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ABSTRACT

This thesis presents extensive studies on the biogeochemical cycling of dissolved
aluminium (dAl) and manganese (dMn) over the vertical water column in the
tropical and subtropical Indian Ocean. Towards this, trace metal clean seawater
sampling and analytical protocols were established for precise and accurate
measurements of dAl and dMn concentrations in seawater. In the Bay of Bengal
(BoB), fluvial discharge of lithogenic sediments and subsequent release of labile
Al from the sediments play a dominant role in controlling the surface dAl
distribution. Considering the steady-state balance between dAIl input from
lithogenic sediments and removal via passive scavenging, the fractional solubility
of Al from the lithogenic sediments supplied to the BoB surface waters is
constrained to lie in the range of 1.1-4.7%. During the late winter monsoon period
(January-February), advective mixing between the low-salinity, dAl-rich BoB
surface waters and the high-salinity, dAl-poor surface waters of the open southern
Arabian Sea governs the surface dAl distribution in the eastern and central
Equatorial Indian Ocean. Deep-water (>2000-3500m) dAl concentrations in the
equatorial Indian Ocean region are generally low and uniform (~2.0-2.5 nM). A
steady-state and vertical advection-diffusion-scavenging model is used to estimate
the deep-water scavenging residence time of dAl in the equatorial Indian Ocean
and found to vary in the range of 92-141 yr. The deposition of Australian dust and
advection of Indonesian Throughflow Water translates to the dAl enrichment in
the upper water column (<500m) at the northern end of the Indian Subtropical

Gyre.

Surface dAl distribution in the Arabian Sea demonstrates an east-west gradient,
i.e., elevated dAI (12.7-20.9 nM) close to the Indian coastal region and low dAl
(1.5-3.3 nM) along the western boundary of the Arabian Sea. Rapid surface dAl
removal, due to relatively high biological productivity and a decrease in
atmospheric dust deposition flux during the fall-intermonsoon, results in the low
surface dAl levels observed in the western Arabian Sea region. Given that the
Arabian Sea is marked by significant spatio-temporal changes in surface dAl
levels, a simple one-dimensional, non-steady-state model was constructed to
simulate, for the first time, the seasonal variability in surface dAl concentrations
in the west-central Arabian Sea region (14-20°N, 57-65°E) and to understand the
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control of seasonal changes in dust deposition input and scavenging removal
fluxes on the surface dAl distribution. Such a model could be utilized as a first-
order tool to estimate the seasonal variations in dust deposition flux using the
surface dAl variations, and vice-versa, in highly meteorologically dynamic basins
such as the Arabian Sea. In the western equatorial Indian Ocean, a relative
increase observed in the surface dAl concentrations, compared to the western
Arabian Sea and the central equatorial region, suggests a local dAl input,
presumably, due to the dust influx from the Somali coast.

The intrusions of the high salinity water masses (the Arabian Sea High Salinity
Water and the Persian Gulf Water) in the thermocline depths (~75-300 m) are
observed to carry the dAl-rich signal of their formation regions to the open
Arabian Sea; however, mostly restricted to the northern and north-western
Arabian Sea during the period of this study (fall intermonsoon). In the deeper
waters (>1000m), elevated dAl levels were observed at the stations sampled near
some of the major ridges, i.e., the Murray Ridge (~13.0 nM), the Laxmi Ridge
(~10.0 nM) and the Carlsberg Ridge (~4.5 nM), in the Arabian Sea and the
equatorial Indian Ocean. dAl input from the Al dissolution/desorption from the
margin sediments and/or influx of dAl-rich sediment pore waters to the ambient
ocean water column could explain the observed rise in dAl levels close to the

ridges.

Dissolved Mn (dMn) distribution is determined in the southern and central
Arabian Sea water column to understand the biogeochemistry of dMn in these
regions. dMn distribution show surface maxima at all the sampled regions of the
Arabian Sea. The estimated mean annual dMn input flux to the Arabian Sea
surface waters from the atmospheric mineral dust deposition (dry) ranges between
28.6-239.4 nmol m2 d?, across the Arabian Sea. Compared to the atmospheric
dMn input, dMn removal from the surface waters via bio-assimilation is
insignificant (4.4-24.3 nmol m* d*). Surface dMn removal through Mn-oxidation
and passive scavenging (51.9-276.0 nmol m d?) is estimated to set a dominant
control. The residence time of dMn in the Arabian Sea surface waters is calculated
(1.0-9.3 yr) considering the steady-state condition and using the atmospheric dMn

input and surface mixed layer dMn inventory.
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Significant positive dMn anomalies were observed in the oxygen-deficit, lower
thermocline waters (~200-600m) near the western continental margin of India
(dMn anomaly ~0.2-0.5 nmol kg™t) and in the perennial denitrification zone of the
Arabian Sea (dMn anomaly ~2-4 nmol kg™?). dMn diffusion from pore waters of
the reducing sediments of the western Indian continental margin to the ambient
seawater and subsequent lateral advection may lead to dMn-enrichment in the
thermocline depths close to the margin. Mn release due to organic matter
remineralization and/or in situ reductive dissolution of Mn-oxyhydroxides over
the thermocline water column results in highly elevated dMn levels in the

denitrification zone of the Arabian Sea.
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Chapter 1: Introduction

The ocean productivity and the carbon cycle are controlled by the availability of
nutrients and micronutrients (trace elements) in the ocean (Coale, 1991,
Falkowski et al., 2000; Field et al., 1998; Martin and Fitzwater, 1988). The
distributions of the trace elements and their isotopes (TEIs) in seawater are
governed by their input from continental and hydrothermal sources and several
biogeochemical processes operating in the seawater column and at various
interfaces (i.e., land-ocean, sediment-water and ocean-atmosphere boundaries;
Bruland et al., 2014). The distributions of some of the trace elements are also
influenced by anthropogenic activities. The sources and processes for the
external input of trace elements to the ocean include various pathways such as
(1) deposition of atmospheric dust, derived from arid/semi-arid regions of
continents, (2) riverine discharge of the dissolved and particulate (suspended or
deposited over the shelves and slopes) matter at the continental margins, (3)
fluid and particulate inputs to the ambient waters from the hydrothermal vents,
concentrated over the mid-oceanic ridges and (4) resuspension of particulate
matter and release/diffusion of pore waters from the ocean margins (Bruland et
al., 2014). Removal processes of trace elements from the water column broadly
involve passive chemical precipitation and/or adsorption on the biogenic or
non-biogenic particulate matter and active uptake by biology (Balistrieri et al.,
1981; Bruland et al., 2014), followed by the settling of the carrier particulate
phases out of the water column. In addition to these, various other internal
oceanic processes, such as organic matter remineralization, varying redox
conditions throughout the water column, ocean water circulation, etc., play an
essential role in the redistribution of the trace elements from one phase to
another and their inter or intra-basin transportation. The distributions of
selected trace elements regulate specific marine processes. For instance, the
availability of the bio-essential Fe, Zn, Mn, Ni, etc., in the surface waters is
observed to impact the primary biological productivity and diversity (Martin et
al., 1990; Coale, 1991). Also, increased levels of some trace metals (e.g., Cu,
Hg, Pb) are observed to show a toxic effect on the growth of certain species of
the primary producers (Sunda, 1989). Given that the trace elements and their
isotopes are an integral part of different marine biogeochemical processes and
undergo redistribution/fractionation during these processes, the observed

fractionations in distributions of TEIs in the global ocean basins have been used
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Chapter 1: Introduction

as proxies of the prevailing marine biogeochemical processes. The basis for
such studies is the contrasting response of a given trace element to different
oceanic processes depending on its physiochemical properties in a given marine
environment and its biological role (Bruland et al., 2014; Sunda, 2012).

The initial surge in the availability of the TEIs dataset and the understanding of
their cycling in the ocean came after the inception of the GEOSECS
(Geochemical Ocean Section Studies) program in the 1970s, which was the first
international collaborative effort to understand the physical and chemical
processes governing the TEIs distribution in the global ocean (Moore, 1984).
However, the bulk of the dataset produced during the GEOSECS was from the
North Atlantic and North Pacific (Bruland et al., 2014). The paucity of the
studies on the cycling of TEls in the other major basins (South Atlantic, South
Pacific, the Indian Ocean and the Polar Oceans) hindered the efforts to better
understand the inter-basin cycling of and the impact of diverse environmental
conditions on the TEls distribution. Also, since the end of the GEOSECS, the
development of new TEIs proxies to probe different biogeochemical processes
and the advancement in the sampling and analytical techniques well-staged the
need for another international study on the marine biogeochemical cycling of
trace elements and their isotopes in the global ocean. This lead to the launch of
the GEOTRACES (2007-present) program, a new internationally collaborated
research program with the guiding mission (GEOTRACES Planning Group,
2006) as follows:

"To identify processes and quantify fluxes that control the distributions of key
trace elements and isotopes in the ocean, and to establish the sensitivity of

these distributions to changing environmental conditions."

