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A B S T R A C T

The Western Indian Ocean (WIO) and Eastern Tropical South Pacific (ETSP) are distinctly different regimes, yet
they share several important features. These include a strong upwelling system, a large oxygen minimum zone
(OMZ) with active denitrification, a spreading center with extensive hydrothermal activity, and a vast oligo-
trophic upper water column. Here, we show that the distribution and geochemistry of iron shows remarkable
similarities as well. In particular, both basins exhibit large sub-surface plumes of iron derived from sediments
underlying the oxygen minimum zones and from hydrothermal sources. Moreover, the behavior of Fe, especially
its redox cycling, is remarkably similar in the Arabian Sea and Peruvian oxygen minimum zone, reflecting
similar processes associated with the nitrogen cycle in each region. The large Fe plumes under each OMZ are
well below the oxygen-free depth, yet they are probably dependent on internal redox cycling and scavenging of
Fe within the overlying OMZs. Globally, both the Arabian Sea and Peru margin sediments are hot spots of carbon
oxidation, which probably contributes to their importance as Fe sources.

The fate of hydrothermally derived Fe in the WIO and ETSP is particularly interesting to compare because
their source terms are very different even though their oxidation rates, once they have entered the water column,
should be directly comparable. In the ETSP, hydrothermal inputs from along a section of the ultra-fast spreading
Southern East Pacific Rise (SEPR) are integrated into a single coherent plume that is exported west across the
ocean interior for> 4000 km. In contrast, hydrothermal inputs to the WIO derive from multiple sources in-
cluding outflow from the Red Sea via the Gulf of Aden, the Indonesian Throughflow, and from multiple vent-
sources along the Carlsbad Ridge, Central Indian Ridge and SW Indian Ridge which are slow, medium and ultra-
slow spreading, respectively. As a result, hydrothermally sourced Fe distributions are more complex in the WIO,
with several overlapping plumes and distinctly different distributions of two other hydrothermally-derived
metals, aluminum and manganese. Here we argue that comparative studies of these basins, with a future em-
phasis on benthic-water column interactions, will advance knowledge about Fe biogeochemistry and how dis-
tributions in the WIO, in particular, are likely to change in the future.

1. Introduction

The distribution, sources and sinks of iron have been studied ex-
tensively in the last two decades in sectional surveys and process stu-
dies from many nations. Much of this work has been driven by re-
cognition that iron is an important micronutrient for primary
production, and that its distribution is governed by the interaction of a
variety of complex processes. There has been a particular explosion of
data in the last decade as a result of the GEOTRACES program, and Fe is
a key parameter in that program. As a result of the accomplishments of

GEOTRACES and many other regional and process studies, there is in-
terest in synthesis studies that can compare and contrast the behavior of
Fe in different basins to identify key similarities and differences in order
to understand fundamental processes. The primary focus of this paper is
on the geochemistry of iron in the Western Indian Ocean (WIO) and the
unique factors that control its distribution. In developing this overview,
we have decided to compare and contrast it with the Eastern Tropical
Pacific, a region with remarkable similarities and important differences.
This comparison includes a detailed analysis of the similarities and
differences between the two upwelling/OMZ regions, and how this
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might influence offshore transport of Fe. We examine the differences
between these two regimes and the eastern boundary regimes in the
tropical Atlantic, which have OMZs but where there is no denitrifica-
tion or complete absence of oxygen. We also intercompare inputs of
hydrothermally sourced Fe. Dissolved Fe in deep sea hydrothermal
plumes in both the Western Indian and Eastern Tropical South Pacific
oceans should be expected to exhibit similar Fe oxidation rates, hence
processes of removal (Field and Sherrell, 2000; Statham et al., 2005).
However, the diverse range of geologic settings that host hydrothermal
activity in the Indian Ocean should be expected to deliver quite distinct
hydrothermal source terms throughout this basin compared to the ra-
ther monotonous inputs predicted from ultra-fast spreading ridge crests
(German et al., 2016a,b).

Indian Ocean data reviewed in this paper were obtained from nu-
merous international cruises. These include expeditions from the US
JGOFS Arabian Sea expedition of the 1990s, the Japanese GEOTRACES
section GI04 (2009), a series of Indo-US collaborations in 2004 and
2007, and four US-CLIVAR Repeat Hydrography Sections. This is
nevertheless a relatively small body of work; in many of these cruises,
Fe was a secondary objective, and only the GEOTRACES Section GI04
sampled the entire water column. However, these cruises include some
of the most interesting regions of the basin. Eastern Tropical South
Pacific data reviewed here represent results of the US GEOTRACES
GP16 Section in 2013, a cruise led by one of us (Moffett) within the
Peru Upwelling region in 2005 and an extensive series of process stu-
dies carried out by German scientists. Only the GEOTRACES cruise led
to a full water column section. Cruise tracks for the two GEOTRACES
sections are shown in Figs. 1 and 2.

The GEOTRACES cruises resulted in complete water column sec-
tions for dissolved Fe and are shown in Figs. 3 and 4. The most striking
finding in each section is evidence for plumes of deep water enriched in
dissolved Fe (dFe), indicative of hydrothermal input (Nishioka et al.,
2013; Vu and Sohrin, 2013; Resing et al., 2015; Fitzsimmons et al.,
2017). The second feature common to both sections is a large plume of
Fe arising from the continental margin. In both basins, the continental
margin plume is significantly deeper than the oxygen minimum zone
itself, and spans a broader depth range than the hydrothermal plume. In
the absence of a direct connection with a hydrothermal source or re-
ducing regime, the mechanisms leading to the formation of these
plumes are still uncertain.

