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ARTICLE INFO ABSTRACT

Arfid_e history: The South Indian Subtropical Gyre (SISG) is one of the least studied gyre systems of the world ocean with respect
Recefved fljung 2015 to trace elements. Here we report dissolved (<0.45 um) Fe and Al measurements collected during two high-
Received in revised form 1 August 2015 resolution US-CLIVAR CO, Repeat Hydrography sections, which transected the upper 1000 m of the gyre zonally
Accepted 3 August 2015

along ~32°S (105) and meridionally along ~30°E (I06S). Particulate Fe and Al concentrations in waters influenced
by the Agulhas Current are also presented. The distributions of dissolved Fe and Al in the gyre are primarily
impacted by mineral dust deposition at the surface and the large-scale circulation patterns of the gyre at

Available online 8 August 2015

Il.-(:}i,‘r/;?lrds' depth. Using mean mixed layer dissolved Al concentrations, we estimate that the deposition and partial dissolu-
Al aluminium tion of mineral dust emanating from South Africa and Australia vary from 60 to 685 mg (dust) m~2 yr~! across
Indian Ocean the 32°S transect. This translates into a dust source of dissolved Fe ranging from 1.7 to 20 pmol Fe m 2y~ '. The
CLIVAR zonal patterns of aeolian deposition and those of N*, an indirect geochemical tracer for nitrogen fixation, show

remarkable similarities along the 105 transect, suggesting that aeolian delivery of Fe may regulate nitrogen
fixation rates in the SISG. In the western SISG (west of 60°E), which receives some of the highest aeolian Fe fluxes
of the 32°S section, the Fe:AOU ratio in Indian Central Water was elevated relative to that observed in the Indian
Central Water occupying the eastern Indian Ocean. These elevated Fe:AOU ratios may reflect the remineralization
of Fe-rich organic material from nitrogen fixing organisms at the western end of the basin. Below the mixed layer,
the distribution of dissolved Al appears to trace the principal features of the large-scale circulation of the SISG.
Elevated subsurface concentrations of dissolved Al (>4 nM) in the southwest Indian Ocean west of 45-50°E
are most likely sustained by leakage of Al-rich waters from the Agulhas Return Current. Along the southeast
African margin, the elevated particulate Fe (up to 230 nM) and Al (up to 690 nM) concentrations reflect the
resuspension and transport of shelf sediments by the highly energetic Agulhas Current. However, while the par-
ticulate inputs at the margin are massive and appear to supply modest amounts of dissolved Fe, the distribution
of dissolved Al is decoupled from the particulate phase. This observation suggests that the elevated subsurface
dissolved Al concentrations observed near the African shelf are not the result of sediment resuspension processes
occurring in situ along 105 but are more likely an advected signal originating from the upper reaches of the
Agulhas Current.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The availability of dissolved iron (Fe) plays a significant role in regu-
lating the biogeochemical cycles of carbon and macronutrients in vast
regions of the world ocean. In high nutrient low chlorophyll (HNLC)
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regions, which cover about 30% of the world ocean, several mesoscale
Fe enrichment experiments have convincingly demonstrated that
phytoplankton growth is limited by the availability of Fe despite
ample macronutrient supply (see De Baar et al. (2005), Boyd et al.
(2007) and references therein). In oligotrophic regions depleted in
macronutrients, there is increasing evidence that enhanced availability
of Fe is likely to exert a positive feedback on the activity of nitrogen
fixing organisms (Falkowski, 1997; Berman-Frank et al., 2001; Mills
et al., 2004; Moore and Doney, 2007; Dutkiewicz et al., 2012; Shiozaki
et al.,, 2014). For example, on a meridional transect across the Atlantic
Ocean, Moore et al. (2009) observed that the abundance of diazotrophs
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and nitrogen fixation rates were both significantly correlated with dis-
solved Fe and aluminium (Al) concentrations, suggesting a pervasive
link between aeolian Fe supply and diazotrophic activity. Thus the
availability of Fe has far reaching biogeochemical implications from
the high to low latitude upper-ocean. An improved understanding of
the distribution, sources and internal cycling of Fe in the oceans is there-
fore required to quantify the impact of Fe availability on contemporary
and glacial-interglacial timescales.

In the last decade, the US-CLIVAR-CO, Repeat Hydrography (Grand
et al., 2014) and GEOTRACES (Anderson et al., 2014) programs have
provided basin-scale data for important trace elements and consider-
ably improved the observational database of dissolved and particulate
Fe and Al in the Atlantic (Measures et al., 2008a, 2014; Hatta et al.,
2014; Rijkenberg et al., 2014; Barrett et al., 2012, 2015), Arctic
(Middag et al., 2009; Klunder et al.,, 2012) and Southern Oceans
(Klunder et al., 2011, 2014; Middag et al., 2012, 2013). By contrast,
there remain vast areas of the Indian Ocean where dissolved Fe and Al
observations are scarce or completely nonexistent. This lack of observa-
tions is particularly evident in the South Indian Subtropical Gyre (SISG),
most notably in the western gyre and within the Agulhas Current
system. At present, the only dissolved Fe and Al data from the SISG
consist of three full-depth vertical profiles collected during the
GEOTRACES-JAPAN program from 57 to 72°E (Nishioka et al., 2013; Vu
and Sohrin, 2013), a high-resolution CLIVAR section in the upper
1000 m of eastern Indian Ocean along 95°E (Grand et al., 2015a,b),
and two-full depth soluble Al profiles (<0.04 um) at the eastern bound-
ary of the SISG near Australia (Obata et al., 2004).

The SISG is an interesting system where the biogeochemical impacts
of aeolian deposition in an oligotrophic environment can be evaluated.
Numerical models suggest that South Africa and Australia contribute
about 10% of global total dust emissions and that the dust emitted
from these regions transits primarily over the western and eastern
reaches of the gyre (Tanaka and Chiba, 2006; Mahowald, 2007). Recently,
Shiozaki et al. (2014) suggested that Fe supplied by aeolian deposition
could control nitrogen fixation rates by heterotrophic bacteria in the
Indian Ocean. However, satellite aerosol observations suggest that low
aerosol concentrations prevail across the SISG (Chin et al., 2014) and
there are few estimates of total dust deposition to evaluate the role of
atmospheric deposition in supplying dissolved Fe to surface waters of
the SISG, estimate its potential impact on nitrogen fixation rates and as-
certain the validity of atmospheric model simulations of total deposition
(Witt et al., 2010; Grand et al.,, 2015a). The simultaneous determination
of dissolved Fe and Al on selected US-CLIVAR-CO, Repeat Hydrography
cruises provides a valuable tool to address these questions. Away from
the coast and regions subject to deep winter mixing, the principal source
of dissolved Fe and Al to the surface ocean is the deposition and partial
dissolution of atmospheric dust (Maring and Duce, 1987; Jickells et al.,
2005). However, unlike Fe, dissolved Al has no known biological require-
ment and its relatively long surface residence time can be used to provide
a time-integrated picture of the patterns of aerosol deposition in the
remote ocean (Measures and Brown, 1996; Measures and Vink, 2000;
Grand et al., 2015a).

The dissolved Al imprint resulting from the partial dissolution of
mineral dust in the surface ocean is thought to remain confined to the
mixed layer. This notion arises from studies of fractional solubility
measurements of aerosol laden filters suspended in surface seawater,
which show that the majority of dissolvable Al is released in a matter
of hours to days (Maring and Duce, 1987; Measures et al., 2010).
Hence, the fraction of Al from dust that does not dissolve rapidly in
the mixed layer is lost to the sediments via particle settling. Unlike Fe
or other bioactive trace elements, there is little evidence that dissolved
Al is actively remineralized or desorbed from inorganic or biogenic par-
ticle carriers in the main thermocline (Measures and Edmond, 1990;
Measures et al., 2008a, 2014; Measures et al., 2014). Thus in the main
thermocline and below the mixed layer, the concentration of dissolved
Al reflects the balance between dust inputs in regions of water mass

subduction, potential inputs from sediment resuspension processes
and scavenging removal and mixing along the advective pathway.