In this context, the GEOTRACES Planning Group (2006) suggested a list of
key parameters (TEIs) to be studied for probing different biogeochemical
processes in the ocean (Fig. 1.1). This thesis is part of the GEOTRACES-India
program, which aims to understand the biogeochemical cycling of the key
parameters in different Indian Ocean basins. In this thesis, the distribution and
cycling of dissolved aluminium and manganese in the Indian Ocean waters are

studied. In the following text, I shall briefly discuss the present understanding
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Chapter 1: Introduction

of the biogeochemical cycling of dissolved aluminium and manganese in

seawater. Further, 1 shall discuss the diverse biogeochemical processes

prevailing in the Indian Ocean basins and list the specific objectives of the

thesis laid down to qualitatively or quantitatively understand the relationship

between the dissolved Al and Mn distribution and the biogeochemical

processes.

Key Parameter

Example of Use

Trace Elements

Fe Essential micronutrient

Al Tracer of Fe inputs (from mineral dust and elsewhere)

Zn Micronutrient; potentially toxic at high concentration

Mn Tracer of Fe inputs and redox cycling

Cd Essential micronutrient; palaeoproxy for nutrient content of waters
Cu Micronutrient; potentially toxic at high concentration

Stable isotopes

3N (nitrate)

Modern and palaeoproxy for nitrate cycling

BC

Modern and palaeoproxy for nutrient content and ocean circulation

Radioactive isotopes

230Th

Constant flux monitor in sediments; tracer of modern ocean
circulation and particle scavenging

ZSlPa

Palaeoproxy for circulation and productivity; tracer of modern
particle processes

Radiogenic isotopes

Pb isotopes

Tracer of natural and contaminant sources to the ocean

Nd isotopes

Tracer of natural sources of TEIs to the ocean

Fig. 1.1: Key parameters (trace elements and isotopes) suggested by the GEOTRACES Planning
Group for the measurements during the GEOTRACES Ocean section cruises. This figure is
reproduced in a modified form after GEOTRACES Planning Group (2006)

1.1 Motivation and Background

Continental crust material, supplied through atmospheric dry or wet mineral

dust deposition and fluvial (both freshwater and particulate matter) discharge at

the continental margins, is a prominent source of trace elements to the global
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Chapter 1: Introduction

ocean. For the open ocean regions, the atmospheric dust deposition is the most
important source of bio-essential trace nutrients (e.g., Fe, Zn, Mn), required to
sustain the primary production (Jickells et al., 2005). In this regard, the
estimation of atmospheric dust deposition fluxes over the surface ocean waters
is critical to better understand and simulate the global primary biological
production and, therefore, the associated atmospheric carbon (in the form of
dissolved CO2) sequestration rate by the biological pump (inorganic carbon
fixation via primary production and subsequent removal by settling to the
seafloor). Understanding the efficiency of the biological pump has implications
for global carbon cycling and, therefore, climate. There have been constant
efforts for direct atmospheric dust measurements in the marine boundary layer
over major oceanic basins, either through short-term shipboard or long-term
land-based aerosol sampling (Duce et al., 1991; Heimburger et al. 2012;
Tindale and Pease, 1999). However, there is still a paucity of such observations
in large parts of the global ocean, most evidently in the remote regions. Further,
the temporal variability in the atmospheric dust levels is difficult to be realized
using the short-term (hours or days long) direct shipboard measurements in a
given region. Extrapolations of long-term, land-based atmospheric dust
estimates to off-shore areas are associated with large errors and mismatches
with corresponding field-based data. Moreover, estimations of dry dust
deposition fluxes based on the direct measurements of aerosol composition in
the marine boundary layer rely on highly variable dry deposition velocity.
Given the above limitations, several studies (Grand et al., 2015; Measures et al.,
2008; Measures and Vink, 2000) have adopted an indirect tracer approach
where the dissolved concentration of crustal-derived trace elements are
exploited to estimate the time-integrated (time scale depended on the trace

element residence time) mineral dust deposition flux over the surface ocean.

Previous studies (Dammshéuser et al., 2011; Measures et al., 2000; Orians and
Bruland, 1988) have shown that the surface ocean distributions of some trace
elements such as Al, Ti, Ga, Mn, Fe, etc., are significantly controlled by the
deposition of atmospheric mineral dust deposition, given that the crustal
material is an important source of these elements to the ocean. However, not all

of these are equally useful in tracking the extent and pattern of atmospheric dust
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Chapter 1: Introduction

deposition due to their varying residence timescales and biogeochemical
controls in seawater. Fe and Mn are bio-essential trace metals and, therefore,
the effect of biological cycling is superimposed over that of the atmospheric
dust deposition in their distribution. The surface distribution of Ti and Ga are
found to be correlated with the dust deposition (Dammshéuser et al., 2011;
Orians and Bruland, 1988); however, their residence timescales in the surface
waters are of the order of decades and, therefore, reflect the long-term average
of the depositional pattern, while unable to capture any important short-term
variations (Tindale and Pease, 1999; Dammshduser et al., 2011). Surface water
dissolved Al (dAl) distribution is suggested and successfully (and extensively)
used as a proxy to the atmospheric mineral dust deposition over the ocean
(Measures and Vink, 2000). Al is the most abundant metal (8.04 wt%;
McLennan, 2001) in the upper continental crust. The surface water residence
time of dAl is relatively short (generally between a few months to 4 years;
Orians and Bruland, 1986; Han et al., 2008) and, therefore, its surface
distribution is shown to reflect the effect of smaller timescale variations in the
atmospheric dust deposition over a given region (Measures and Vink, 1999). Al
is not known to have any active biological function and its chemical speciation
is insensitive to the redox changes over the water column; these properties
render the dAl variations to be decoupled with the active biological and redox
processes. Moreover, the composition of Al in the upper continental crust is
largely invariant, which results in better constrains (with lesser uncertainty) on

the mineral dust deposition fluxes over the surface ocean.

In the open ocean regions, the balance between the input from the deposition,
and subsequent partial dissolution, of atmospheric dust and removal via passive
particle scavenging of Al predominantly controls the surface dAl distribution
(Hydes, 1979; Measures et al., 2015). Passive adsorption on the biogenic
particles, particularly biogenic silica (opal), is considered to be one of the major
removal mechanisms for the surface dAl (Dixit and Van Cappellen, 2002;
Dymond et al., 1997). Field and laboratory studies (Koning et al., 2007; Moran
and Moore, 1988) have shown dAl removal by the authigenic formation of
aluminosilicate over the biogenic siliceous particulates. Middag et al. (2015)

have suggested that the relationship between the scavenged Al and biogenic
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Chapter 1: Introduction

opal may not be causal, instead involve removal by adsorption on
miscellaneous biogenic particles where biogenic silica provides the ballast
effect for the export of biogenic particulates. However, in the coastal regions,
other processes such as the riverine influx of lithogenic suspended particulate
matter, resuspension of the continental shelf sediments may also exert
additional control on the vertical dAl distribution (Mackin and Aller, 1984,
1986; Middag et al., 2009). The advection of water masses may also influence
the dAl distribution, where the water circulation timescales are comparable to
or smaller than the residence time of dAl (Baker et al., 2016). Therefore, a
comprehensive understanding of dAl cycling is important before exploiting the
dAl distribution as a tracer of continental material input (via atmospheric
deposition, fluvial discharge and/or resuspension of margin sediments) to the

ocean water.