The most significant differences between Fe sections in the two
oceans is that in the WIO, there is considerable overlap between the
hydrothermal and margin-derived features. In the following sections,
we will argue that in part this reflects multiple significant hydrothermal
inputs, particularly in the NW Indian Ocean where output from the Gulf
of Aden enters close to the continental margin and can merge with non-
hydrothermal sources. In contrast, the two plume systems in the ETSP
are separated by more than 3000 km of open ocean with low deep
water dFe concentrations.

In the following sections, we discuss the geochemistry of iron within
the OMZs in the Arabian Sea and ETSP, including redox cycling and
sources of Fe. Then, we address Fe transfer from OMZs offshore via the
shelf to basin shuttle. We examine how the shuttle contributes to the
formation of deep iron plumes in both systems. Subsequently, we ex-
amine the role of hydrothermal sources of Fe in both basins and how to
unravel the relative importance of hydrothermal and margin sources in
areas of overlap, particularly in the WIO.

2. Iron and oxygen minimum zones

The OMZs in the ETSP and WIO have been studied intensively be-
cause of their significance in the carbon and nitrogen cycles. The
Arabian Sea hosts one of the world’s three main oxygen minimum zones
(Morrison et al., 1999). The OMZ is coupled with a highly productive
upwelling system off the coasts of Oman and Somalia driven by the
Southwest Monsoon. Pronounced HNLC conditions arise during the SW

Monsoon that have been shown to result from Fe limitation (Moffett
et al., 2015), confirming predictions made by Wiggert and Murtugudde
(2007). This is a very seasonal feature. During the winter NE monsoon,
extensive dust transport to the region (Pease et al., 1998; Tindale and
Pease, 1999) results in high surface water concentrations of Fe and Al
(Measures and Vink, 1999). During the spring and fall inter-monsoon
periods, dust deposition rates are lower than in winter, but there is little
biological scavenging of Fe as oligotrophic conditions prevail. Within
the suboxic core of the Arabian Sea OMZ, high concentrations of Fe
accumulate. Up to half of the dissolved Fe under these conditions is
present as Fe(II), which presumably has a long residence time compared
with Fe(III). Local maxima in Fe(II) and total dissolved Fe are coin-
cident with the secondary nitrite maxima (Moffett et al., 2007; Kondo
and Moffett, 2013; Moffett et al., 2015). This suggests some relationship
between Fe redox cycling and denitrification that has yet to be identi-
fied. A zonal transect through the Arabian Sea (Moffett et al., 2015) and
the meridional GEOTRACES IO4 transect (Kondo and Moffett, 2013)
showed that Fe(II) disappeared beyond the perimeter of the OMZ as
defined by the absence of oxygen and the secondary nitrite maximum.
The disappearance of Fe(II) was associated with a significant decrease
in total dissolved Fe.

In the ETSP OMZ, Fe(II) maxima are also coincident with nitrite and
extend to the westernmost extrema of the OMZ, until nitrite disappears.
Thus, common processes appear to control Fe redox cycling within both
OMZs. Given the coincidence with nitrite, Fe(II) is probably associated
with anaerobic respiration, perhaps with Fe(III) being utilized as a
terminal electron acceptor (Kondo and Moffett, 2015). Fe(III) can also
be used as a terminal electron acceptor in microbial respiration, like
nitrate, but thermodynamically, the observation is surprising and re-
mains to be fully explained.

The most striking feature of Fe distribution off Peru is the exceed-
ingly high concentration over the Peruvian shelf (Fig. 5). Concentra-
tions generally range from 20 to 50 nM, with some even higher
(Bruland et al., 2005: Vedamati et al., 2014; Resing et al., 2015). These
concentrations are surprising because there are no strong sources of
fluvial Fe to the shelf; indeed, other fluvial derived elements like
manganese are low (Vedamati et al., 2015; Resing et al., 2015). Almost
all of the shelf Fe is present as Fe(II) below the oxicline, which explains
why it does not immediately precipitate.

Scholz et al. (2011) used the term “Fe trapping” to account for the
high concentrations of Fe over the Peruvian shelf. In their mechanism,
high rates of Fe(II) released from reducing sediments are balanced by
high oxidation rates and settling velocities of Fe in the overlying
anaerobic waters. Scholz et al. (2016) hypothesized that this was due to
Fe(II) oxidation by nitrate and or nitrite via a microbially catalyzed
process. Thus, high water column inventories are constantly inter-
changing with a large benthic inventory of reactive Fe, resulting in the
retention or “trapping” of Fe relative to manganese, which oxidizes
more slowly, and does not appear to be oxidized by nitrate or nitrite. As
a result, Mn is strongly depleted relative to Fe on the Peruvian shelf
(Vedamati et al., 2015).