This work is mainly concerned with a high-resolution section of
dissolved (<0.45 ym) Al and Fe measurements collected in the upper
1000 m of the south Indian subtropical gyre along ~32°S as part of the
US-CLIVAR CO, Repeat Hydrography 105 cruise. We also discuss data
from an earlier meridional cruise in the western Indian Ocean along
30°E (CLIVAR 106S) as well as particulate Fe and Al data (>0.45 pum)
from the Agulhas Current region to support the interpretation of several
features observed along the 105 section. Using our dissolved Al data
from the upper ocean along 32°S, we quantify the magnitude of total
dust deposition across the SISG and compare it with composite atmo-
spheric model simulations. We also evaluate the impact of dust deposi-
tion on mixed layer dissolved Fe concentrations and implications for
nitrogen fixation processes by comparing the zonal patterns of aeolian
Fe deposition with that of N*, an indirect geochemical tracer of nitrogen
fixation. We also show that the subsurface distribution of dissolved Al is
remarkably consistent with the large-scale circulation patterns of water
masses occupying the main thermocline of the SISG.

2. Materials and methods

Seawater samples were collected and analyzed aboard the R/V Roger
Revelle during the CLIVAR-CO, Repeat Hydrography 105 and I106S sec-
tions using a trace metal clean rosette fitted with twelve, 12 L GO-FLO
bottles and following the hydrocast sampling protocol described in
Measures et al. (2008b). The CLIVAR 106S section started on February
5, 2008 at the edge of the South African margin at 33°S and continued
southward along ~30°E until the Antarctic shelf edge. However, since
the trace metal rosette was lost mid-cruise due to rough seas, we only
report data from the South African shelf edge to 47.5°S for 106S
(Fig. 1). The CLIVAR 105 section, which is the primary focus of this
paper, was occupied approximately a year after the 106S cruise. 105
started at the edge of the South African margin on March 17, 2009,
transected the SISG along ~32°S and ended near the west Australian con-
tinental shelf on May 12, 2009. On the 105 cruise, a total of 86, 12-depth
vertical profiles were collected at approximately 1-degree intervals
across the upper 1000 m of the SISG (Fig. 1).

Following recovery of the rosette, subsampling of the GO-FLO
bottles was carried out in a HEPA filtered environment inside an air-
conditioned (~25 °C) laboratory container (Measures et al., 2008b).
There, the samples were filtered through 0.45 um acid-washed 47 mm
polycarbonate track-etched filters (GE-Poretics K04CP04700) into
125 mL polymethylpentene (PMP) bottles. Particulate metal concentra-
tions in total suspended matter collected on the filters were analyzed by
energy-dispersive X-Ray fluorescence as described in Barrett et al.
(2012) and a subset of this dataset is presented in Section 4.3.1. Analysis
of dissolved Fe and Al (hereinafter referred to as dFe and dAl) was
performed onboard in groups of 12-60 samples using the Flow Injection
Analysis (FIA) methods of Measures et al. (1995) and Resing and
Measures (1994), respectively. One hour prior to analysis, the PMP bottles
containing the filtered samples were acidified with 125 pL of sub-boiled
distilled HCI (6 M) and heated to 60 4 10 °C in a 900 W microwave
oven to accelerate the release of complexed Fe. The calibration of the
FIA system and drift correction procedures were performed as described
in Grand et al. (2015b). The limits of detection, defined as 3 times the
standard deviation of replicate analyses of a surface seawater sample,
were 0.02 nM for dFe and 0.20 nM for dAl. The analytical precision was
approximately 2.5% for dAl at 2.8 nM and 2.0% for dFe at 0.54 nM.

The shipboard dFe dataset of the 105 cruise was validated and
corrected by shore-based inductively coupled plasma mass spectrome-
try (ICP-MS) determinations on a subset of replicate samples brought
back to Florida State University and analyzed for dFe using the method
of Milne et al. (2010). The accuracy of the ICP-MS dFe determinations
was assessed by analyzing the SAFe and GEOTRACES community
reference standards and good agreement with the consensus values
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Fig. 1. Large-scale circulation in the upper 1000 m of the SISG after Stramma and Lutjeharms (1997). The dots show the stations sampled during the 105 and 106S (this work) and 108S-109N
cruises (Grand et al.,, 2015a,b). The diamonds show the stations sampled as part of the GEOTRACES-JAPAN expedition (ER-12 and ER-11) (Vu and Sohrin, 2013; Nishioka et al., 2013)
and Piscis Austrinus Expedition (PA-4) (Obata et al., 2004). The 105/108S crossover points refer to the area where the 105 and 108S (Grand et al., 2015a,b) cruise tracks crossed at 95°E.

ITF: Indonesian Throughflow.
Figure prepared using Ocean Data View 4.6.2 (Schlitzer, 2014).

was obtained (Table 1). The shipboard dFe data from each analytical day
was corrected using the slope and intercept of a least squares regression
between the shore-based ICP-MS and the shipboard dFe values from
that day (n = 12-24). Fig. 2 shows that the magnitude of the correction
subtracted from each sample of the shipboard FIA dataset (i.e., the
shipboard FIA system blank) was approximately 70 pM for the 105
cruise. In some cases (n = 27), the blank correction applied to the
shipboard dataset yielded near surface dFe values that were below the
analytical detection limit of the FIA method; these samples were
assigned a value equal to the FIA detection limit (0.02 nM). Since we
encountered analytical issues with our shipboard FIA system for dFe
during the I06S cruise, we report only the shorebased ICP-MS dFe values
for that section. We will use the shipboard dAl data from the I06S cruise
to discuss the impact of the Agulhas Current system on the dAl concen-
trations in the westernmost regions of the SISG.

Quality flags were assigned to the dFe and dAl dataset following the
WOCE convention, as described in Grand et al. (2015b). In addition,
some dFe samples were excluded from the dataset when the compari-
son with ICP-MS data from replicate stored samples revealed that the
sample ran at sea had been contaminated during sampling and/or
analysis. When the data from both 105 and 106S are combined, 21% of
the dFe samples and 7.5% of the dAl samples were flagged as question-
able (WOCE QF = 3) or bad (WOCE QF = 4) and are not included in
the interpretation presented here. All the dFe, dAl and ancillary data
used in this contribution are publicly available on the CLIVAR & Carbon
Hydrographic Data Office website using ExpoCodes 33RR20090320 and
33RR20080204 for 105 and I06S, respectively (www.cchdo.ucsd.edu).
The Lowered Acoustic Current Doppler Profiler (LADCP) dataset is
available on the SOEST Currents website: http://currents.soest.
hawaii.edu/clivar/ladcp/I5S_2009/. The full particulate metals dataset
will be published elsewhere and will become available online at a
later date.

Table 1
SAFe and GEOTRACES reference standard ICP-MS analyses for dFe. Data are mean + 10
and are compared with consensus values as of May 2013.

This study [nM] Consensus value [nM]

SAFe S 0.08 + 0.01 0.09 + 0.008
SAFe D1 0.59 + 0.04 0.67 + 0.04
SAFe D2 0.94 + 0.03 0.93 + 0.02
GEOTRACES GS 0.65 + 0.03 0.55 + 0.05
GEOTRACES GD 1.03 £ 0.02 1.00 £+ 0.10

3. Results
3.1. Hydrographic context

In this section, we describe the large-scale circulation of the SISG and
its water mass properties in order to provide the hydrographic context
necessary to interpret the distributions of dAl and dFe observed along
the 105 and 106S sections (Fig. 1).

3.1.1. South Indian Subtropical Gyre (SISG) circulation

The anticyclonic circulation of the SISG extends from the westward
flowing South Equatorial Current near 15°S to the subtropical conver-
gence near 40°S (Fig. 1). The southwestward-flowing Agulhas Current
forms the western boundary current of the SISG near the South
African shelf edge. The Agulhas starts south of the Mozambique Channel
and flows southwestward along the slope of the continental shelf of
South Africa. South of the Agulhas Bank, in the Agulhas retroflection
region, some Agulhas waters leak into the South Atlantic Ocean in the
form of eddies while the remainder is returned to the South Indian
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Fig. 2. Shipboard FIA dFe from 105 plotted against ICP-MS dFe measurements. The full line
and dashed lines show the least squares fit and 95% prediction intervals, respectively.
The slope and intercept of the least squares fit are listed on the plot with their respective
standard deviations.
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Ocean to form the eastward flowing Agulhas Return Current and ensu-
ing South Indian Ocean Current (Fig. 1).