Mn is an essential micronutrient required by the phytoplankton (Sunda, 2012).
Mn finds its crucial place in the water oxidizing (splitting water into protons
and molecular oxygen gas) component of the protein complex, photosystem I,
active during the photosynthesis (Raven, 1990). An essential role of Mn in
phytoplankton is also realized as an activator for the enzyme superoxide
dismutase, which is responsible for the removal of reactive oxygen species
produced as by-products during photosynthesis (Peers and Price, 2004). In the
modern oceans, the predominant oxidation states of Mn are Mn(I1), Mn(l1l) and
Mn(1V). Mn(111) and Mn(IV) are the stable redox states in oxygen-rich seawater
and exist as insoluble Mn-oxyhydroxides. Mn(ll) is thermodynamically
unstable in the oxygenated ocean waters and should convert to the insoluble
oxidized forms (Mn(l11) and Mn(IV)) by reacting with molecular oxygen (Oy).
However, the kinetics of the homogeneous oxidation Mn(I1) by molecular Oz in
the seawater is extremely slow (half-life of the order of 500 yr; Morgan, 1967).
This allows Mn(ll) to predominantly exist as soluble Mn?* and MnCI*
inorganic species in the seawater (Morgan, 2005). The rate of Mn(l1)-oxidation
may significantly increase when it proceeds either as a heterogeneous reaction
on the surfaces of particulate metal oxides (half-life of the order of few months;
Morgan, 2005) or biotically-mediated oxidation, where Mn (I1) is oxidized at

the outer-cell polysaccharide layers of some bacteria and fungi (half-life of the
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order of few hours; Morgan, 2005). The in situ formation of particulate Mn
oxides play an important role in removing other trace metals (and itself) from
the ocean water column (Yamagata and Iwashima, 1963) and, therefore,
regulate their cycling. In the surface ocean, however, the heterogeneous (on
metal surfaces or biotically-mediated) Mn-oxidation is significantly slowed
down due to (1) reduction of Mn-oxides in the presence of sunlight (photo-
reduction; Sunda and Huntsman, 1994) and (2) photo-inhibition of biotically-
mediated Mn-oxidation (Moffett, 1997; Sunda and Huntsman, 1988). Dominant
sources of Mn in the surface waters include (1) deposition and partial
dissolution of atmospheric mineral dust (Baker et al., 2016), (2) river water
discharge (Aguilar-Islas and Bruland, 2006) and (3) reducing shelf sediments,
where the reductive dissolution of Mn-oxides and other reactive Mn phases
may enrich the pore waters in Mn which may diffuse into the ambient water
column and laterally advect (Homoky et al., 2016). Relatively, lower Mn-
oxidation rates in, and atmospheric Mn input to, the surface ocean are observed
to result in surface dissolved Mn maxima over a large part of the global ocean

(van Hulten et al., 2017 and references therein).

With the decrease in the incident solar radiation in the sub-surface waters, the
biotically-mediated Mn-oxidation increases significantly and dominates the
removal flux for dissolved Mn (Sunda and Huntsman, 1988). This results in a
sharp decline in the dissolved Mn (dMn) concentrations below the surface
mixed layer and more uniform dMn levels (~0.1-0.2 nmol kg?) in the deeper
waters (below ~500m), in most of the global ocean regions (van Hulten et al.,
2017 and references therein). However, this general trend may be altered
significantly under the changing redox conditions over the water column, by
lateral transport of water masses or hydrothermal plume intrusion in the sub-
surface or deep waters (Johnson et al., 1996; Lewis and Luther, 2000). In the
oceans, two processes primarily control the redox conditions (by changing the
dissolved O levels) in the water: (1) advection of water masses with different
dissolved O. content and/or (2) bacterial mediated, aerobic degradation of
organic matter, which consumes dissolved O: in the seawater. Ocean basins
with high surface primary productivity and export (and therefore, with high

organic matter degradation rate) and/or reduced water ventilation rate in the
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sub-surface depths may significantly be depleted in dissolved O, leading to
suboxic or anoxic conditions in the thermocline waters. These conditions may
further result in the reductive dissolution of particulate Mn-oxide over the water
column and release of the soluble Mn(I1) form. Further, low levels of dissolved
O2 lead to the decrease of Mn-oxidation rate in the water column (Morgan,
2005) and, therefore, play a role in stabilizing the elevated dMn levels in the
water column resulting from Mn released from organic matter degradation (i.e.,
the release of the biologically assimilated Mn) and/or dissolution of Mn-
oxyhydroxides. These biogeochemical characteristics of dissolved Mn in
seawater may be exploited as the tracer of changing redox conditions over the
water column. In the regions of active hydrothermal venting, highly elevated
dMn concentrations are observed in the hydrothermal fluids near the vents,
which may advect laterally with their dMn-rich signal over regional distances
as hydrothermal plumes in the deep waters (Gamo et al., 2015; Middag et al.,
2011; Gamo et al., 1996; Resing et al., 2015).

1.2 Indian Ocean-a unique natural laboratory

Indian Ocean basins, having distinct biogeochemical dynamics, offer a unique
opportunity to understand the controls of different ocean processes on the
cycling of trace elements. In the north-eastern Indian Ocean (i.e., the Bay of
Bengal and the Andaman Sea), the huge fluvial input, in the form of freshwater
and suspended sediments (Robinson et al., 2007; Sengupta et al., 2006), may
influence the biogeochemistry of the lithogenic trace metals throughout the
water column (Chinni et al., 2019; Singh et al., 2012), a process which is not
accounted for by the modeling studies on dAl cycling (Gehlen et al., 2003; Han
et al., 2008; van Hulten et al. 2013). The Arabian Sea (north-western Indian
Ocean) is subjected to large spatio-temporal variations in dust input and
productivity, which may impact the distribution and cycling of dAl and dMn in
the surface and thermocline waters (Measures and Vink, 1999; Thi Dieu Vu and
Sohrin, 2013). Overall, high evaporation (E) and low precipitation (P) rates (E-
P ~0.7-1.2 m yr! (annual mean); Pokhrel et al., 2012) in the Arabian marginal
seas (the Persian Gulf and the Red Sea) and the northern Arabian Sea results in
the formation of the high salinity water-masses, namely, the Persian Gulf Water
(PGW), the Red Sea Water (RSW) and the Arabian Sea High Salinity Water
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(ASHSW), respectively (Shenoi et al., 1993; Shetye et al., 1994). The intrusion
of these water masses to the thermocline depths of the open Arabian Sea may
impact the distribution of trace elements through the transport of their pre-
formed trace metal signature. The Arabian Sea is also characterized as a region
with high primary productivity. High continental dust input, strong coastal
upwelling (and subsequent advection of waters to the open Arabian Sea region)
during the summer monsoon and convective mixing in the upper water column
during the winters ensure a large supply of (macro and micro) nutrients to the
surface waters of the Arabian Sea to sustain the primary production. High
productivity in the surface water supports the large and continuous export of
organic matter out of the surface waters into the sub-surface depths. Bacterial-
mediated degradation (oxidation) of the exported organic matter via the
consumption of dissolved oxygen results in the formation of extreme oxygen-
depleted conditions in the Arabian Sea sub-surface waters. Changes in redox
conditions over the water column may have a significant impact on the
distribution of dMn.

Under the influence of summer and winter monsoon currents, enormous
exchange of surface and thermocline waters takes place between the Arabian
Sea and the BoB (Kumar et al., 2004; Schott et al., 2009), where the equatorial
Indian Ocean region acts as a connecting pathway between the two basins. In
the equatorial Indian Ocean region, south of Sri Lanka (~5°N), mean transport
in the upper water column (~60-100m) of about 8 Sverdrup eastward (towards
the Bay of Bengal) and 12 Sverdrup westward (towards the Arabian Sea) is
estimated during the southwest and the northeast monsoon period, respectively
(Schott et al., 2009 and references therein). For this reason, the dAl and dMn
distribution in the surface and thermocline waters of the equatorial Indian
Ocean region will be indirectly influenced by the Al and Mn cycling in the

northern Indian Ocean basins.

Several active hydrothermal venting sites have been discovered in the Indian
Ocean basins (Gamo et al., 2015; Srinivasan et al., 2004). Due to limited
studies on full vertical water column profiles of trace metals, the hydrothermal
trace metal fluxes to the deep waters of the Indian Ocean basins are poorly

constrained.
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1.3 Objectives of the thesis

Broadly, this thesis aims to understand the controls of different biogeochemical
processes on the distribution of dissolved Al and Mn in different Indian Ocean
basins. Under this broader theme, we focus on achieving the following specific
objectives:

1) To quantify and compare the relative impact of dAl input from atmospheric
mineral dust deposition and fluvial discharge in the Bay of Bengal and the
Andaman Sea.