We do not know if Fe trapping occurs on the shelf of the Arabian Sea
because no measurements have been reported from within the Indian
EEZ. However, Moffett et al. (2015) and Kondo and Moffett (2013)
reported strong gradients in Fe(II) and dissolved Fe within the interior
of Arabian Sea OMZ in the absence of any oxygen suggesting Fe(II)
oxidation by nitrate may occur here. Moreover, Nishioka et al. (2013)
reported that about half of the dissolved Fe within the OMZ was col-
loidal. Some of this Fe may have been in the form of colloidal Fe oxides
produced by Fe(II) oxidation.

One significant difference between these systems is that in Peru, the
OMZ lies underneath the area of maximum productivity and upwelling
along the coast. In the Arabian Sea, the upwelling and productivity and
carbon export is greatest on the west side, off the Omani coast
(Buesseler et al., 1998), whilst the OMZ lies to the east (Morrison et al.,
1999). This is a consequence of greater ventilation in the west with
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Fig. 1. Station locations for the Japanese GEOTRACES cruise, including two stations in the Bay of Bengal and the GI04 section. From Vu and Sohrin, 2013. WOCE
stations, described in Srinivasan et al. (2004) are shown with crosses.

Fig. 2. Station locations for the US GEOTRACES GP 16 Section. Reproduced with permission from Moffett and German, 2018.
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oxygenated waters that counteract oxygen depletion by sinking parti-
cles (Olson et al., 1993). As a result, Fe accumulates within the OMZ
and is not entrained in the upwelling system. Instead, the principal loss
is through advection to the south. This can be seen clearly in a zonal
section of dissolved Fe and Fe(II) in the Arabian Sea (Fig. 6; Moffett
et al., 2015).

3. Influence of OMZs on Fe distributions offshore

It is important to determine the role of OMZ processes on the
transport of Fe to the interior of each basin. Given the very high con-
centrations of dissolved Fe within OMZs relative to the overlying,
oxygenated waters and relative to other oxygenated coastal areas, it
might be expected that dissolved Fe would be transported offshore
within the OMZ itself, with oxidative scavenging becoming important
at the OMZ boundaries. However, this is not the case. Vedamati et al.
(2014) reported a strong gradient in dissolved Fe that occurred over the
shelf slope break off Peru, without the accompanying appearance of
oxygen. In the GP16 cruise, it was revealed that Fe(II) oxidation was
associated with the formation of particulate Fe oxides (Heller et al.,
2017; Fig. 5), possibly due to the anaerobic oxidation processes hy-
pothesized by Scholz et al., 2016) The oxides reported by Heller et al.
(2017) were presumably a product of microbial oxidation on sinking
particles.

Not all of the shelf Fe is removed in the vicinity of the shelf slope
break. A thin band of Fe(II) extending well offshore (Kondo and
Moffett, 2013) is associated with the Equatorial Subsurface Water
(ESSW) water mass (Peters et al., 2018). An important goal of the GP16
cruise was to resolve if this feature arises from advection of reduced Fe
from the shelf within the OMZ or advection of Fe in surface waters,
followed by biological uptake and remineralization at depth.

Results from the US GEOTRACES program utilizing 228Ra and 7Be
suggest that the Fe(II) plume arises from advection of Fe(II) from the
shelf within the OMZ (Cutter et al., 2018). The model using these two

isotopes was tested by iodine measurements. Iodide is enriched in the
OMZ, and there is a significant excess concentration over typical sea-
water values that can only be explained by input from sediments. The
model results predicted this outcome, providing confidence that it was
also valid for Fe. It is highly likely that the shelf off the west coast of
India is also enriched in iron, especially within the region where the
OMZ intersects the coast. Excess iodide was observed throughout the
Arabian Sea OMZ by Farrenkopf and Luther (2002), who argued that it
is derived from benthic sources. If so, then perhaps Fe(II) has an im-
portant benthic source as well.

A significant difference between Peru and the Arabian Sea is the
input of a massive amount of eolian Fe into the latter during the
northeast monsoon, which is almost entirely removed from the upper
water column by biological activity during the SW Monsoon (Measures
and Vink, 2000). Presumably, much of this Fe is injected into the OMZ
by remineralization. By contrast, in the ETSP, aluminum is low in the
surface waters (Resing et al., 2017) suggesting that dust inputs are low.

4. Shelf to basin shuttle

The processes discussed so far can be summarized as follows. When
the OMZ extends over the shelf, Fe participates in a redox cycle be-
tween the sediments and the overlying water. Eventually, this Fe is
advected beyond the shelf slope break and sinking Fe oxides settle into
deeper waters overlying the continental slope and abyssal plane. This
process has been described as the shelf to basin shuttle by previous
workers. It is well recognized as an important source of Fe into the
interior of the oceans as well as marginal seas like the Baltic (Jilbert and
Slomp, 2013; Reed et al., 2016)) in contemporary and ancient oceans.
What is the fate of the particulate Fe oxide once it sinks below the OMZ
and settles on the seafloor? In the ETSP the GP16 cruise revealed a deep
plume off the slope extending down to 3500 m (Fig. 4) that was asso-
ciated with the Pacific Deep Water water mass (Moffett and German,
2018). Although the overlying water is oxygenated, reducing sediments

Fig. 3. Section of dissolved iron for GI04. Reproduced with permission from Vu and Sohrin, 2013.