Unlike its counterparts in the south Atlantic and Pacific Oceans, there
is little evidence of an eastern boundary current associated with the
south Indian gyral circulation flowing northward along the coast of
Australia (Lutjeharms, 2006). Instead, most of the water involved in
the gyral circulation recirculates in the western and central parts of
the basin while the flow east of 70°E is relatively weak and dispersed.
The eastern boundary of the 105 section is impacted by the poleward
flowing Leeuwin Current. The Leeuwin Current flows against the pre-
vailing winds along the shelf edge of western Australia (Fig. 1).

In the upper 1000 m, the anticyclonic circulation of the SISG is
concentrated in a recirculation cell located in the southwestern part of
the basin. This cell is zonally delimited by the African continent and
~70°E and meridionally restricted to the region south of Madagascar
and the Agulhas Return Current at its southern edge near 40°S (Fig. 1).
We will refer to this recirculation cell as the Southwest Indian Subgyre
(Stramma and Lutjeharms, 1997). Most of the water recirculating into
the Southwest Indian Subgyre is supplied by leakage from the Agulhas
Return Current, which carries waters with identifiable Agulhas charac-
teristics eastward until about 70°E (Lutjeharms and Ansorge, 2001).
The majority of the leakage of Agulhas Return Current waters into the
Southwest Indian Subgyre (Fig. 1) is thought to occur between 40 and
50°E (Lutjeharms, 2006; Stramma and Lutjeharms, 1997). By the time
the Agulhas Return Current reaches 70°E, it is estimated that ~30% of
its original volume remains with the balance having been absorbed
into the SISG (Lutjeharms and Ansorge, 2001; Lutjeharms, 2006).
Beyond 70°E, the remaining flow along the subtropical convergence is
named the South Indian Ocean Current (Fig. 1). Another recirculation
path is thought to emanate from the South Indian Ocean Current near
90°E (Stramma and Lutjeharms, 1997). There, about half of the trans-
port recirculates northwards towards the Southwest Indian Subgyre
while the remaining flow heads northeastwards towards Australia to
merge with the South Equatorial Current (Fig. 1). Thus the general
circulation of the SISG is characterized by relatively weak and dispersed
flow in its eastern reaches and a well-developed recirculation cell west
of 70°E, which is fed by leakage from the Agulhas Return Current along
its full length (Fig. 1). This circulation has important implications for the
water mass characteristics and distribution of dFe and dAl that we
observed along the CLIVAR 105 cruise track.

3.1.2. CLIVAR 105: property distributions, boundary currents and water
masses

The upper layers of the 105 section exhibit typical subtropical charac-
teristics. The surface layer is filled with Subtropical Surface Water
(STSW) of relatively high salinity (>35.5), except near the margins
where the advection of Tropical Surface Water (TSW) within the
Agulhas and Leeuwin currents results in slightly lower salinities
(Fig. 3A). The highest surface salinities were observed east of 73°E and
maximum values coincided with northward excursions of the cruise
track (Fig. 3A). Nitrate and phosphate concentrations in the mixed
layer were generally less than 0.2 uM, except at 2 stations near 97°E
where elevated concentrations and anomalously low sea surface
temperatures were observed (Fig. 4A). The corresponding drop in sea
surface temperatures (Fig. S1), elevated nitrate and phosphate concen-
trations and shallow mixed layer depths (~20 m, Fig. 4B) near 97°E is
consistent with the presence of a cold core eddy entraining nutrient
rich deep waters into the mixed layer. A deep chlorophyll maximum
was present at the base of the nutricline near 80-100 m at nearly
all open ocean stations of the 105 transect (Fig. 3B). The depth of the
chlorophyll maximum coincided with a pronounced subsurface oxygen
maximum from ~40°E to 100°E, suggesting that this oxygen feature is
probably the result of photosynthetic activity (Fig. 3B).

The first five stations of the 105 cruise track near the African shelf
(<31.2°E) and the last station at the Australian shelf edge were influ-
enced by the Agulhas and Leeuwin Current systems, respectively. At

the western end of the transect, the core of the Agulhas Current extend-
ed approximately 50 km offshore from the South African shelf edge. The
core manifested itself as a 400 m deep V-shaped region of surface inten-
sified southwestward flow with LADCP velocities exceeding 100 cms ™!
in the upper 200 m (data not shown). The southwestward velocities
that characterize the Agulhas Current did not extend farther than
145 km offshore, consistent with historical observations of the Agulhas
structure in this region (Beal and Bryden, 1999). At the Australian shelf
edge, the core of the surface Leeuwin Current was located near 114.5°E
and was characterized by LADCP velocities decreasing from 100 cm s~
at the surface to 50 cm s~ ! at 200 m. Interestingly, the LADCP data did
not reveal a clear signature of the Leeuwin Undercurrent, which is
usually found below the Leeuwin Current along the upper continental
slope (Domingues et al., 2007). The Leeuwin Current usually peaks in
intensity in May-June and carries warm (Fig. S1) and low-salinity sur-
face waters from the tropical Indian Ocean and Indonesian Throughflow
region poleward along the shelf break of western Australia (Domingues
et al,, 2007). Although we did not directly sample the core of the
Leeuwin Current for trace elements, the highest dFe and dAl levels of
the eastern portion of the 105 transect were measured at the edge of
the Australian shelf (bottom depth: 210 m), shoreward of the core of
the Leeuwin Current (Fig. 3C & D). It is also where we observed the
deepest mixed layer depths of the entire cruise track (~100 m, Fig. 4B).

The principal subsurface water masses occupying the thermocline of
the 105 section are Subantarctic Mode Water (SAMW), which overlies
the characteristic salinity minimum of Antarctic Intermediate Water
(AAIW). The density core of AAIW (o = 27.2 kg m~>) was only sampled
at the first station of the 105 transect and then east of 80°E, where AAIW
was shallow enough (<1000 m) for our sampling (Fig. 3A). In the Agulhas
Current region, AAIW is saltier and warmer (Fig. S1) than in the eastern
reaches of the transect due to the intrusion of high salinity and warm
Red Sea Water (Toole and Warren, 1993). The Agulhas Current AAIW
also contains higher dFe (~0.6 nM) and lower dAl (~2.5 nM) concentra-
tions than its counterpart at the eastern boundary of the section, where
dFe and dAl levels were ~0.5 and 4 nM, respectively (Fig. 3C and D).
SAMW is a product of the subantarctic zone of the Southern Ocean
formed via deep winter convective mixing. This process generates a
thick water mass with relatively uniform temperature/salinity (T/S)
properties and high oxygen, which is injected northward into the SISG.
Using the criteria of Wong (2005), SAMW (depth > 200 m, potential
vorticity < 0.5 x 107 m~' s~ ! and Sigma < 27.00 kg m—3) was identi-
fied on the 105 section between ~250 and 570 m east of 57°E (Fig. 3A).
West of 57°E, the properties of SAMW have likely been eroded via mixing
with recirculating waters in the Southwest Indian Subgyre, consistent
with the lower oxygen values observed in this region (Fig. 3B). We did
not observe an identifiable thermostad centered at 17 °C west of 40°E
previously described as Subtropical Mode Water, unlike the 1987 and
2002 occupations of the 105 section (Toole and Warren, 1993; Fine,
1993; McDonagh et al., 2005) but similar to the 1995 dataset (Donohue
and Toole, 2003).

The concentrations of dAl ranged from 1.0 to 18.1 nM in the upper
1000 m of the SISG along 32°S. The highest dAl concentrations were
observed at the margins of the basin near the South African (up to
18.1 nM) and Australian shelves (up to 10 nM) (Fig. 3C). Another
prominent feature in the dAl distribution is the subsurface region of el-
evated dAl values (>4 nM) from ~100 to 700 m that extends from the
South African margin to the Madagascar ridge near 30-50°E (Fig. 3C).
The lowest dAl concentrations (1.0-2.6 nM) were observed in the
upper 100 m from 50°E to 74°E, in SAMW near 80°E (<3 nM), and in
the density interval occupied by AAIW at the edge of the South
African shelf (Fig. 3C). The subsurface minima in dAl observed in the
SAMW near 75-80°E may be diagnostic of one of the entry points of
SAMW into the SISG (Fig. 3A and C). This type of SAMW, which is
ventilated northeast of Kerguelen Island (40°S, 80°E) and is then injected
into the SISG west of 80°E (McDonagh et al., 2005; Koch-Larrouy et al.,
2010), can be sourced from the northern part of the Antarctic Circumpolar
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Fig. 3. Upper 1000 m property distributions along 105 (32°S). Black dots show the samples analyzed for dAl and dFe. A: Salinity, the white contour shows the approximate position
of SAMW defined using the criteria of Wong (2005). B: Oxygen and subsurface fluorescence maximum shown as black contour, C: dissolved Al overlaid with potential density contours
(0o [kg m—3]), D: dissolved Fe shown with selected concentration contours. Acronyms: TSW: Tropical Surface Water; STSW: Subtropical Surface Water; RSW: Red Sea Water; AAIW: Ant-

arctic Intermediate Water; SAMW: Subantarctic Mode Water.
Figure prepared using Ocean Data View 4.6.2. (Schlitzer, 2014).