2) To study and model the influence of seasonally reversing monsoonal
climatology on the surface dAl and dMn distribution in the Arabian Sea via
associated changes in dust flux, primary production and upper water
circulation.

3) To assess the impact of the advection of distinct water masses on the dAl
and dMn distribution in the Indian Ocean basins.

4) To examine the sensitivity of dMn distribution to the redox changes over the
vertical water column of the Arabian Sea.

5) To investigate the relative influence of the active hydrothermal activities on

the deep-water distribution of dissolved Al and Mn in the Indian Ocean.

1.4 Structure of the thesis
Chapter 1: Introduction

This chapter discusses the background information on the dissolved Al and Mn
cycling in seawater and underlines the existing research gaps in the
understanding of the biogeochemistry of these trace metals (Al and Mn) in the
Indian Ocean basins. The major objectives pursued in the thesis are also
provided in this chapter.

Chapter 2: Materials and Methods

This chapter details the materials and different sampling and analytical
methods used/established during different studies of this thesis. The efforts to
establish the accuracy and precision of the dissolved Al and Mn data generated

using the analytical methodologies are also discussed in this chapter.
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Chapter 3: Dissolved aluminium cycling in the northern, equatorial and

subtropical gyre region of the Indian Ocean

In this chapter, the biogeochemical controls on the vertical distribution of
dissolved Al in the Bay of Bengal (BoB), Andaman Sea, central and eastern
regions of the Equatorial Indian Ocean, and northern reaches of the Indian
Ocean subtropical gyre are discussed. Major objectives of the study are to (1)
decipher the relative influence of the huge fluvial (freshwater and sediment)
discharge vis-a-vis atmospheric mineral dust deposition in the Bay of Bengal,
(2) study the impact of surface monsoonal current on the redistribution of dAl
in the BoB, the Andaman Sea and the Equatorial Indian Ocean and (3)
understand the role of seawater interaction with margin sediments and
hydrothermal fluid injection on the dAl distribution. Estimation of the deep-
water dAl residence time in the Equatorial Indian Ocean using the 1D

advection-diffusion-scavenging model (Craig, 1974) is discussed.

Chapter 4: Distribution and cycling of dissolved aluminium in the Arabian

Sea and the western equatorial Indian Ocean

This chapter discusses the impact of seasonal reversing climatology and
associated changes in mineral dust flux, biological productivity, and surface
circulation on the Arabian Sea surface dAl distribution. The observed seasonal
variations in surface dAl concentration in the Arabian Sea are simulated using
a simple non-steady-state model and described in this study. Further, the
relative influence of the intrusion of high salinity water masses from the
Arabian marginal seas and the northern Arabian Sea on the thermocline dAl
distribution in the open Arabian Sea region is examined. This study is also the
first attempt to understand the dissolved Al cycling in the western equatorial

Indian Ocean.

Chapter 5: The biogeochemical cycling of dissolved manganese in the

Arabian Sea

This chapter focuses on understanding the biogeochemistry of dissolved Mn in
the southern and central Arabian Sea. Major emphasis is given on quantifying

Mn input to the surface seawater via atmospheric mineral dust deposition and
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removal via different pathways, including bio-assimilation and Mn-oxidation.
The impact of changing redox conditions over the vertical water column on

dissolved Mn distribution is also investigated.
Chapter 6: Summary and future research plans

The major findings of all the studies carried out are summarised in this chapter.
Further, some of the future perspectives on the research work done in this

thesis are discussed.
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Chapter 2: Materials and Methods

As noted in the previous chapter, the broad aim of this thesis is to study the
impact of diverse marine biogeochemical processes, active in different basins
of the Indian Ocean, on the distribution of dissolved Al (dAl) and Mn (dMn)
over the full vertical water column. Comprehensive understanding of the dAl
cycling in the Indian Ocean basins has implications for the supply of
continental material (atmospheric mineral dust, lithogenic suspended matter
from the riverine discharge, resuspended lithogenic margin sediments) to the
Indian Ocean waters. The input of continental material to the ocean waters acts
as an important source vector for various trace nutrients (or micro-nutrients
such as Fe, Zn, Mn). Mn as a bio-essential and redox-sensitive trace metal in
seawater may regulate primary production and diversity and track redox
changes in the water column. Understanding of the biogeochemistry of dMn is
crucial to (1) constrain the impact of significant spatio-temporal changes in Mn
sources (atmospheric mineral dust, riverine flux, shelf sediments), observed in
the tropical Indian Ocean, on phytoplankton production and their community
structure and (2) establish the sensitivity of dMn distribution to changing redox
state in the northern Indian Ocean water column.

To achieve these objectives, the distributions of dAl and dMn were determined
in different Indian Ocean basins by collecting seawater samples along four
different GEOTRACES-Indian cruise transects (Fig. 2.1). The general
hydrographic features of the Indian Ocean (mostly restricted to the studied
regions) are described in the following section. Specific details on sampling
strategy, different materials and analytical methods used to measure the dAl
and dMn concentrations in the seawater samples are also discussed.

2.1 General hydrography of the Indian Ocean

Several ocean current systems and water masses are reported over the vertical
water column of the tropical Indian Ocean (Kumar and Li, 1996; Mantyla and
Reid, 1995; Schott et al., 2009; Tomczak and Godfrey, 2003a,b; You and
Tomczak, 1993; You, 1997, 2000; Shetye et al., 1994; Singh et al., 2012;
Wyrtki, 1973). The dispersal of the water masses in the Indian Ocean, under
the influence of major current systems, plays a significant role in the

redistribution of trace elements at an inter or intra-basin scale (Saager et al.,
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1989; Schiifler et al., 2005; Goswami et al., 2014). Using the observed basic
hydrographic data (salinity, temperature and dissolved oxygen), the general
circulation pattern and water mass structure of the studied regions are deduced
and are briefly discussed here.

A huge freshwater discharge (on the order of ~10° km® yr!; Sengupta et al.,
2006) from the Himalayan (the Ganga and the Brahmaputra), the Indian
peninsular rivers and the Indo-Mynamar rivers to the north-eastern Indian
Ocean (BoB) is manifested as low-salinity (<34) surface waters, particularly in
the northern and central BoB, and the Andaman Sea. This low-salinity signal is
further transported to the surface waters of the Equatorial Indian Ocean and
south-eastern Arabian Sea region by eastward-flowing Northeast Monsoon
Current (NMC) and the northward-flowing East Indian Coastal Current
(EICC), which develop during the winter period (November-February; Schott
et al., 2009; Wyrtki, 1973). Annually, the excess of evaporation (E) over the
rainfall (P) (E-P ~2 m yr; Pokhrel et al., 2012) in the northern Arabian Sea,
the Persian Gulf and the Red Sea results in the formation of high-salinity water
masses, namely, the Arabian Sea High Salinity Water (ASHSW), Persian Gulf
Water (PGW) and Red Sea Water (RSW), respectively (Shenoi et al., 1993;
Shetye et a, 1994). These water masses intrude into the thermocline water
depths (~50-1000m; Schott et al., 2009; Shetye et al., 1994) of the open
Arabian Sea and may impact the trace elements distributions. Further, the
outflow of these high-salinity water masses into the open Arabian Sea is highly
seasonal (Maillard and Soliman, 1986; Prasad et al., 2001; You, 1997). The
intrusion of the warm and low-salinity Indonesian Throughflow Water (ITW),
under the influence of South Equatorial Current, is observed in the north-
western reaches of the subtropical gyre region of the Indian Ocean (~8-15°N).
Before entering the Indian Ocean, the ITW interacts with the sediments of the
continental margins surrounding the Indonesian seas (Nozaki and Yamamoto,
2001). Boundary exchange of trace elements over the margins of the
Indonesian seas may impact the trace element budget of the ITW, which, in
turn, can affect the trace element distribution in the subtropical Indian Ocean
with the advection of the ITW (Obata et al., 2004; Grand et al., 2015b).
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The deeper water column (>2000m) in the Indian Ocean basins is occupied by
the Modified North Atlantic Deep Water (MNADW) and the Antarctic Bottom
Water (AABW). MNADW is formed by the mixing of the North Atlantic Deep
Water (NADW) with the Circumpolar Deep Water (CDW) in the Indian Ocean
sector of the Southern Ocean (You, 1999). AABW entering the western Indian
Ocean basins is primarily sourced from the Weddle Sea (Mantyla and Reid,
1995). The source of AABW reaching the eastern and central Indian Ocean
basins is the dense waters of the Ross Sea and the Adelie coast (Mantyla and
Reid, 1995). These deeper water masses undergo significant change in their
chemical and physical properties as they advected towards the northern Indian
Ocean. These changes are forced by advective mixing, interaction with seafloor
and continental margin sediments and in situ recycling of biogenic and non-
biogenic particulate matter settling over the deep-water column (You, 1997,
Chinni et al., 2019). Another unique feature of the deep-water dynamics in the
northern Indian Ocean is the presence of significant dianeutral mixing (You,
1999, 2000).