Fig. 4. Section of dissolved Fe for GP16. Reproduced with permission from Resing et al., 2015.
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will cause Fe to escape as Fe(II) and then react with organic matter to
form soluble Fe(III) complexes. Manganese does not participate in this
process because its oxidation kinetics are slow and it is not oxidized by
nitrate or nitrite. Thus, it is never removed by oxidative scavenging to
waters beneath the OMZ. As a result, neither continental plume con-
tains enriched manganese (Resing et al., 2015; Vu and Sohrin, 2013).
One caveat is that the Pacific Deep water flows south (Talley, 2011) and
so Fe in the deep plume might not arise exclusively from the overlying
OMZ but from regions further north.

The basic features of a plume that arises from the shelf to basin
shuttle will be determined by the following factors: (1) Fe supply from
the shelf to the OMZ waters beyond the shelf/slope break (2) Seafloor
topography and water depth on the slope; (3) Redox conditions in

surficial sediments and (4) Ocean currents at the depth horizons of
greatest Fe flux as determined by (1)-(3). Off Peru, the plume may be
deep because of high fluxes of particulate Fe to sediments in deep water
(up to 3000 m). This is partly because of a rapid increase in depth west
of the shelf-slope break – associated with the Peru Trench, which
reaches depths greater than 6000 m. It also may reflect the importance
of westward transport processes, including mesoscale eddies char-
acteristic of the region (Czeschel et al., 2018) that can episodically
transport Fe quickly relative to oxidative removal. Callbeck et al.
(2018) showed that such eddies are responsible for enhanced rates of
sulfide oxidation well beyond the shelf slope break. If rates of Fe re-
moval are comparable to rates of denitrification (a reasonable as-
sumption given the central role of nitrate as an oxidant of Fe(II)) then

Fig. 5. Nitrate, nitrite, oxygen, dissolved Fe (Fe), particulate Fe (pFe) and Fe(II) for the GP16 stations from within the OMZ. Reproduced with permission from Heller
et al., 2017.

Fig. 6. Nitrite, oxygen, dissolved Fe and Fe(II) from the central Arabian Sea on a zonal section carried out in September 2007. Reproduced with permission from
Moffett et al., 2015.
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such eddies may be very important in Fe transport.
Do similar processes contribute to deep plume features in the WIO?

It is difficult to say, because hydrothermal Fe exiting the Gulf of Aden
mingles with Fe transported south from the Arabian Sea (see next
section). However, the complete absence of any enrichment in Mn and
Al north of 10 °N suggests that much of this Fe may be derived from the
continental margin. That reasoning is by analogy with the deep Fe
plume off Peru, where Mn and Al are exceedingly low (Vu and Sohrin,
2013), in contrast to the hydrothermal plume, where Mn and Al are
high (Resing et al., 2015). In the WIO, the deep iron plume features
associated with the continental margin exhibit a more complex struc-
ture, with a shallow plume between the base of the OMZ and 1500 m,
and a deeper plume at> 3000 m. This may reflect Fe sources at dif-
ferent sedimentary horizon but may also be a consequence of prevailing
currents. Between 1000 m and 3000 m there are strong zonal currents
in this region (Talley, 2011), which, in this section, could be diluting
the Fe in the middle of the plume.

. There are other examples of deep Fe plumes arising from con-
tinental margins. Saito et al. (2013) reported a large plume of Fe off the
Namibian coast. That is interesting because it is also a highly productive
region with reducing sediments, but it does not have an extensive zone
of active denitrification. Similarly, there is a modest feature off the
coast of Senegal, in a region with an oxygen minimum but no water
column denitrification, although it is largely confined to the upper
1000 m over the slope (Klar et al., 2018). Thus the sequence of steps
that lead to the shelf to basin shuttle may not be absolutely dependent
on the absence of oxygen over the shelf. Nevertheless, dFe concentra-
tions over the Peruvian shelf are at least 10x higher than shelf water
column concentrations reported off Senegal (Klar et al., 2018) or Na-
mibia (Noble et al., 2012; Saito et al., 2013), so it seems likely that the
shelf to basin shuttle is more efficient in Peru. If so, then what takes the
place of the oxidative step over the shelf/slope break that would fa-
cilitate transport of Fe to the plume depths? It is useful to consider
criterion (3), above, the redox state of the sediments and its impact on
benthic Fe supply. There are several models that have been published
recently that provide useful insight. Dale et al. (2015) provides direct
estimates of Fe fluxes from sediments, utilizing estimates of C oxidation
rates as a key parameter. Dale et al. (2015) argued that there is a robust
relationship between C oxidation and Fe reduction and release, building
on Elrod et al. (2004) and incorporated their relationship into their
model. Another model developed by Bowles et al. (2014) provides
global distributions of sulfate reduction rates in marine sediments but is
also based on estimates of C oxidation rates. Most notably, the Bowles
et al., 2014 model shows that the two global hot spots for sulfate re-
duction (and C oxidation and therefore Fe reduction) are the Arabian
Sea and Peru upwelling. In particular, a large area of the seafloor in the
Arabian Sea is expected to be an important source of Fe. One caveat is
that high rates of sulfate reduction might be expected to result in the
precipitation of pyrite, substantially lowering Fe fluxes. However Kraal
et al. (2012) studied Fe cycling at the sediment water interface in the
Arabian Sea and were surprised to find pyrite at only a single location in
their large survey. Thus, pyrite formation does not hinder Fe transport
and high Fe fluxes over a wide range of depths would contribute to the
features observed in Fig. 3.