Current and Agulhas Return Current, where negligible dust inputs result
in low dAl surface concentrations (Grand et al., 2015a,b).

The highest dFe concentrations were also observed at the stations
nearest to the South African (0.78-1.37 nM) and Australian shelves
(0.25-1.04 nM) and decreased offshore. Subsurface dFe levels were rel-
atively elevated west of the Madagascar Ridge (45-50°E), as illustrated
by the deepening of the 0.2 nM dFe isopleth east of the ridge (Fig. 3D).
The concentrations of dFe in the mixed layer of the SISG were uniformly
low from 35 to 80°E (0.05 + 0.02 nM, n = 41) but more patchy east of
80°E with 3 regions centered about 85°E, 95°E and 110°E where mixed
layer dFe values were relatively elevated (0.1-0.16 nM, Fig. 3D).

3.1.3. CLIVAR I06S: property distributions and main currents

Only a brief description of the salinity, temperature, and dAl and dFe
distributions is presented for the I06S section, since most of our
observations are concentrated in the upper 250 m of the water column.
On this section, the dFe and dAl concentrations ranged from 0.07 to
1.15 nM and 0.95 to 22 nM, respectively. The highest dFe and dAl
concentrations were observed in the northern reaches of the transect
and the lowest dAl levels were observed south of 46.5°S (Fig. 5B & C).
The first 9 stations of the 106S section near the African shelf edge
(north of 34°S) were located within the Agulhas Current. At these
stations, relatively warmer and lower salinity Tropical Surface Water
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inspecting temperature and salinity profiles at each station.

was found in the upper 250 m (Fig. 5A), along with the highest dAl (up
to 22 nM) and dFe (up to 1.1 nM) concentrations of the I06S transect.
We crossed the Agulhas Front near 40°S. The Agulhas Front coincided
with a narrow jet of eastward LADCP velocities extending throughout
the upper 850 m at40°S (Fig. 5D), a 3 °Cdrop in sea surface temperature
and a southward decline in salinity that was most pronounced below
200 m (Fig. 5A). Further south, near 42.5°S, the Subtropical Front
(STF) marks the southern limit of the influence of warm, high salinity
subtropical waters that are carried eastwards with the Agulhas Return
Current (Fig. 5A). In the southwest Indian Ocean, the STF is associated
with some of the highest horizontal temperature and salinity gradients
of the world ocean (Lutjeharms, 2006), with surface temperature and
salinity dropping by 7 °C and 1.51 PSU over 1-degree of latitude as we
crossed the STF near 42.5°S during 106S. The position of the STF also
coincided with a remarkable gradient in dAl concentrations extending
throughout the upper 850 m of the water column (Fig. 5B). Going
southward across the STF, surface dAl concentrations decreased by a
factor of 3.3.

4. Discussion

In this section, we will first compare our observations with available
dFe and dAl data in the South Indian Ocean. We will then focus on the
distribution of dAl in the upper layers of the 105 section along 32°S in
order to determine the pattern and magnitude of dust deposition
to the SISG and implications for dFe cycling and nitrogen fixation pro-
cesses. We will finally concentrate on the particulate and dissolved Fe
and Al distributions in waters influenced by the Agulhas Current and
on the elevated subsurface concentrations of dFe and dAl observed
in the Southwest Indian Subgyre that appear to terminate near the
Madagascar Ridge (Fig. 3C & D).

4.1. Comparison with historical observations

4.1.1. Central south Indian subtropical gyre

There are few trace element data in the SISG against which our
observations can be compared (Fig. 1). Near the center of the gyre,
Nishioka et al. (2013) and Vu and Sohrin (2013) measured dFe and
dAl (<0.2 um) at 2 stations during the GEOTRACES-JAPAN program

(Fig. 1). In general, the dAl data from stations ER-11 and ER-12 were
at the lower end of the range of our observations along 105 from the
SW Indian Ridge to the SE Indian Ridge (Fig. 6A).

The dFe data from station ER-12 were in excellent agreement with
our dFe observations throughout the water column (Fig. 6C). However,
the dFe concentrations deeper than the 26.8 kg m—> density surface at
station ER-11, which lies ~5° north of the 105 cruise track, were signifi-
cantly lower than our observations (Fig. 6C), suggesting that there is a
decreasing northward gradient in dFe concentrations in the deeper
layers (>800 m) of the central south Indian subtropical gyre. The
lower deep dFe concentrations in the northern reaches of the SISG
may reflect lower remineralization inputs, considering the lower
surface productivity inferred from satellite imagery in the northern
reaches of the SISG (Fig. 7).

4.1.2. Crossover with the CLIVAR I08S section

The CLIVAR 108S section sampled the eastern reaches of the SISG for
dFe and dAl along 95°E two years prior to the 105 occupation (Grand
et al.,, 2015b). Fig. 8 compares our dAl, salinity and dFe observations at
3 stations from 105 and 2 stations from I08S at the crossover point be-
tween the cruise tracks (Fig. 1). Although vertical profiles of dAl during
108S and 105 display similar features, the dAl concentrations from 108S
were lower than I05 throughout the water column (Fig. 8A). In the
SAMW and AAIW density intervals, which are too deep (>400 m) to
be influenced by possible inter-annual differences in dust deposition
from the overlying surface layer, the dAl data from I08S were on average
1.3 nM lower than on I05. Considering that the 108S and 105 cruise tracks
were sampled two years apart, it is possible that the differing subsurface
dAl concentrations observed near 95°E reflect temporal variations in the
dAl concentrations in SAMW and AAIW. Although an analytical offset
between the cruises cannot be entirely ruled out, it is plausible that
the SAMW sampled during 105 may have received higher dust inputs
in its subduction region compared to the SAMW variety measured
during 108S. Except for 5 data points in the upper portion of the water
column that coincide with lower salinities during 108S (Fig. 8B & C),
the dFe data in SAMW and AAIW at the crossover point of 108S and
105 showed no significant differences (Mann-Whitney U-test). Note
that, unlike dAl, the subsurface dFe concentrations in SAMW are unlike-
ly to record potential temporal differences in dust deposition in the
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Figure prepared using Ocean Data View 4.6.2 (Schlitzer, 2014).

subduction region of SAMW between the 105 and 108S occupations since
the residence time of dFe in surface waters is much shorter than that of
dAl

4.1.3. Eastern Indian Ocean

The only other published Al data in the SISG are dissolved Al
(<0.04 um) measurements collected in late 1996 during the Japanese
led Piscis Austrinus Expedition (Obata et al., 2004). The vertical dAl pro-
files of station PA-5 and from 2 neighboring 105 stations showed similar
shape characteristics; a surface maximum followed by decreasing dAl
concentrations until about ~400 m, with relatively invariant concentra-
tions below that (Fig. 9). From 100 to 400 m, our dAl data were higher
than the PA-5 observations and part of the difference may be due to
our operational definition of dissolved Al that includes colloidal Al,
unlike the data of Obata et al. (2004). However, direct measurements
of the colloidal fraction of Al have shown that Al colloids contribute at
most to 11% of the dAl pool (Moran and Moore, 1989; Reitmeyer et al.,
1996; Dammshduser and Croot, 2012), suggesting that the higher dAl
concentrations (~1 nM) that we observed from 100 to 400 m relative

to station PA-5 are unlikely due to the presence of colloidal Al in our
samples. Considering the 13 years that separated our sampling from
that of Obata et al. (2004), it is more likely that the offset results from
temporal variations in the dAl content of subsurface waters.