The relative impact of ocean circulation and water mass structure on the
dissolved Al and Mn distribution in the studied regions is discussed in chapters
3,4 and 5.

2.2 Seawater sampling and storage

Seawater samples for the measurement of dissolved Al were collected along
three separate GEOTRACES-India cruise transect (Fig. 2.1a), namely, GI-01,
GI-05 and GI-06 (Leg A, hereafter, GI-06(A)) onboard research vessel Sagar
Kanya. The GI-01 cruise (Fig. 2.1a) was carried out during the spring-
intermonsoon period (26 March to 19 April) of 2014. During this cruise,
samples were collected offshore Vishakhapatnam (GI-01/1) followed by a
meridional transect near 87°E (GI-01/2 to GI-01/9; Fig. 2.1a) through the BoB
and the equatorial Indian Ocean. The cruise continued southwest through the
equatorial and Indian Subtropical Gyre region for further sampling (Fig. 2.1a).
The GI-05 cruise took place during the fall inter-monsoon period (22

September to 17 October) of 2015. Starting from the western Indian continental
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shelf region near Goa (GI-05/1, Fig. 2.1a), seawater samples were initially
collected across the eastern and central AS (GI-05/2 to GI-05/4, Fig. 2.1a).
Following this, sampling was conducted along a meridional sub-transect in the
central Arabian Sea towards the northern region of the Sea (GI-05/5 to G1-05/7,
Fig. 2.1a). Finally, seawaters samples were collected along the western
boundary of the Arabian Sea and in the western Equatorial Indian Ocean (GI-
05/8 to GI-05/17, Fig. 2.1a). The last sampled station of the cruise (GI-05/18,
Fig.2.1a) lies in the northern edge of the subtropical gyre region of the Indian
Ocean. The GI-06(A) cruise (Fig. 2.1a) took place during the late winter
monsoon period (29 January to 1 March) of 2017. Sampling during this cruise
was carried out across the central and southern BoB, and the equatorial Indian
Ocean (Fig. 2.1a). Additional stations were sampled in the southern Andaman
Sea and the south-eastern Arabian Sea (Fig. 2.1a).

Dissolved Mn concentrations were measured in seawater samples from 17
stations occupied along the GI-06 (Leg B; hereafter, GI-06(B)) cruise transect
(Fig. 2.1b) in the central and southern Arabian Sea regions, onboard research
vessel Sindhu Sadhana. The sampling was carried out during the late winter
monsoon period (January-February) in the year 2020. The sampling stations
were located over the continental shelf in the south-east Arabian Sea (GI-
06(B)/1, GI-06(B)/2 and GI-06(B)/3, Fig 2.1b), along a zonal transect at 9°N
(from 75.5 to 60°E) in the southern Arabian Sea (GI-06(B)/4 to GI-06(B)/14,
Fig 2.1b), and the central Arabian Sea (GI-06(B)/15 to GI-06(B)/18, Fig 2.1b).
The stations GI-06(B)/16, 17 and 18 lie in the intense oxygen depletion and
denitrification zone of the Arabian Sea (Naqgvi, 1991), where dissolved oxygen
levels drop below 5uM in the thick thermocline water column (~150-900m).
Trace elements, including Al and Mn, exist in extremely low, i.e., picomolar to
nanomolar, concentrations in seawater. Therefore, contamination-free seawater
sampling, processing, and storage are essential prerequisites for analytical
measurements of trace elements in seawater. To ensure the same, samples were
collected using a trace metal clean seawater sampler consisting of 24, 12L
Niskin-X bottles (Teflon coated, level-action type, General Oceanics) mounted
on a rosette-type, epoxy-coated Al frame (Fig. 2.2). At each sampling station,
the seawater sampler was deployed using an 8km long, non-metallic Kevlar

hydrowire (Fig. 2.2) to collect the samples from the surface (5-25 m) to the
18|Page



Chapter 2: Materials and Methods

bottom of the ocean (~50-150 m above the sediment-water interface). Once
recovered from the ocean to the deck, the Niskin-X bottles were immediately
transferred to a clean room container (class-1000, Fig. 2.2) for filtration and
further sub-sampling. From the 12L Niskin bottles, ~1L aliquots of seawater
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Fig. 2.1: Seawater sampling locations for (a) dissolved Al and (b) dissolved Mn
measurements. Crossover or nearby stations from previous studies (Lewis and Luther,
2000; Obata et al., 2004; Thi Dieu Vu and Sohrin, 2013) are also plotted.

were collected in acid-cleaned LDPE bottles (Tarsons Products Pvt. Ltd.) after
filtration through 0.2um filter capsules (AcroPak™ 500 with Supor®
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Membrane, PALL Life Sciences; rinse volume: 30ml) under filtered and

Rosette-based Trace Metal Clean Winch
Clean Seawater with non-metallic
Sampling System Kevlar Wire

Seawater Filtration
inside Clean Air Container

Fig. 2.2: Top: Rosette-based, trace metal clean sampler with 24, 12L Niskin bottles
(top left) and clean winch equipped with non-metallic, Kevlar wire (top right).
Bottom: Image showing the processes of seawater sample filtration inside the clean air
(class 1000) container.

pressurized air. The filtered sub-samples were acidified to pH <2 (0.024N HCI)
using ultrapure HCI (32-35%; Optima™, Fisher Scientific) under a class-100
laminar flow bench facility inside the clean-room container. Finally, the
acidified sub-samples were stored in a double layer of LDPE zip-bags (Tarson
Products Pvt. Ltd.) and later used for shore-based trace metal analysis. From
these stored seawater samples, ~30 ml aliquots were transferred to 60mL wide-
mouth LDPE bottles (Tarsons Products Pvt. Ltd.) for measurements of
dissolved Al and Mn concentrations using different analytical methods
discussed later (section 2.2 and 2.3). Before use, the LDPE bottles (1L and

60mL) were thoroughly and sequentially cleaned with 2% alkaline solution
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(Extran® MA 01, Merck), 4M HCI prepared using concentrated quartz distilled
(from 37% HCI, EMPARTA®, Merck) HCI and 1M ultrapure HNO;
(Optima™, Fisher Scientific). During acid cleaning, the bottles were soaked for
at least one day at 60°C in a hot air oven. Between each cleaning step, the
bottles were thoroughly rinsed 2-3 times with ultra-high pure water (resistivity:
18.2MQ cm; hereafter, MQ water), which was prepared using Millipore Milli—
Q® Element System. Moreover, in the process of sample collection or transfer,
the bottles were conditioned by rinsing them 2-3 times with the respective

seawater sample.

2.3 Analysis of dissolved Al

Dissolved Al concentrations in the sampled seawaters were measured using an
in-house developed flow injection analysis system (AI-FIAS). The Al-FIAS
can be divided into three major components (1) sample introduction
component, (2) chemical analysis component, and (3) detection and data
acquisition and processing component (Fig. 2.3 and 2.4). The sample
introduction component consists of a robotic arm programmed to be used as an
auto-sampler during the analysis. The component has a sample tray where, at a
time, 42 seawater samples can be placed for analysis. The user can pre-define
the analysis sequence for the samples placed on the tray from a graphical user

interface, which is a part of the data processing and acquisition component

Sample Introduction Chemical Analysis

Component ¢  Component Detection, and Data Acquisition
and Processing Component

Fig. 2.3: General structure of flow injection analysis systems used for measurements
of dissolved Al and Mn in seawater.
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(described later). The details on the hardware of the auto-sampler are given in
Chinni (2018).