The other factor to consider is where the Fe comes from to give rise
to these plumes. There are strong sources of dust throughout the WIO
(Jickells et al., 2005). This is particularly true for the Arabian Sea,
which is surrounded by arid lands (grey shaded areas in Fig. 7). How-
ever, dusty deposition there is very seasonal. Fig. 7 shows air mass
trajectories during the SW monsoon. This feature brings clean air from
the open ocean over the region and dust fluxes in the central Arabian
Sea during the SW monsoon are low. However, strong NW winds known
as the Shamal transport dust from the Arabian Peninsula during this
period. They are pushed over the SW monsoonal winds, but precipita-
tion in the eastern Arabian Sea off the Indian coast can result in sub-
stantial deposition of this material (Ramaswamy et al., 2017). Measures

and Vink (1999) reported high concentrations of aluminum in surface
waters of the Arabian Sea, an indicator of dust inputs. Moreover, they
estimated that Al deposition was much higher in the eastern Arabian
Sea than in the west, and attributed this in part to the precipitation
patterns we discussed above. At other times of the year, the SW mon-
soon does not inhibit dust transport from the Arabian Peninsula. And in
winter, the NE monsoon transports dust from important sources in NW
India and Pakistan. Cumulatively, there is considerable evidence that
these air masses transport substantial material from the Arabian Pe-
ninsula to the Arabian Sea (Dahl et al., 2005). Fluvial sources, parti-
cularly the Indus River, are important as well, although its sediment
load is less than 10% of the Ganges (Milliman and Meade, 1983). Thus,
there are strong sources of Fe to the northern and eastern Arabian Sea,
the region containing the oxygen minimum zone and also a region of
extremely reducing sediments (Kraal et al., 2012).

The sources of Fe to the Eastern Tropical South Pacific are harder to
identify. Dust fluxes are small in the region, as indicated by very low
concentrations of Al in surface waters on the GP16 transect (Resing
et al., 2015). Recent shipboard measurements by Baker et al., 2016a
confirm this finding, with elevated dust fluxes primarily over the shelf
in the northern region. Moreover, Chever et al.(2015) used Fe isotopic
data to argue that dust is only a modest source of Fe to the region. There
are no major rivers that discharge into the Peru margin. That does not
mean that fluvial inputs are negligible. Scheidegger and Krissek (1982)
showed that fluvial inputs to the system are quite large, comparable to
fluvial inputs from California. However, they are episodic, with rivers
that are dry most of the year transporting large quantities of material
offshore during floods.

Regardless of the source, reducing conditions in the sediments lead
to large Fe fluxes, confirmed by measurements described previously
(Scholz et al., 2011) However, that study also showed that Fe fluxes on
the slope (∼600 m) decreased drastically. It is not clear if the smaller
fluxes are sufficient to supply Fe to the deep plume. However, it is also
not clear if the Fe in this plume is derived entirely from the Peru region.
The plume is enclosed primarily within the southward flowing Pacific
Deep Water (Peters et al., 2018) and has a characteristic, light isotope
signature (John et al., 2018) indicative of Fe sourced from a reducing
environment. However, that Fe could come from continental margin
sources further north off the coast of Ecuador or Colombia, which do
have large river inputs, or possibly the Eastern Tropical North Pacific.
This uncertainty is in contrast to the WIO, where the continental margin
plume clearly arises from the Arabian Sea.

5. Hydrothermal sources of Fe

The plume of Fe spanning the ETSP, as identified on GP16 (Fig. 4),
shows that the source of venting is clearly associated with the Southern
East Pacific Rise. Lupton and Craig (1981) first established the existence
of this single, large and contiguous hydrothermally-sourced plume that
extended west across the South Pacific over several thousands of kilo-
meters.. The US GEOTRACES GP16 transect was informed by this work
and three further decades of study of the dispersion of this 3He-enriched
plume in three dimensions throughout the South Pacific. GP16 results
confirmed the plume has remained stable throughout that period
(Jenkins et al., 2018). Importantly, the plume is not sourced from a
single hydrothermal system, close to where the GP16 transect crossed
the SEPR ridge-axis near 15 °S (Moffett and German, 2018). Rather, it
reflects the integrated hydrothermal plume output from an extensive
section of this ultra-fast spreading ridge axis, ∼30 °S to 15 °S that is
gathered up by northward topographically-steered currents before
being exported west into the ETSP interior. Baker and Urabe (1996)
first demonstrated that high concentrations of plume-height hydro-
thermal material were present all along this section of ultra-fast
spreading ridge crest, extending from at least 20 °S. More recently, in-
tercomparison of 3He and 14C data from the GP16 section and earlier
WOCE data-sets have provided reinforcing evidence for the
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predominantly northward direction of flow along the SEPR from
∼30 °S (Jenkins et al., 2018).