4.2. Dust deposition along 32°S in the south Indian subtropical gyre

The deposition and partial dissolution of atmospheric dust is the
dominant source of dAl to surface waters of the open ocean (Maring
and Duce, 1987). Inorganic scavenging removal of dAl onto sinking
particulate matter constitutes its principal sink (Moran and Moore,
1992), consistent with the scavenged type profile that many dAl profiles
display in the open ocean (Orians and Bruland, 1985; Bruland and
Lohan, 2003). Thus the concentration of dAl in the surface waters at a
given location of the remote ocean can be used to trace the pattern
and estimate the magnitude of total dust deposition because it reflects
the steady state balance between the magnitude of dust deposition
(i.e., wet + dry) and particulate scavenging removal (Measures and
Brown, 1996). In order to calculate total dust deposition across the
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ER11 and ER12: dAl data from Vu and Sohrin (2013), dFe data from Nishioka et al. (2013).

SISG, we used the modified version of the Measurement of Aluminium
for Dust Calculations in Oceanic Waters (MADCOW) described in
Grand et al. (2015a). Briefly, this model assumes steady state, only
an atmospheric source of Al and calculates total dust deposition
(i.e., wet + dry) using the mean dAl concentration in the climatological
mixed layer of each 105 station. The depth of the climatological mixed
layer is retrieved from the Argo float data compilation of Holte et al.
(2010). The model assumes a scavenging residence time of dAl in
surface waters of 5 years, a fractional solubility of aerosol Al of 3.6%
(derived from all available measurements from the Atlantic and Pacific
Oceans) and a constant mass ratio of Al in dust of 8.1% across the
transect (Grand et al.,, 2015a). Our dAl-based total dust deposition fluxes
are estimated to have an uncertainty on the order of a factor of 3.5
(Grand et al., 2015a), mainly because of the assumptions of fractional
solubility of aerosol Al and mixed layer residence time of dAl, which
we assume remain constant along the transect.

4.2.1. dAl based deposition estimates and source regions

Fig. 10 shows our dAl-based estimates of dust deposition along the
105 cruise track overlaid with the annual composite atmospheric model
deposition estimates of Mahowald et al. (2005). Although more recent
model deposition outputs are presently available (e.g., Mahowald et al.,
2011), we use the model data of Mahowald et al. (2005) for consistency
with our previous work in the Indian Ocean (Grand et al., 2015a). Our es-
timates of dust deposition range from 60 to 685 mg m~ 2 yr~ !, with
higher deposition occurring at the western and eastern ends of
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the gyre and relatively lower deposition from ~55 to 75°E (Fig. 10;
Table 2). The mineralogical composition of aerosols collected at
Amsterdam Island in the South Indian Ocean (34°S, 77°E) and during a
previous occupation of the 105 cruise track suggest that the principal
dust sources impacting the SISG are Australia, South Africa and/or
Madagascar (Gaudichet et al., 1989; Witt et al., 2006). Numerical
atmospheric models suggest a similar Australian/South African source
apportionment across the SISG (Tanaka and Chiba, 2006; Mahowald,
2007; Mahowald et al., 2011). The zonal patterns of total dust deposition
inferred from mixed layer dAl along 32°S (Fig. 10) are consistent with the
dominance of South African sources impacting the western SISG (<55°E)
and Australian aerosols yielding higher deposition in the eastern reaches
of the transect (>75°E). From 55 to 75°E, the relatively low dAl-based
deposition suggests that air masses influencing this region have a mostly
maritime life history and are thus not carrying significant amounts
of continental aerosols (Fig. 10). Five-day backward air mass back
trajectories run at every other station across the 105 section at altitudes
of 10, 500 and 1000 m above sea level (Draxler and Rolph, 2015) show
that air masses in the atmospheric marine boundary layer at stations
west of ~32.5°E and east of ~105°E briefly passed over South Africa
and transited over western Australia within 5-days prior to our sampling,
respectively.

4.2.2. Comparison with composite atmospheric model estimates

Our dAl-based estimates of deposition are broadly consistent with
composite atmospheric model simulations west of 75°E but not in the

MAY 1997-2007

70E 80E 90E 100E110E120E

Fig. 7. Mar-Apr-May surface chlorophyll-a levels averaged from 1997 to 2007. The red symbols show the 105 stations.

Based on SeaWIFS imagery, units mg m™>.



118 M.M. Grand et al. / Marine Chemistry 176 (2015) 110-125
dAl [nM] Salinity dFe [nM]
0 1 2 3 4 534 345 35 355 360 041 02 03 04 05

24.8 A - 105 B C {248
— o 108S
‘?E 25.2 25.2
= @ 4 [o]o) @ O g4
= 256 ) o o0 125.6
2 O § = °© 5 4 @ 2
7]
éCJ 26 % < » 126
.f_E ey ® e ® O ]
S264L B e b N N SO 6 T 26.4
2 %}_ . SAMW 2
$o68F---@pte,-- pF--pm----H F---= <& —gP-,~ 1268

27.2 o .,° é AAIW * gor2

Fig. 8. Data comparison at the 108S/105 crossover along 95°E. A: dAl [nM], B: salinity, C: dFe [nM]. Gray dots are all the CLIVAR 105 stations from 3 stations along 34°S at 94, 95 and 96°E. The
blue dots show data from the 108S cruise (2007) along 95°E at 34.5°S and 33.5°S (Grand et al., 2015b). The dashed lines show the density interval of SAMW. Waters lying below the full line
are considered AAIW. Note that the salinity data were analyzed to WOCE precision and accuracy standards on both 105 and 106S.

eastern basin, where our estimates are systematically higher (Fig. 10).In
our previous work along a 95°E meridional CLIVAR transect (Grand
et al,, 2015a), the dAl-based estimates of total deposition were also
significantly higher than the model composite of Mahowald et al.
(2005), suggesting that models may underestimate the magnitude of
Australian dust deposition in the eastern SISG. However, what is per-
haps most puzzling are the pronounced latitudinal gradients in our cal-
culated dust deposition occurring west of 75°E (Fig. 10). In particular,
the largest discrepancies between our dAl-based estimates and those
of atmospheric models occur where the cruise track veered
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Fig. 9. Data comparison in the eastern Indian Ocean near 110°E. These data are compared
with two neighboring 105 stations. See Fig. 1 for station positions. The dashed lines show
the approximate depth intervals occupied by SAMW (based on density data from the
105 section at 110°E). Waters below the solid line are AAIW. Note that the data in the
blue circle in parenthesis near 800 m from PA-5 is probably contaminated. Since there
were no density data available in Obata et al. (2004) work, data are plotted versus depth
rather than density.

PA-5 are dAl data (<0.04 um) from Obata et al. (2004).

equatorward from ~75°E to 95°E and then from ~100°E to 110°E
(Fig. 10). These differences suggest that we sampled the edge of a region
in the SISG with significant depositional gradients and appear to con-
firm that atmospheric models underestimate the magnitude and/or me-
ridional extent of Australian dust deposition in the SISG, consistent with
previous findings from the 108S and I09N transects along 95°E (Grand
et al,, 2015a).

