is some shallow topography (<500 m) associated with 

Fig. 5. Profiles of pFe (solid dots) and pAl (open diamonds) at CLIVAR I05 
stations 1 (solid lines; 31.065◦N, 30.353◦E; bottom depth 271 m) and 3 (dashed 
lines; 31.067◦N, 30.410◦E; bottom depth 1219 m) approximately 10 km and 15 
km, respectively, from the South African coast.

Fig. 6. Profiles of pFe and dFe along CLIVAR I05 at 5 stations over 70–74◦E (solid black lines) and compared to adjacent stations to the east and west (66◦E–78◦E) 
(dashed grey lines), and dFe profiles from the 2009/2010 Japanese-GEOTRACES section GI04 stations ER-10, ER-11, and ER-12 (solid red lines). Map insert shows 
the location of CLIVAR I05N stations of interest (black; this study and Grand et al., 2015a) and GI04 stations (red; Nishioka et al., 2013). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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the Southeast Indian Ridge, some possibly volcanic, within ~1000 km of 
these stations that could be an alternative source of hydrothermal Fe, 
although helium isotope anomalies have not been observed at these 
depths (Jenkins et al., 2019). Alternatively, these I05 stations are 
~1300 km north of the Kerguelen Plateau, which has been shown to be a 
supply of Fe-rich particles (Chever et al., 2010; van der Merwe et al., 
2015) with long residence times in the upper water column to remote 
HNLC waters thousands of kilometers downstream (Mongin et al., 2009; 
Grand et al., 2015c). The Subantarctic Mode Water (SAMW) that oc
cupies the thermocline below 250 m at these stations (Grand et al., 
2015a) is formed in the northern branch of the ACC near Kerguelen 
before being injected in the South Indian subtropical gyre (Koch-Larrouy 
et al., 2010). The transit time between ventilation sites at 30◦S is esti
mated to be on the order of several years (Koch-Larrouy et al., 2010 and 
references therein), which is similar to expected residence times for 
lithogenic particles in the upper 1000 m (Barrett et al., 2015). Release of 
dFe from sedimentary pFe has been increasingly recognized as an 
important basin-scale supply mechanism (Jeandel and Oelkers, 2015; 
Milne et al., 2017) and has been suggested both by in situ observations 
and determined experimentally (Cheise et al., 2018) from resuspended 
sediments from the Kerguelen Plateau. However, both long-range 
transport of sedimentary particles or supply of hydrothermal Fe to the 
upper water column are at present speculative explanations for these 
elevated dFe and pFe concentrations.

3.3.3. Data comparison at I05 and I09N/I08S crossover
The I09N/I08S and I05 lines intersect in the eastern South Indian 

subtropical gyre at 34◦S and 95◦E. The particulate trace element depth 
profiles at crossover stations sampled approximately 2 years and 60 km 
apart are shown in Fig. 7. The most notable differences between occu
pations are associated with higher primary productivity in this region in 
2007. Generally, surface-layer concentrations of the biologically- 
associated trace elements pP (<4 nM), pCa (<60 nM), and pSi (<6 
nM) were lower during I05 (April 2009) than measured pP (up to 12 
nM), pCa (up to 150 nM), and pSi (up to 17 nM) at the closest two 
stations from I09N/I08S (March 2007), consistent with satellite obser
vations of lower average sea surface chlorophyll concentrations in 2009 
compared to 2007 (Fig. S6). Changes in pFe and pAl profiles between 
occupations are also primarily associated with this variability in primary 
productivity. Lower concentrations of pFe (0.09 nM) and a lower pro
portion of biogenic Fe (<4%) were observed in the surface layer at I05 
compared to the I09N/I08S crossover stations (0.12–0.17 nM; up to 13% 
pFebio). The subsurface pFe minimum, a feature resulting from 
biologically-mediated aggregation and export of particles, is also less 
pronounced, consistent with a less productive mixed layer. In this re
gion, the distribution of pAl in the surface layer has previously been 
shown to be strongly influenced by scavenging of dAl onto biogenic 
particles in productive surface waters (Barrett et al., 2018), with con
centrations up to 6 nM observed here in 2007 along I09N/I08S. In 2009 
during I05, pAl concentrations were below the analytical detection limit 

Fig. 7. Vertical profiles of pP, pCa, pSi, pFe, pFebio, and pAl at CLIVAR I05 station 145 (34.0◦S, 95.0◦E) sampled on April 29, 2009 (solid symbols) and at CLIVAR 
I08S stations 78 (33.5◦S, 95.0◦E) and 76 (34.5◦S, 95.0◦E) both sampled on March 10, 2007 (open symbols). Note the reduced depth scale (500 m) in the plots of pP 
and pFebio; all other plots extend to 1000 m.
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in the upper 500 m, consistent with reduced levels biological activity 
leading to lower scavenging rates of dAl into particles.

4. Conclusions

The I09N/I08S transect illustrates that lithogenic inputs from 
Ganges-Brahmaputra sediment delivery dominates particle distributions 
throughout the northern Indian Ocean. The high suspended lithogenic 
particle load in the Bay of Bengal appears to be important substrate for 
scavenging subsurface remineralized dFe, as has also been observed in 
the subtropical North Atlantic (Measures et al., 2008b; Hatta et al., 
2014; Barrett et al., 2015). Our observations, taken during peak trans
port of continental dust flux, suggest that models tend to overestimate 
trace metal inputs from aerosol deposition over the northern Indian 
Ocean, consistent with prior in situ data. In the South Indian subtropical 
gyre, relatively low biological productivity and circulation patterns that 
carry particles from continental margin input sources into the basin 
interior mean that lithogenic particles are also the dominant component 
of the particle flux in the South Indian Ocean. In this regard, the Indian 
Ocean has similarities to the North Atlantic, although sources that 
dominate lithogenic particle fluxes in the Indian basin are largely 
riverine and shelf sediment resuspension rather than primarily mineral 
dust deposition. We also find evidence of a region in the gyre interior 
where an unidentified Fe-enriched particle source coincides with ob
servations of elevated dFe concentrations. Both of these signals in the 
gyre interior potentially indicate a similar mechanism for dFe supply 
and stabilization as described for shelf-derived particle fluxes in the 
North Atlantic whereby pFe “buffers” the dFe pool (Milne et al., 2017) 
by being a reservoir and eventual source of labile Fe. These high- 
resolution, basin-scale studies provide new insights into lithogenic 
particle supply and generate trace metal datasets with which to validate 
biogeochemical model representations.
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