The GEOTRACES GP16 study showed that (a) the dissolved Fe sig-
nals measured aboard ship persisted all the way across the remainder of
the section, starting at the SEPR ridge crest and extending (at least) as
far as the final station occupied at 152 °W and (b) these Fe enrichments
were not only accompanied by dissolved Mn and Al anomalies, but also
by particulate metal anomalies too (Resing et al., 2015; Fitzsimmons
et al., 2017). Further, while Fe/Mn associations in deep ocean hydro-
thermal plumes are commonplace, measurable Al enrichments at non-
buoyant plume height are not (German and Seyfried, 2014). To explain
the anomalous enrichment of Al in the SEPR plume, Resing et al. (2015)
hypothesized that these enrichments might result from a dis-
proportionately high input of diffuse hydrothermal fluids being en-
trained into the dispersing 15 °S EPR plume, resulting from volcano-
hydrothermal interactions specific to this uniquely fast-spreading sec-
tion of the global ridge-crest. Anomalously high Al concentrations in
end-member hydrothermal vent-fluids have previously been found in
direct association with sites of fresh volcanic eruptions in the SW Pa-
cific (Gamo et al., 1993). Intriguingly, in recent work, Baker et al.,
2016b have hypothesized that a previously overlooked source of low-
temperature hydrothermal inputs may be particularly important to
fluxes of water, heat and biogeochemically active species along fast-
spreading ridges. Could such material, entrained into the rising buoyant
stems of “black smoker” hydrothermal plumes, be responsible for the
enhanced enrichment of Al as well as the persistent presence of Fe, Mn,
across the GP16 section? Certainly, this could be consistent with a re-
cent modelling study that predicted organic and/or microbial com-
plexation could play an important but previously overlooked role in
“fixing” key dissolved (as operationally defined) metals within diffuse
flow systems so that they are protected against oxidative precipita-
tion ± scavenging and, instead, be transported long distances in

hydrothermal plumes (German et al., 2015).
In the Indian Ocean, the Japanese GEOTRACES GI04 section was

meridional and implemented along the same longitude as, and ap-
proximately parallel to the N–S orientation of the medium-fast
spreading Central Indian Ridge, ∼5 °N-25 °S (Fig. 1). This is in contrast
to the US GEOTRACES GP16 which was oriented orthogonal to the
strike of the SEPR (Fig. 2). Three stations from GI04 were occupied
close to the Central Indian Ridge (CIR) axis: station ER8 was occupied
at ∼5 °N, close to the intersection of the CIR and the slow-spreading
Carlsberg Ridge, which tracks NW across the northern Indian Ocean to
the Gulf of Aden; stations ER9 and ER10 were also occupied along the
strike of the CIR at ∼5 °S and 20 °S, with the latter being positioned
immediately north of the Rodriguez Triple Junction. Continuing south,
the GI04 section also passed close to the SW Indian Ridge (SWIR) at
station ER11 before ending in the Crozet basin (ER12).

As shown in Fig. 3, high concentrations of dissolved Fe were ob-
served at all four of these ridge-proximal stations (E8-E11). Im-
portantly, however, detailed analysis of the profiles at each site shows
that these anomalies do not form a coherent plume but, rather, occur
with varying magnitudes of anomaly and at differing water depths. In
the south, highest Fe concentrations at station ER11 are observed at a
depth of ∼3500 m close to 65 °E, 30 °S. This is very close to where
hydrothermal plumes were first reported, between 63.5 °E and 65.5 °E,
along the deep SW Indian Ridge – the first vents to be reported along
any ultra-slow spreading ridge (German et al., 1998). To the north,
station ER10 at ∼20 °S reveals both the strongest and the shallowest
dissolved Fe hydrothermal plume anomalies observed along the GI04
section. Here, maximum dissolved Fe concentrations are observed
∼1 km shallower than at ER11, consistent with the faster-spreading
(hence, shallower) Central Indian Ridge axis. As with the station ER11
at the SWIR, station ER10 was also occupied close to a location where
multiple sites of deep sea hydrothermal plumes had previously been

Fig. 7. Quasi-climatology (2003–2014) of the major winds over the northern Indian Ocean during summer monsoon period. The major wind systems are the (a) Low-
Level Jet (Findlater Jet), (b) the Shamal winds over the Arabian Peninsula, (c) the Red Sea Winds, and (d) the northerly Levar Winds over SW Asia. Major dust source
regions providing mineral dust to the northern Indian Ocean are shown in grey. Reproduced with permission from Ramaswamy et al., 2017.
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detected (Fig. 8) from in situ optical back scatter sensors deployed from
the deep-towed TOBI instrument (German et al., 2001). Importantly, in
the case of the CIR, in situ optical anomalies from the deep-tow survey
were followed up with CTD casts that confirmed their hydrothermal
origin through the detection of plumes with anomalously high total
dissolvable Mn (TDMn) concentrations (see Supplementary Informa-
tion). At 20 °S, the ER10 station also coincides with the latitude of
WOCE line I3 which revealed the highest 3He concentration anomalies
anywhere in the Indian Ocean, within the resolution of that study
(Srinivasan et al., 2004). Further, trace metal enriched plumes have
previously been observed overlying the known Kairei (25 °S) and Ed-
mond (23 °S) submarine vent-sites (Gamo et al., 1996; Sands et al.,
2012). Continuing north, progressively deeper and lower concentration
dissolved Fe anomalies are observed at each of stations ER9 (∼2800 m)
and ER8 (∼3000 m). Given the wide separations between these three
sites, (∼1500 km and ∼1000 km), and the vertical offsets between
their plume depths, it is unlikely that these signals derive from a
common region of strong hydrothermal input close to 20 °S that both
weakens and sinks> 1000 m through the water column as it disperses
to the north. Instead, multiple sources are likely since plume compo-
sitions at each site show widely differing combinations of Fe, Mn
(Fig. 9) and Al concentrations (Vu and Sohrin, 2013, data not shown).
At the northernmost CIR site, station ER8 exhibits a much lower Fe:Mn
ratio than at ER10 which is the opposite of what might be predicted for
a common source and a single dispersing plume. Rather, based on our
global understanding of the distribution of seafloor hydrothermal sys-
tems (see, e.g., Beaulieu et al., 2015; German et al., 2016b) we would