The chemical analysis component consists of two 6-port, 2-positions valves
(VICI, Valco Instruments) and a pre-concentration column, both embedded in a
PTFE material tubing (internal diameter: 0.8mm, Cole-Parmer) manifold. An
8-channel peristaltic pump (GILSON MINIPULS Evolution®) is used, as part
of the component, to pump sample and different chemical reagents at calibrated
flow-rates (Fig. 2.4). Tubings used with the peristaltic pump are the 2-stop,
color-coded (for different diameter) PVC tubings (Fisher Scientific). The
valves are used to control the flow directions of the sample, injected by the
sample introduction component, and other chemical reagents to execute
different analytical steps (Table 2.1) during a sequence of sample analyses,
which are described here briefly. dAl concentration in the seawater samples
was analyzed following the automated in-line flow injection analytical
technique of Brown and Bruland (2008). The seawater samples were buffered
off-line to pH 5.5+£0.2 using ammonium acetate buffer (2M NHsAc, hereafter,
sample buffer) before the in-line analysis of dAl using the AI-FIAS. The
sample buffer was prepared using commercially available high-purity ammonia

solution (25%, Suprapur®, Merck) and glacial acetic acid (Optima™, Fisher

Table 2.1: Different analytical steps followed during the dAl and dMn analyses using
Al-FIAS and Mn-FIAS, respectively.

Time Interval  Time Interval

Valvel — Valve2 o0 Al FIAS)  (for Mn-FIAS)

Analytical Step Position  Position

(sec) (sec)

Column Acid Wash A B 0-100 0-70
Column Conditioning A A 101-130 71-100
Sample Loading B A 131-4302 101-400
Matrix Wash A A 431-460 401-430
Column Elution A B 461-1040 431-900

a: variable sample loading time was used for dAl measurements of the open and coastal ocean
sample (see text)

Scientific); pH of the buffer was adjusted to 9.0+0.1 using the high-purity
ammonia solution. Each sample analysis cycle starts with the conditioning of
the pre-concentration column, using a column conditioning solution (0.1M

NHsAc buffer; pH ~5.5) for 30s. The pre-concentration column was prepared
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by packing the iminodiacetic acid resin (TOYOPEARL® AF-Chelate-650 M,
Tosoh Bioscience) in a 2cm mini-column (internal volume: 27uL; Global FIA,
USA). The column conditioning solution was prepared by diluting the sample

buffer with MQ water and adjusting its pH with high-purity glacial acetic acid.
Next, the buffered sample was loaded onto the pre-concentration column for
120-300s. Generally, samples with (expected) dAl concentration below 15nM
(open ocean samples) and >15nM (coastal surface waters) were pre-
concentrated on the column for 300s and 120-180s, respectively. Thereafter,
the column was rinsed again with the column conditioning solution for 30s to
remove the excess and interfering seawater salts. The Al was then eluted from
the column with 0.1M HCI, prepared using concentrated high-purity HCI
solution (32-35%, Optima™, Fisher Scientific). The eluent was then mixed
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Fig. 2.4: Schematic representation of the AI-FIAS. The sequence of different
analytical steps and their time intervals are given in Table 2.1.
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with a lumogallion reaction solution to form a fluorescent Al-lumogallion
complex. The lumogallion reaction solution is made by adding 2.5ml of
lumogallion stock solution (4.8mM; 50mg lumogallion (>98.0%, TCI, Japan)
in 30ml MQ water) to 250ml of 4M NHsAc buffer solution (pH=6.3+0.1),
which was prepared with the high-purity ammonia solution and glacial acetic
acid. Complete mixing of the Al-lumogallion complex in the reaction stream
was achieved by passing it through a 10m knitted coil (Selavka et al., 1987),
kept completely submerged in a 2L water bath (StableTemp, Cole-Parmer) at
50°C (+0.2°C). Brij-35 solution (5% Brij® L23 solution; Sigma-Aldrich) was
then added to the reaction stream and their mixture was passed through a 4m
knitted reaction coil into the final component of the AI-FIAS for detection. The
Brij-35 solution increases the total intensity of fluorescence from the solution
of the Al-lumogallion complex formed (Resing and Measures, 1994). Before
every batch of analysis (50-60 combined runs of samples, standards and
blanks), the pre-concentration column was thoroughly cleaned by passing
~0.5M high-purity HCI solution through it for several hours.

The final reaction solution of the Al-lumogallion complex was introduced into
the last component of the AI-FIAS, where the fluorescence from the complex
was detected using a fluorescence detector (RF-20A, Shimadzu). The detector
was set to the excitation and emission wavelength of 489nm and 559nm,
respectively (Brown and Bruland, 2008). A micro-controller board (Arduino
Uno) was used to read the analog output from the detector and communicate
the same with computer software. The acquisition and processing of the
fluorescence data from the detector were achieved by using a software interface
written in the Laboratory Virtual Instrument Engineering Workbench
(LabVIEW) version 2011. The software provides the user with multiple major
controls, which include (1) defining the sequence of sample introduction
(analysis) for the samples placed on the sample tray, (2) defining the valves
switching time-intervals, (3) displaying the analog signal from the detector in
the form of a chromatogram, and (4) processing of data. The data processing
consists of (1) defining the time interval for the peak signal of Al-lumogallion
fluorescence in the chromatogram to calculate peak area (by integration) or

peak height, (2) calibration of the Al-FIAS system by fitting a calibration curve
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(a linear fit) to peak areas (or heights) observed for different external
calibration standards of known dAl concentrations and (2) calculation of the

dAl concentration of an unknown seawater sample using the calibration curve.

2.4 Analysis of dissolved Mn
2.4.1 Dissolved Mn analysis using seaFAST-integrated HR-ICP-MS

Dissolved Mn (along with some other trace metals) concentrations were
measured in the acidified seawater samples using a seaFAST (seaFAST-SP3,
ESI, USA) integrated, (high resolution) magnetic sector inductively coupled
mass spectrometer (Attom ES: HR-ICP-MS, Nu Instruments, UK). The
seaFAST system is an automated, commercially available module for ICP-MS
designed for in-line pre-concentration and/or preparation (dilution, matrix
matching and spiking) of liquid samples of varying salinity. For in-line pre-
concentration of dissolved Mn (along with other trace metals), we used the pre-
installed, S-precon method sequence of the seaFAST software, which is
suitable for the analyses of pre-prepared (spiked, diluted) samples having
similar matrix composition. The analytic sequence for each sample (acidified to
pH~1.7) starts with the sample loading, by an auto-sampler probe, into a 10 ml
sample loop using a vacuum pump. Next, the sample is buffered (to
pH=6.0£0.2) in-line by mixing it with a sample buffer solution (4M
ammonium acetate buffer) in a mixing coil. Before mixing with the acidified
sample, the sample buffer solution was cleaned (for trace elements of interest)
in-line by passing it through a clean-up column filled with Nobias—PAl
(Hitachi High-Technologies Corporation, Japan) chelating resin. The buffered
sample was subsequently loaded onto a separate (but identical to clean-up
column) column for in-line pre-concentration of Mn (and other trace elements
of interest). Following this, the pre-concentration column was rinsed with the
in-line diluted (with MQ water) sample buffer solution for removing excess
and interfering salt. Thereafter, the trace metals pre-concentrated onto the
column were eluted with ultrapure 1.6N HNOs (Optima™, Fisher Scientific)
solution and the eluate was guided towards the HR-ICP-MS for the on-line
measurement of dMn (and other dissolved trace metals of interest). After the

elution step, both the pre-concentration and sample buffer clean-up columns
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were cleaned using the ultrapure 1.6N HNO3 solution. Finally, the pre-
concentration column was conditioned by rinsing it with the in-line diluted
(with MQ water) sample buffer solution to get it ready for the next sample
analysis sequence. Measurement parameters and other operational conditions

set for the HR-ICP-MS during trace metal analyses are provided in Table 2.2.