There are several factors inherent to the assumptions of the
MADCOW model that could produce latitudinal gradients in our deposi-
tion estimates east of 75°E (Fig. 10). These include: (1) the advection of
dAl-enriched waters from beyond our sampling area at the northern-
most stations of the 105 cruise track, (2) latitudinal variations in the
fractional solubility of aerosol Al (3) latitudinal changes in the mixed
layer residence time of dAl, and (4) an adventitious combination of all
the above parameters. The latitudinal fluctuations in our dAl-based
deposition estimates east of 75°E are unlikely to be the result of physical
circulation. Indeed, there was no consistent pattern in the LADCP veloc-
ities at the northernmost stations of our cruise track suggesting that the
higher dAl concentrations observed in these regions (Fig. 11) could be
the result of the advection of dAl-enriched waters from elsewhere.
The steric height maps of Reid (2003) also suggest that the surface
waters along the cruise track originate from the south, where lower
surface dAl concentrations are generally found (Grand et al,, 2015a). It
is also unlikely that variations in the fractional solubility of aerosol Al,
which we assume is constant at 3.6% in MADCOW, could produce the
pronounced latitudinal gradients in deposition observed along the 105
transect. Indeed, it would be necessary to increase the Al solubility in
MADCOW by a factor of about four in order to match the total deposi-
tion estimates of Mahowald et al. (2005) in areas where the cruise
track veered equatorward (Fig. 10). Considering that the fractional
uncertainty (4 20) of our mean aerosol Al solubility is ~200% based
on all available solubility measurements in the Atlantic and Pacific
Oceans (Buck et al.,, 2010, 2013 as summarized in Grand et al., 2015a),
it seems unlikely that fluctuations in the solubility of Al on the order
of 400% could occur along the 105 transect. Lastly, it cannot be ruled
out that the mixed layer residence time of dAl increases in the northern-
most regions of our cruise track. In this regard, we note that we intruded
a region characterized with lower surface productivity as the cruise
track veered equatorward from 75 to 95°E and again near 110°E
(Fig. 7). This observation suggests that scavenging removal rates of
dAl at the northernmost stations of our cruise track may be lower,
which would increase the residence time of dAl in these waters and
produce overestimated dAl-based deposition fluxes when assuming a
uniform 5 yr dAl residence time along the transect. However, the
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Fig. 10. Dissolved Al-based dust deposition estimates along 105. The composite model deposition estimates of Mahowald et al. (2005) closest to each 105 station are shown by the red line.
Note that stations within the Agulhas (n = 5) and Leeuwin (n = 1) Currents are excluded due to the advection of surface waters of northerly origin. Also excluded are two 105 stations near
97°E and one station near 105°E because of the presence of an eddy bringing deep dAl depleted waters into the mixed layer and an anomalously deep Argo mixed layer.

residence time of dAl would need to be increased by a factor of about
four (i.e., about 20 years) as the cruise track headed north from 34°S
to 31.5°S (Fig. 10) to match the composite model estimates of
Mahowald et al. (2005). Such a sharp change in the scavenging resi-
dence time of dAl over such a narrow latitudinal range (i.e., 2.5°)
seems rather unlikely in the SISG. Although variations in the above pa-
rameters might fortuitously combine to produce the observed latitudi-
nal gradients in deposition shown in Fig. 10, it seems more likely that
a large part of the observed gradient in deposition is real, perhaps be-
cause we intruded the region where the bulk of Australian dust is
being deposited each time the cruise track veered equatorward. The
above considerations thus suggest that atmospheric model estimates,
which have an uncertainty on the order of a factor of 10 (Mahowald
et al., 2005), appear to underestimate total deposition and do not re-
solve small-scale variations in dust deposition east of 70°E in the SISG
(Fig. 10). Interestingly, the observed latitudinal gradients in deposition
appear to match the independent gradients we see in N* (discussed in
Section 4.2.5), as illustrated by the positive correlation between mean
mixed layer N* and mean mixed layer dAl along the 105 transect
(Fig. 12).

4.2.3. Dust deposition and mixed layer dFe

The low dFe concentrations in the upper 180 m (0.09 + 0.05 nM,
n = 426) of the gyre suggest that dFe inputs from below via convective
mixing are negligible considering that the deepest mixed layers

Table 2
Dust deposition and dFe fluxes along 32°S in the SISG. The numbers given are ranges
(min-max) in the western, central and eastern sectors of the SISG.

Longitudinal Mineral dust deposition Aeolian dFe deposition
range (mgdustm—2yr—") (umol dFem—2y~1)
Western gyre: 31.6-55°E 90-685 2.6-20

Central gyre: 55-75°E 60-325 1.7-9.5

Eastern gyre: 75-114.5°E 135-570 4.0-17

observed along the 105 cruise track averaged 80 4+ 30 m (mean + 10)
since the start of Argo sampling in the Indian Ocean in 2000. Further-
more, mean concentrations of dFe in the mixed layer along the cruise
track largely match mixed layer dAl concentrations, suggesting that
dust deposition is the dominant source of dFe to the upper layers of
the SISG, particularly west of 75°E (Fig. 11). However, there are several
regions east of 75°E where mixed layer dAl and dFe are decoupled. Near
97°E, the spike in dFe which is not accompanied by a corresponding dAl
spike is most likely due to the presence of a cold core eddy bringing dFe
enriched and dAl poor deep waters into the mixed layer (Fig. 11). As
mentioned in Section 3.1.2, nitrate and phosphate were elevated in
this region (Fig. 4A) while mixed layer salinity and temperature were
lower than surrounding stations, consistent with the injection of deeper
waters into the mixed layer. It is not clear what causes the decoupling in
mixed layer dAl and dFe near 92°E and 102°E (Fig. 11). Since the salinity,
temperature and macronutrient data did not reveal any anomalies that
could be attributed to inputs from below or waters advected laterally,
we surmise that biological uptake of dFe may be responsible for the
lower dFe concentrations in these regions.

4.24. Aeolian dFe deposition along 105

The magnitude of aeolian dFe deposition across the SISG can be
estimated using our dAl-based dust deposition estimates and assuming
that dust contains 3.5% Fe (w/w) with a uniform aerosol Fe fractional
solubility of 4.6% across the 105 transect (Table 2). The 4.6% fractional
solubility of aerosol Fe is the geometric mean of Witt et al. (2010)
solubility measurements on aerosol-laden filters collected in the south-
west Indian Ocean offshore Madagascar. These data are, to the best of
our knowledge, the only published aerosol Fe solubility data for the
southern Indian Ocean. We estimate that the deposition and partial dis-
solution of atmospheric dust may supply 1.7-20 pmol dFe m~2 y~!
(Fig. 13A, Table 2). Since aerosols originating from South Africa appear
to be enriched in Fe relative to the average composition of the continen-
tal crust (Witt, 2003; Witt et al., 2006), it is possible that our dFe depo-
sition fluxes at the western end of the transect are underestimated.
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Fig. 11. Mean mixed layer dFe and dAl across the 105 cruise track excluding data from the Agulhas and Leeuwin Current systems.
The mixed layer depth (MLD) at each station was calculated using the density criterion of De Boyer Montégut (2004).

Nevertheless, and despite the various uncertainties associated with our
approach, our estimates of aeolian dFe deposition from 56 to 67°E (1.7-
5.2 umol dFe m™2 yr~ ') along 32°S compare very well with the deposi-
tion fluxes of Witt et al. (2010) (0.4-5.5 umol dFe m~2 yr~ ) calculated
within the same longitudinal band at the northern edge of the SISG via
shipboard aerosol sampling. Our estimates across the SISG (1.7-
20 pmol dFe m~2 y~!) are also in good agreement with the modeled
soluble Fe deposition data of ~0.6-29 umol dFe m~2 yr~! from the
works of Han et al. (2012) and Luo et al. (2008) but are significantly
lower than the modeled annual dFe deposition fluxes of 20--
100 umol dFe m™~2 yr~ ! reported by Fan et al. (2006). Note that the
model estimates of Fan et al. (2006) also appear to significantly overes-
timate the magnitude of aeolian dFe deposition to the Indian sector of
the Southern Ocean (Grand et al., 2015a).

Using the mean mixed layer depth dFe concentrations and our
estimates of dFe deposition at each station along the cruise track, we
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Fig. 12. Model Il regression between mean mixed layer N* and dAl along the 105 transect.
Note that the stations impacted by the Agulhas and Leeuwin Currents are excluded. The
slope and intercept of the equation are given with their respective standard deviations.

estimate that the residence time of dFe in the upper layers of the
south Indian subtropical gyre with respect to dust deposition is on the
order of weeks to months (0.4 4+ 0.4 yr, mean + 10). This value is sim-
ilar to the mean 0.6 yr residence time calculated in the northern reaches
of the SISG (Grand et al., 2015a) and also compares well with the
~2 weeks to 5 months range reported for the North Atlantic Ocean
(Sarthou et al., 2003; Bergquist and Boyle, 2006; Buck et al., 2010).