predict ≥ 25 distinct vent-sites along the CIR, in a range of diverse
geologic settings with differing vent-fluid compositions. This is con-
sistent with what has previously been reported for the two known vent-
sites, Kairei and Edmond sites (Van Dover et al., 2001); the four sites
inferred from plume anomalies at 18–20 °S (Fig. 8) also exhibit a
combination of tectonically-hosted (A, B) and volcanically-hosted (C,
D) venting.

Perhaps most intriguing from the northern part of the GI04 section
are the locations at which deep hydrothermal Fe and Mn anomalies are
not observed. He isotope samples were not collected as part of the Japan
GEOTRACES GI04 survey, but depth profiles of Fe and Mn from that
section (Vu and Sohrin, 2013) are plotted alongside depth profiles of
3He from nearest adjacent WOCE stations (Srinivasan et al., 2004) in
Fig. 9. There are no suitable 3He data for this purpose from the SWIR
(ER11) station, but all locations along the CIR (ER10, ER9, ER8) reveal
a coincidence of deep-water plume anomalies for each of the tracers
under consideration (Fe, Mn & 3He). However, when dissolved Mn
concentrations are plotted versus 3He (Fig. 10) only the data from ER-9
and ER10 fall along a coherent mixing line consistent with hydro-
thermal plume discharge. By contrast, stations ER6 and ER7, occupied
closer to the Indian continental margin and distant from the ridge axis
also show enrichments in deep-water 3He, but without any associated
metal enrichments. The stations are not exactly coincident between
cruises (Fig. 1) but TS diagrams for deep waters are nearly identical for
each respective station (Supplemental Material). Since there are no
nearby ridge axes to these stations, we do not believe that these signals
(Figs. 9 and 10) derive from nearby but metal-free vent inputs. Rather,

Fig. 8. Evidence for multiple sources of hydrothermal Fe in the vicinity of 20°S from a survey carried out in 2001. Details in the supplementary materials.
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Fig. 9. Depth profiles of 3He, dissolved Fe and dissolved Mn for Japanese GEOTRACES Stas. ER5-ER10, along with WOCE data for 3He from nearby stations.
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we propose that these 3He anomalies represent long-range hydro-
thermal inputs to the NW Indian Ocean from the Gulf of Aden
(Srinivasan et al., 2004). Indeed, from an intercomparison of WOCE
3He profiles with Fe and Mn profiles reported by Gamo et al. (2015),
rapid separation of 3He from Fe and Mn is readily apparent even within
the Gulf of Aden, itself (Gamo et al., 2015; Fig. 8). While profiles of 3He
anomalies are relatively constant across the entire IO1 WOCE section at
the depth of the deep-water plume (∼2000 m), that study showed that
dissolved Mn and Fe anomalies decrease rapidly from maxima of
∼5 nM and ∼15 nM respectively at Station KH-00-5/CTD 7 deep
within the Gulf of Aden (12 °N, 47 °E) to values much closer to back-
ground at the same depths (< 2 nM Mn,< 5 nM Fe) at Station KH-00-
5/CTD 3 closer to the Indian Ocean outflow (13 °N, 49 °E). Given the
sluggish nature of clockwise circulation in the NW Indian Ocean, it does
not seem unreasonable to infer that the 3He-rich but Fe- and Mn-poor
signals seen at similar depths at the far side of the Arabian Sea, at
stations ER6 and ER7, represent the distal expression of these same
plume inputs, independent of the Fe-rich hydrothermal plume signals
derived from the CIR and SWIR to the south.

6. An overview of the Eastern Indian Ocean

A detailed survey of the Eastern Indian Ocean (EIO) is beyond the
scope of the paper. However, it is worth noting that one regional sea in
the EIO, the Bay of Bengal, has no counterpart in the Pacific. While
oxygen is exceedingly low in the Bay of Bengal, oligotrophic conditions
in surface waters result in a weak biological pump that does not favor
water column denitrification. There were few data for Fe in the region,
but that has changed recently with some very thorough and compre-
hensive surveys by Grand and Measures, participating in the CLIVAR
program (Grand et al., 2015a,b,c) and India GEOTRACES Chinni, 2019.
Two full water column profiles were measured by the Japanese GEO-
TRACES group prior to occupying GI04. Their data show that deep
water Fe concentrations are lower in the Bay of Bengal than the Arabian
Sea (Vu and Sohrin, 2013). Thus, we conclude that the Bay of Bengal is
not a significant source of Fe to any of the features in the WIO. The
absence of a benthic flux is unsurprising because the Bay of Bengal is
highly stratified and oligotrophic, with low C fluxes to the seafloor.
Hence Fe reduction rates are expected to be slow.