Table 2.2: Measurement parameters and operational conditions during the dMn
analysis using the Nu-HR-ICP-MS

RF forward Power: 1300 W
Sampler Cone: Nickel
Skimmer Cone: Nickel
Nebuliser: PFA

Spray Chamber: Quartz Cyclonic
Sample Flow rate: 200pL/min
Coolant Gas flow: 13 L/min
Aucxiliary Gas Flow: 1 L/min

Nebuliser Gas flow:

Instrument Resolution:

Analysis Mode:

~20 psi (Daily Optimization)
4000
Deflector Scan

Scan Window: 600%
Dwell Time per Peak: 7.2ms
Switch Delay per Peak: 100ps
Number of Sweeps: 10
Number of Cycles: 50

2.4.2 Dissolved Mn analysis using flow injection system

An in-house flow injection analysis system (Mn-FIAS) is also developed for
the measurement of sub-nanomolar to nanomolar levels of dissolved Mn in
seawater. Similar to the AI-FIAS, the Mn-FIAS can be sub-divided into three
components: (1) sample introduction component, (2) chemical analysis
component and (3) detection and data acquisition and processing component.
The sample introduction component of the Mn-FIAS is identical to that of the
AI-FIAS. The physical structure of the chemical analysis component of the
Mn-FIAS is similar to the Al-FIAS, consisting of two 6-port valves, a pre-

concentration column, PTFE tubing manifold, and an 8-channel peristaltic
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pump with PVC tubings. dMn concentrations in seawater samples were
determined by following the chemical analysis technique of Aguilar-Islas et al.
(2006). The technique is based on the spectrophotometric detection of an
organic dye, malachite green, which is formed by an Mn-catalysed reaction
between leucomalachite green (LMG) and sodium periodate (NalOs). The
chemical reagents used during the analysis include (1) sample buffer solution
(0.5M (NH4)3BO3, pH =9.4+0.05), (2) rinse solution (0.05M (NH4)3BO3), (3)
reaction buffer solution (3M NHsAc + 10.5mM Nitrilotriacetic acid (NTA);
pH=5.3+0.1) (4) 0.AmM LMG solution, (5) 0.01M NalO4 and (6) 0.9M HCI.
Details on the reagents preparations are given in Aguilar-Islas et al. (2006). All
the reagents were prepared using commercially available high purity, low trace
element blank chemicals: HCI (32-35%, Optima™, Fisher Scientific), NH3
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Fig. 2.5: Schematic representation of the Mn-FIAS. The sequence of different
analytical steps and their time intervals are given in Table 2.1.

solution (20-22%, Optima™, Fisher Scientific), glacial CHsCOOH (Optima™,
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Fisher Scientific), Leucomalachite Green (solid, ACROS Organics™), NTA
(>99%, Sigma-Aldrich), Boric acid (HsBOs(s), Suprapur®, Merck) and NalO4
(ACS reagent, >99.8%, Sigma-Aldrich).

At the start of each analytical sequence, the pre-concentration column (2cm
GLOBAL FIA mini-column packed with TOYOPEARL® AF-Chelate-650 M
resin) was conditioned by passing the rinse solution through it for 30s.
Concurrent to the column rinsing step, the acidified (pH ~1.7) seawater sample
was buffered (to pH=8.3+0.2) in-line by mixing it with the sample buffer
solution in a 1m mixing coil. Subsequent to the column conditioning, the
buffered sample was loaded onto the column for 300s (5min) at the rate of 0.8
ml min™. After the sample loading, the pre-concentration column was again
flushed with the rinse solution for 30s to remove loosely bound matrix
elements from the column. Next, the pre-concentrated Mn in the column was
eluted by passing 0.9M HCI solution through the column. The eluate was then
mixed with the background flow of the LMG solution in a Im mixing coil. In
the background reagents flow, the NalO4 solution was mixed with the reaction
buffer solution in a 1m mixing coil. Finally, the mixtures of LMG-column
eluate and NalOs-reaction buffer react in a 3m reaction coil, submerged in a
water bath (StableTemp, Cole-Parmer) kept at 40°C (+0.2°C), to form the
organic dye, malachite green. The schematic representation of the Mn-FIAS is
shown in Fig. 2.5 and the steps (with time-intervals) followed during every
analytical sequence are given in Table 2.1.

The absorbance of the final malachite green solution formed was detected
using a UV-VIS spectrophotometer (SPD-20A, Shimadzu) at 620nm (Aguilar
Islas et al., 2006). The observed absorbance is proportional to the yield of
malachite green, which is controlled by the amount of dissolved Mn (catalyst)
in the analyzed sample. The hardware and the software used for data
acquisition (from the detector) and processing are similar to those used for the
Al-FIAS.

The Mn-FIAS was tested by measuring the dMn distribution in the seawater
samples collected at the station GI-06(B)/18. GI-06(B)/18 is a crossover station
to the Japanese GEOTRACES station, ER-5. dMn distributions determined for
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GI-06(B)/18 using the HR-ICPMS and the Mn-FIAS were compared with that

published for the crossover station, ER-5, and discussed later (section 2.5.2).

2.5 Calibration of dissolved Al and Mn analytical systems

All the analytical systems used, i.e., Al-FIAS, Mn-FIAS and seaFAST-
integrated HR-ICPMS, were calibrated by running external calibration
standards. For the preparation of the calibration standards, primary stock
standards of Al and Mn (Al ~240 nM and Mn ~445 nmol kg) were made by
serial dilutions of single element ICP standards of Al and Mn (1000mg/I,
CertiPUR®, Merck) using acidified MQ (pH ~1.7) water. Acidified MQ water
was prepared by adding ~1mL high-purity, concentrated HCI (32-35%,
Optima™, Fisher Scientific) to 1L of MQ water. Finally, the working external
calibration standards for the analytical systems were made by diluting different
proportions of the primary stock standards of Al and Mn using (pre-prepared)
column-cleaned seawater (CCSW). CCSW was freshly prepared off-line before
each batch of analysis (~50-60 combined analysis of samples and standards) by
passing a buffered (to pH ~5.5 for Al standards and ~6.0 for Mn standards)
deep seawater sample (collected in bulk during the cruise) through a pre-
concentration column, filled with the commercial available chelating resin,
Nobias-PA1 (Hitachi High-Technologies Corporation, Japan). Since the
samples analyzed for dMn using Mn-FIAS and HR-ICPMS were buffered in-
line before pre-concentration, the CCSW was re-acidified to pH ~1.7 by adding
~3ml of 6N high-purity HCI (Optima™, Fisher Scientific) to per liter of CCSW
collection before using it for the preparation of working external calibration

standards.

2.6 Data precision, accuracy and blank level for dissolved Al and Mn
measurements
2.6.1 Dissolved Al

SAFe and GEOTRACES reference seawater samples were analyzed for their
dAl concentrations. The measured dAl concentrations for the North Atlantic
GEOTRACES reference standards (GS and GD) showed very good agreement
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with their reported consensus values (Table 2.3). However, the dAl values for
the SAFe reference standards (SAFe D1 and D2) are ~1.5-2 times higher than
the reported consensus values (Table 2.3). The values determined here are
similar to the values recently reported (Table 2.3) by Resing et al. (2015). We
also carried out multiple analyses of two in-house reference samples (InStd-D:
2.2nM + 5% (1SD), n=42 and InStd-T: 3.8nM * 6% (1SD), n=77; Fig. 2.6),

which were calibrated for dAl concentration by running them multiple times
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Fig. 2.6: Measured dAl concentrations of all the analytical runs for in-house reference
samples (a) InStd-T and (b) InStd-D. The mean dAl values for InStd-T and InStd-D
are 3.8nM (20.24, 1SD) and 2.2nM (0.1, 1SD), respectively.

along with the North Atlantic GEOTRACES seawater reference standards, GD
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and GS. InStd-D and InStd-T were sub-samples of acidified, bulk seawater
samples (~20L) collected from 4000 m and 200 m water depths, respectively,
during a GEOTRACES-India cruise (GI-02) in the western equatorial Indian
Ocean region. Based on the InStd-D and InStd-T runs, the precision of dAl
measurements are given as 5% at 2.2nM (n=42) and 6% at 3.8nM (n=77).
Procedural blank for dAl measurements was estimated by running the column-
cleaned seawater (CCSW), generally, 2-3 times during each batch of analysis.
The mean of the blank concentrations observed during different days of
analysis is 0.29 nM (n=76). For each batch of analysis, the detection limit was
estimated by defining it as three times the standard deviation in the blank
concentrations. The mean of the detection limits determined during different
days of analysis is 0.06nM.

Table 2.3: Comparison of measured dAl concentrations (this study) and their
consensus values in SAFe and GEOTRACES reference samples. Results from Resing
et al. (2015) for SAFe reference samples are also presented.