4.2.5. Dust deposition and nitrogen fixation across the SISG

Several observational and modeling studies have suggested that the
availability of dFe in surface waters of oligotrophic regions may influence
the magnitude and location of nitrogen fixation, with important implica-
tions for the global oceanic inventory of fixed nitrogen and its response
to a changing climate (Falkowski, 1997; Berman-Frank et al., 2001;
Moore et al., 2009; Okin et al., 2011; Dutkiewicz et al., 2012; Ward
et al,, 2013; Shiozaki et al,, 2014). Along our 32°S section, the zonal dis-
tribution of mean mixed layer N*, an indirect tracer of nitrogen fixation,
and the pattern of aeolian dFe deposition inferred from mixed-layer dAl
show remarkable similarities (Fig. 13A and B): from west to east, both N*
and aeolian dFe deposition decrease from ~30°E to 75°E, show a broad
peak near ~70-95°E and then increase east of 100°E until the
Australian margin. N* is defined as N* = NO; —16P0,4 + 2.9 umol kg~ !,
, and approximates the excess of nitrate in a body of water assuming a
constant N:P Redfield ratio of 16:1 during biological uptake and subse-
quent remineralization of organic matter (Gruber and Sarmiento, 1997;
Deutsch et al., 2001). By definition, positive N* values can be interpreted
as an excess of nitrate unaccompanied by phosphate, or a loss of
phosphate without a stoichiometric nitrate loss.

From a geochemical standpoint, positive N* values could be the re-
sult of phosphate removal from the surface layer due to the adsorption
of phosphate onto freshly deposited dust particles coated with iron oxy-
hydroxides, thereby explaining the similarity in the spatial patterns of
N* and aeolian dFe inputs and their broad inverse relationship with
mixed layer phosphate (Fig. 13). However, phosphate adsorption
experiments using Saharan soil and dust samples exposed to Mediterra-
nean seawater showed insignificant adsorption of phosphate onto
Saharan soil (Ridame et al., 2003) and dust (<1.3%, Carbo et al., 2005).
Positive N* values in the upper layers of the SISG could also result
from atmospheric deposition of fixed nitrogen, with enhanced nitrogen
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Fig. 13. Aeolian dFe deposition and mean mixed layer (MLD) values of N* and phosphate along the 105 transect. A: Aeolian dFe deposition flux based on our dAl based estimates of dust
deposition assuming a 4.6% solubility of aerosol Fe and 3.5% Fe content in dust (w/w). B: Mean N* in the mixed layer calculated using the N* definition (N* = NO3 — 16PO, + 2.9 umol kg )

of Deutsch et al. (2001). C: Mean mixed layer phosphate.

The depth of the mixed layer at each station was defined using the density criterion of De Boyer Montégut (2004).

deposition likely occurring downwind of industrial and agricultural
regions due to fossil fuel combustion and the use and production of
fertilizers. However, even an exceptionally large depositional event is
unlikely to increase surface concentrations above the threshold that
would suppress N,-fixation (Duce et al., 2008; Zamora et al., 2010).
The above considerations suggest that the pattern of N* observed across
the mixed layer of the SISG is most likely the result of N-fixation and not
the result of abiotic P removal and/or N deposition.

Interestingly, both Gruber and Sarmiento (1997) and Deutsch et al.
(2001) observed that the location of nitrogen fixation inferred from
N* and model outputs of dust deposition showed similar spatial
patterns in the Atlantic and southwest Pacific, respectively. Our data
expands this relationship to the SISG using deposition estimates that
are based on observations in the upper-ocean rather than atmospheric
model outputs. Although the spatial similarities between the distribu-
tions of N* and aeolian Fe inputs in the gyre do not constitute proof
that nitrogen fixation in the SISG is supported by aeolian dFe inputs,
we note that Poulton et al. (2009) observed high numbers of
Trichodesmium and N,-fixing diatoms above the Madagascar Ridge
near 27°S and east of Madagascar. These observations corroborate the
high N* values observed at the western end of our transect (Fig. 13B),
where both our estimates and atmospheric models show relatively ele-
vated dust deposition fluxes that originate from the African continent
(Fig. 10). In addition, in the Indian Central Water (ICW) along 105
west of 60°E (0p = 26.1-26.8 kg m~3) but excluding the stations influ-
enced by the Agulhas Current on the east African shelf, the slope of
Model II regressions between Fe and AOU (7.3 =+ 0.85 umol mol ')
and Nitrate and AOU (0.23 =+ 0.85 mol mol™') were 1.8 and 1.5 times
higher than that observed along the ICW found along the 95°E eastern
Indian Ocean meridional section described in Grand et al. (2015b),
respectively. The higher Fe:AOU and Nitrate:AOU ratios observed in the
ICW along 105 may reflect the remineralization of Fe rich and N-rich or-
ganic material, unlike on the 95°E section where no evidence of nitrogen
fixation was observed. Clearly, more observations of the distribution of
nitrogen fixing organisms and their activity within the euphotic zone

of the SISG are needed to confirm and elucidate the potential impact of
aeolian Fe deposition on nitrogen fixing processes in the Indian Ocean.

4.3. The Agulhas Current system and Southwest Indian Subgyre

4.3.1. Particulate and dissolved distributions within the Agulhas Current

The high internal velocities of the Agulhas Current (up to 200 cms™
at the surface and >10 cm s~ ! at 1000 m depth) have the potential
to induce massive sediment erosion, resuspension and transport
along the steep and narrow (3-40 km) southeastern African shelf
(Flemming, 1981). The impact of the Agulhas Current on sediment
dispersal is well illustrated by the particulate Fe (pFe) and Al (pAl)
distributions measured at the first five stations of the 105 transect,
which show a pronounced decrease with distance from the continental
margin with the highest pFe (up to 230 nM) and pAl (up to 690 nM)
concentrations measured at the first two stations of the transect,
where the highest velocities of the Agulhas Current were observed
(Fig. 14). At these stations, the mean pFe:pAl ratio was 0.37 4+ 0.05
mol:mol (n = 20), within the range of the upper continental crust
(0.27, Wedepohl, 1995) and surficial sediments collected at ~2000 m
underneath the Agulhas Current near 29.6°S, 32.8°E (0.56, Franzese,
2008).

Although the resuspension of shelf sediments by the Agulhas
Current is clearly seen in the particulate distributions, a distinct
sedimentary signal is not especially evident in the dAl distributions.
For example, the dAl and pAl profiles at the first five 105 stations
under the influence of the Agulhas Current do not show similar vertical
and horizontal trends (Fig. 14). In particular, the dAl profiles of the first
two stations of the 105 section show a typical scavenged like profile,
which do not reflect the multiple maxima observed in the pAl distribu-
tions (Fig. 14, red and green profiles). In addition, while the pAl profiles
exhibit decreasing concentrations with distance from the coast, the
second station sampled for dAl on 105 had lower dAl concentrations
below 250 m relative to stations further offshore (Fig. 14, green).
These considerations suggest that sediment resuspension processes

1
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Fig. 14. Particulate and dissolved Fe and Al profiles at the first five stations of the 105 section, which are impacted by the Agulhas Current. Note that the particulate Fe and Al profiles are

plotted on a logarithmic scale due to the large zonal concentration gradients.

within the core of the Agulhas Current along the 105 section (i.e., release
of pore waters and particle dissolution) have little influence on the dis-
tributions of dAl near the African shelf, at least near the 105 section.
Rather, the distribution of dAl appears to be dominated by surface
dust inputs, scavenging removal and the lateral advection of water
masses at depth. In contrast, the dFe and pFe profiles at the first 3 sta-
tions of the 105 transect display broadly similar trends, suggesting a
greater sedimentary influence on the dFe distributions compared to
dAl, perhaps because of the dissolution of Fe-oxyhydroxides coating
sediment particles and/or Fe released from organic debris.