The EIO hosts no active spreading centers north of the South East

Indian Ridge and, hence, has not been subject to hydrothermal ex-
ploration in the modern era (Beaulieu et al., 2013; Hein et al., 2016).
Rather, Srinivasan et al. (2004), reported that the major source of 3He
into the eastern Indian Ocean originated from the hydrothermally ac-
tive SW Pacific via the Indonesian Throughflow. This same feature also
has a significant influence on Si distributions in the EIO and, hence, we
identify that a major gap in our existing knowledge is the importance of
the Indonesian Throughflow for East Indian Ocean Fe biogeochemistry.

7. Future prognosis

Iron distributions in the Indian Ocean will be strongly affected by
climate-induced changes that influence dust and fluvial inputs. These
include changes in aridity, monsoon intensity (and its effect on up-
welling), air mass trajectories and a variety of processes that influence
river flow and sediment load. All of these processes are likely to be most
significant in the WIO, which is surrounded by arid land masses and has
extreme seasonal variations in climatology. A strengthening SW mon-
soon, for example, might lead to diminished dust inputs to the Arabian
Sea by interfering with dust-laden air masses like the Shamal. However,
it is a matter of debate whether the SW Monsoon is increasing or de-
creasing, and how it might change in the future. There is considerable
interest in whether the intensity of the SW Monsoon has changed over
the past several decades. Goes et al. (2005) reported that monsoon
intensity (estimated by wind speed) increased over the period
1979–2002. However, Izumo et al. (2008) determined from the same
data set that the monsoon intensity had actually decreased during this
period. Most models predict a strengthening SW monsoon in the future
(Wonsick et al., 2014). The intensity of the NE monsoon is predicted to
decrease with climate change (Parvathi et al., 2017) which will almost
certainly decrease Fe supply to the Arabian Sea.

8. Summary

One reason why the deep Fe plumes in the ETSP and WIO are im-
portant is because they may ultimately be a source of Fe to the surface
waters in the Southern Ocean, where Fe is thought to limit primary
production (Tagliabue et al., 2010). Resing et al. (2015) argued that
15–30% of the primary production below the Southern Polar Front may
be sustained by Fe derived from hydrothermal sources. These predic-
tions are preliminary, and require a more detailed assessment of the
processes controlling Fe scavenging in the deep ocean. A key assump-
tion is that organic complexation and/or the formation of nanoparticles
stabilizes the Fe in hydrothermal plumes with respect to scavenging and
removal. Plumes associated with continental margins should receive
comparable attention. The plume associated with the Peru Margin is
entrained in Pacific Deep Water and flows to the south. The transport of
DIC to the Southern Ocean via the same mechanism is already part of a
major program (Rosso et al., 2017). The plumes of hydrothermal vs.
margin source are very different in their origin and overall transition
metal composition, and the latter may have very different Fe speciation
characteristics that reflect a reducing sediment source. As such, they
warrant a detailed mechanistic study in their own right. Tracking the
fate and timescales of plume transport is complicated. General circu-
lation models, the foundation of many biogeochemical Fe models, do
not simulate the Fe and 3He plumes in GP16 well (Resing et al., 2015).
The fate of the Fe plume extending south from the Arabian Sea is
complicated because most currents at those depths are zonal (Talley,
2011) so the abrupt decrease in Fe south of 10 °N above 2000 m may
reflect the boundary between two zonal water masses. By contrast, Fe
originating from sources between 2000 m and 3500 m may be en-
trained in the southward flowing Indian Deep Water which is well
characterized (e.g. Mantyla and Reid (1995) and references therein).
Thus in the WIO, Fe derived from deeper sources may play a more
important role than Fe from shallower sources.

One focus of future work should be a detailed study of Fe cycling

Fig. 10. Plot of dissolved manganese versus 3He for data from Stas. ER9 and
ER10 (blue) and Stas. ER6 and ER7 (red).
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processes over the continental shelves of both Peru and the Arabian Sea.
In both cases, such work should consider an anticipated strong seasonal
variability. For example, important end-member measurements have
never been carried out over the Peruvian Shelf during episodic flood
events. Iron isotope data have not been made in the WIO. Iron was
isotopically much lighter in the Peruvian plume relative to the sur-
rounding waters and the hydrothermal plume. Therefore, iron isotopes
may help unravel the relative contribution of the Gulf of Aden hydro-
thermal system and the Arabian Sea continental margin to the deep Fe
plume. The other major focus for future research in the Indian Ocean
should be an inter-comparison of trace element and isotope (TEI) cy-
cling across multiple vent systems. Close to the Rodriguez Triple
Junction, a variety of distinct seafloor hydrothermal systems are now
known, each providing a diversity of source functions into the deep
ocean. Importantly, however, these distinct vent inputs are all injected
into a common hydrographic regime where redox poise (hence, Fe (II)
oxidation rates) should all be directly similar to one another and to the
oxidation rates for dissolved Fe(II) in the ETSP. This setting provides an
ideal natural laboratory, therefore, to tease apart the importance of
geologic setting vs oceanographic conditions in regulating the hydro-
thermal impact on deep ocean Fe biogeochemistry.
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