The influence of the Agulhas Current on the distribution of dAl near
the African shelf can also be investigated by comparing the dAl distribu-
tions measured during I06S in February 2008 with the 105 stations
located approximately 325 km north and up current of the 106S section
(Fig. 1). The dAl concentrations were significantly higher throughout
the water column during 106S compared to that observed upstream
during 105 (Fig. 15A). For example, in the density interval oy = 24.5-
26.65 kg m~>, dAl levels were about two times higher on 106S
(11.2 &£ 1.6 nM, mean + 10, n = 22) than on 105 (5.4 £+ 2.21 nM,

mean + 10, n = 31) and the difference is significant. Considering the
relatively short distance (~325 km) and one-year period that separated
the occupation of the 105 and 106S Agulhas crossings as well as the
decoupling of the dAl and pAl distributions observed on 105 (see
above), the higher dAl concentrations observed in subsurface Agulhas
waters on the I06S cruise are more likely the result of physical circula-
tion rather than the result of differing degrees of sediment resuspension
along the pathway of the Agulhas Current. One possible explanation for
the higher subsurface dAl levels observed on the 106S Agulhas Crossing
is that we may have sampled the remnants of a Mozambique Channel
eddy embedded in the Agulhas Current during the I06S section
but not during 105. This idea is consistent with the lower salinities
(Fig. 15B) and higher nitrate concentrations (Fig. 15C) observed in the
density interval 0, = 25-26.2 kg m~> on 106S relative to 105, consider-
ing that Mozambique Channel eddies supply waters with elevated
nitrate concentrations to the headwaters of the Agulhas Current that
are inherited from the tropical northwestern Indian Ocean (Swart
et al., 2010). More observations along the pathway of the Agulhas
Current are needed to determine and quantify the processes that
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Fig. 15. Data comparison at the 105 and I06S Agulhas Current crossings. A: dAl [nM], B: salinity, C: nitrate [umol kg ~']. The 105 and 106S Agulhas crossings were sampled one year apart and
are located ~325 km from each other. Note that the salinity and nitrate data were analyzed to WOCE precision and accuracy standards on both 105 and 106S. Thus the differences in salinity
and nitrate concentrations between 105 and I06S are real and not the result of an analytical offset.

could deliver dAl and dFe enriched waters to the Agulhas retroflection
region and Agulhas Return Current. Such data would be particularly
useful to determine the role of bioactive trace elements in sustaining
the relatively elevated productivity that coincides with the path of the
Agulhas retroflection and Agulhas Return Current west of 40°E (Fig. 7).

4.3.2. Elevated dAl in the Southwest Indian Subgyre

We now focus on the subsurface region (~100-700 m) of elevated
dAl (>4 nM), which extends from the African margin and terminates
near the Madagascar Ridge near 45-50°E (Fig. 3C). This region also coin-
cides with elevated subsurface dFe levels, particularly at ~100-400 m
relative to regions east of the Madagascar Ridge (Fig. 3D). The subsurface
waters occupying the water column west of Madagascar ridge are part of
the recirculation cell of the Southwest Indian Subgyre, as illustrated by
lower oxygen levels relative to the SAMW lying to the east (Fig. 3B).
Considering that about 60% of the upper 1000 m flow of the Agulhas Cur-
rent appears to be returned in the Southwest Indian Subgyre along the
advective pathway of the Agulhas Return Current (Lutjeharms, 2006),
any geochemical imprints acquired and/or transported with the Agulhas
Current may be transferred, albeit in an eroded form, into the Southwest
Indian Subgyre.

Table 3 compares the mean dAl concentrations between the density
intervals 25.75-26.75 kg m~—> west of Madagascar Ridge but outside of
the Agulhas Current from 105 with that observed within the same
density intervals at 2 stations near the Agulhas Return Current during
106S. The concentrations of dAl were significantly higher within the
Agulhas Return Current compared to that observed in the Southwest
Indian Subgyre during 105 in both density intervals listed in Table 3
(Mann-Whitney U-test, p < 0.01), suggesting that the recirculation of
dAl enriched Agulhas Return Current waters into the Southwest
Indian Subgyre can sustain the elevated dAl concentrations observed
along 32°S west of Madagascar Ridge. The termination of the region of
elevated dAl near the Madagascar ridge (45-50°E) is consistent with
hydrographic observations along the path of the Agulhas Return
Current, which suggest that the major leakage of the Agulhas Return
Current into the Southwest Indian Subgyre occurs west of 45-50°E
(Sparrow et al., 1996; Lutjeharms and Ansorge, 2001; Lutjeharms,

Table 3

Dissolved Al (nM) in the Agulhas Return Current (I06S) and Southwest Indian sub-gyre
(105). The data from the Southwest Indian sub-gyre are from 32.3°E to 45°E along 105
and exclude data from the Agulhas Current system.

Density range

Oy = 25.75-26.75 kg m 3
0y>26.75 kg m—3

Agulhas Return Current

72+08nM (n=7)
58 £09nM (n=3)

105 SW Indian sub-gyre

47 + 0.6 M (n = 54)
34+03nM (n = 14)

2006). Interestingly, the dAl concentrations decreased by about 40%
from the Agulhas Return Current to 32°S in the density range 25.75-
26.75 kg m~> and below 26.75 kg m™2, suggesting that dAl-rich
Agulhas Return Current waters within these two density intervals are
subjected to the same degree of mixing and scavenging dAl removal
during their northward transit (Table 3).

5. Conclusions

The distributions of dFe and dAl (<0.45 pm) in the South Indian
Subtropical Gyre are primarily impacted by mineral dust deposition
and the large-scale circulation patterns of the gyre. The influence of
the gyre circulation was particularly evident for dAl, considering that
the majority of the subsurface features in the dAl distribution are consis-
tent with the accepted dynamics and circulation pathways of water
masses occupying the main thermocline of the South Indian Subtropical
Gyre. Using data from the meridional I06S transect along 30°E, we
show that the relatively elevated subsurface dAl values west of the
Madagascar Ridge along 32°S can be sustained by leakage of dAl-rich
waters from the Agulhas Return Current into the Southwest Indian
Subgyre. The termination of this region of elevated dAl in the vicinity
of the Madagascar Ridge (45-50°E) corroborates the notion that most
of the leakage from the Agulhas Return Current into the Southwest
Indian Subgyre likely occurs west of about 50°E and considerably de-
creases beyond this longitude. Further east near 80°E, low subsurface
dAl concentrations along 32°S appear to coincide with the longitude
where Subantarctic Mode Waters formed north of Kerguelen Island
are injected into the gyre. Near the southeast African continental
margin, the particulate Al and Fe distributions confirm the role of the
Agulhas in sediment resuspension and dispersal. However, the effect
of sediment resuspension was not clearly replicated in the dissolved
Al distributions, suggesting that sediment resuspension plays a minor
role in setting the elevated dAl concentrations observed within the
core of the Agulhas Current along 105 and 106S.

The dominant source of dAl and dFe to the mixed layer of the South
Indian Subtropical Gyre is the deposition and partial dissolution of
mineral dust. Using mean dAl concentrations in the climatological
mixed layer and a simple steady state model, we calculate that the
total dust deposition fluxes (i.e., wet + dry) impacting the south
Indian gyre range from 60 to 685 mg (dust) m~2 yr~ !, with higher de-
position occurring at the western (<40°E) and eastern (>70°E) margins,
where dust most likely originates from the South African and Australian
landmasses, respectively. We find that our estimates of dust deposition
are in reasonable agreement with composite model estimates, except in
the northeastern reaches of the gyre, where models appear to underes-
timate the magnitude of deposition. Using available measurements of
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the fractional solubility of aerosol Fe from the south Indian subtropical
gyre, we estimate that dust deposition could supply 1.7-
20 umol dFe m~2 y~! to the mixed layer and that the steady state res-
idence time of dFe in the upper layers of the south Indian gyre is gener-
ally less than 6 months. Interestingly, the zonal patterns of deposition
and those of N*, an indirect geochemical tracer of nitrogen fixation,
show remarkable similarities in the upper layers of the South Indian
Subtropical Gyre. This observation, along with the elevated Fe:AOU
and Nitrate:AOU ratios in Indian Central Water west of 60°E, lends sup-
port to the assertion that iron availability may regulate diazotrophic ac-
tivity in oligotrophic subtropical waters and warrants additional
observations of nitrogen fixation rates to better constrain the impor-
tance of nitrogen fixation across the South Indian Subtropical Gyre
and its relationship to aeolian delivery of dFe.

Taken together, the CLIVAR dFe and dAl data from the Indian Ocean
suggest that the prime requirements to develop accurate model simula-
tions of the distributions of dAl and dFe in the main thermocline are to
first ensure that the model can accurately reproduce the main circulation
features and water mass pathways and is forced with estimates of dust
deposition that are validated against field observations and/or other in-
direct estimates. Although the remineralization of sinking organic matter
is clearly an important process impacting the subsurface distribution of
dissolved Fe, our data from three high-resolution meridional CLIVAR
transects (I08S, I08N and I06S) and one zonal transect (105) across of va-
riety of biogeochemical regimes in the Indian Ocean show no evidence
for biological remineralization of dissolved Al in the main thermocline
of the Indian Ocean.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marchem.2015.08.002.
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