Al Concentration*

Reference Sample  Batch No.  This Study  Resing et al. [2015]** Consensus Value**

1.28+0.12 1.26 +0.11 (1SD,

SAFe D1 D422 (eni ) 0.62 + 0.03 (1SD)
SAFe D2 D2 #361 %129’; r?:%g)‘ 163 ’-’ng'zlg)(lsD* 1.03 + 0.09 (1SD)
GD #163 (1175"[7) J—'ng'ff)
GEOTRACES GD ' - 17.7 +0.2 (1SD)
GD#31 (llgg ¥ ng.g)
GEOTRACESGS  GS #101 (les"gfng'j) - 27.5+0.2 (1SD)

* The consensus values for the SAFe and GEOTRACES reference samples are in nmol kg while their
reported values in this study and Resing et al. [2015] are in nM.

** Given values represent the mean and one standard deviation of all the SAFe reference samples
analyzed by Resing et al. [2015] and consensus values (as of May 2013) with one standard deviation after
inter-laboratory calibration of SAFe and GEOTRACES references samples.

Stations GI-05/4 and GI-06(A)/3 are crossovers to Japanese GEOTRACES
stations ER-5 and ER-2, respectively. The vertical dAl profiles observed at the
crossover stations were compared to assess the quality of dAl concentration

measurements in this thesis (Fig. 2.7a and 2.7b). The dAl trends observed in

the deeper waters of the crossover stations GI-05/4 and ER-5 (below 1000 m,
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i.e., y" > 27.6 kg m?3, Fig. 2.7a) are similar but slight differences in absolute
dAl concentrations near 2000m (y" ~27.95 kg m?) and 2500 m (y" ~28.02 kg
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Fig. 2.7: Comparison of dAl distributions at the crossover stations. Analytical
uncertainty estimates: (i) ER-2 and ER-5: precision achieved (~9%, 1SD; Thi Dieu Vu
and Sohrin, 2013) after repeat analysis of SAFe deep water reference seawater, (ii)
PA-9: precision achieved (2.7%, 1SD; Obata et al., 2004) at 2.0 nM and (iii) This
study: precision achieved (6%, 1SD) after repeat analysis of in-house reference
seawater, InStd-T. Also, the dAl concentrations reported by Thi Dieu Vu and Sohrin
(2013) and this study are in nmol kg and nM, respectively.
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m3) depths were observed (Fig. 2.7a). These differences are, however, within
15% of the observed dAl values at the two stations. The dAl observed above
300 m (y" < 26.5 kg m?3, Fig. 2.7a) at station GI-05/4 (this study) show
significantly lower values compared to that measured at ER-5 (Thi Dieu Vu
and Sohrin, 2013). In the surface mixed layer, the observed mismatch is not
surprising. ER-5 was sampled during the NE monsoon period (December 2009)
when atmospheric mineral dust input to the AS is much larger compared to that
estimated during the sampling season (autumn or fall inter-monsoon period) of
this study (Kumar et al. 2012; Pease et al., 1998; Tindale and Pease, 1999).
Below the surface mixed layer, in the upper thermocline waters (25-300 m), the
influence of the water mass advection on dAl distribution in the AS is observed
and discussed in detail later (refer to section 4.4.2 of Chapter 4). The dense
waters formed at the northern AS and the Arabian marginal seas (the Persian
Gulf and the Red Sea) intrude into the thermocline water depths in the open AS
regions (Shetye et al., 1994). The observed differences in the upper
thermocline dAl distribution at the two stations may, therefore, indicate
seasonal variations in the advective dAl input (refer to section 4.4.2 of Chapter
4 for more discussion), presumably, due to (1) changes in atmospheric Al input
and removal rate (in response to the seasonal changes in biological
productivity) at the formation regions of the thermocline water masses (Chen et
al., 2008; Hamza et al., 2011; Torfstein et al., 2017) and/or (2) seasonal
changes in output flux of the marginal sea waters to the AS (Bower et al., 2000;
Maillard and Soliman, 1986; Prasad et al., 2001; You, 1997).

Though the broad dAl distribution patterns are similar for crossover stations
GI-06(A)/3 and ER-2, the absolute values show slight differences in the
thermocline and deep waters (>100m, i.e., y" > 25 kg m™, Fig. 2.7b) but mostly
overlap within 20% of the dAl observed at similar neutral densities of the two
stations. Such differences were also evident when the dissolved Fe data at ER-2
and nearby station GI-01/7 (Fig. 2.1a) were compared, particularly below 500
m (refer Fig. 2C of Chinni et al., 2019). Given the long time span (7 years)
between occupations of the two stations, these differences may result from
interannual variations in lithogenic sediment fluxes to the BoB (Unger et al.,
2003), which predominantly controls the dissolved Fe (Chinni et al., 2019) and
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dAl (refer to section 3.4.1.1 and 3.4.2.1 of Chapter 3 for more discussion) in
the region. dAl concentrations in the deeper waters (>1000m) at stations Gl-
01/7 and GI-06(A)/3, sampled within 130km, compare better (Fig. 2.7Db).
Station GI-06(A)/4 (8.148°N, 89.148°E) is within 25km of station PA-9 (8.0°N,
89.0°E, Obata et al., 2004; Fig. 2.1a) with dAl below 1000m being comparable
or low relative to that at PA-9 (Fig. 2.7c). The dAl distributions at nearby
stations GI-01/8 and GI-06(A)/12 also showed comparable results (Fig. 2.7d).
In general, the dAIl concentrations at crossover or nearby stations show,
relatively, large differences in the upper water column (<1000 m, Fig. 2.7)
presumably due to a smaller residence time of dAl compared to that in the
deeper waters (Orians and Bruland, 1986), and therefore, showing more
sensitivity towards seasonal and interannual variations in the dAl input from

sources in the BoB.

2.6.2 Dissolved Mn

The Japanese GEOTRACES cruise (GI-04) station, ER-5, was re-occupied
during the GI-06(B) cruise (as GI-06(B)/18, Fig. 2.1b) and the dMn vertical
profiles observed at the two crossover stations are compared (Fig. 2.8a) to
assess the accuracy of the dMn measurements in this study. The dMn
distributions at the two stations show good agreement throughout the water
column except at the surface layer (<50m), where the dMn concentrations
observed during the Japanese cruise are significantly higher (by ~1-3 nM; Fig.
2.8a). The crossover stations, ER-5 and GI-06(B)/18, were sampled during
different seasons, i.e., in early (November) and late (February) winter periods,
respectively, and therefore, the observed difference in the surface layer dMn
concentrations may represent the inter-seasonal variations. This seems
plausible given the Arabian Sea is subject to significant seasonal changes in
mineral dust flux depositions (Tindale and Pease, 1999), a prominent source of
dMn to the surface ocean (van Hulten et al., 2017 and references therein).
However, significant differences in the surface mixed layer salinity (ER-5:
36.081 and GI-06(B)/18: 36.531) and potential density anomaly (Fig. 2.8a)

were also observed between the crossover stations. The surface mixed layer
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depths estimated (using the threshold change, i.e. 0.03 kg m?, in potential
density with respect to that at 10m; Holte et al., 2017) during the sampling of

dMn (nmol kg1 dMn (nmol kg™)
0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0
PURE T TR N W WY T NN VNN WY S NN W WY U NN TN WU U S W S 1 nn-lnnnln...lnnnlnnnln
23.0 a -9 O 240+ b
1 @ i - o
24.0 -
® O 25.0 -
O
25.0 B
] o
= - O 26.0 P
P 26.0 -
g 2 o d @
o L, .__._
- 27.0 R 27.0 &
2707 00 @08
: 0¥ ot e
2 1 ——— T T T — P77
[}
i sl oo a1 1 TR PR Y 11 Y PR Y PR R Y 1
S 275 1 1 1 1 1
o ]
T 2764 @ o
[ 27.6 'S
= ]
32 27.7 -
° ]
27.8 - 2784 @
10
{ @ 279 @
@ 4 Q.
28.0 28.0 -
° @ GI-06(B)/18_ICPMS (This Study) ]®
j© O GI-06(B)/18_Mn-FIAS (This Study) 281 1@ @ GI-06(B)/17_ICPMS (This Study)
@® ER-5 (Thi Dieu Vu and Sohrin, 2013) 4 @ N9 (Lewis and Luther, 2000)
—————————————————————] 2824

Fig. 2.8: Comparison of dMn distribution at the crossover stations. Analytical
uncertainty estimates: (1) ER-5: precision achieved (~5%, 1SD; Thi Dieu Vu and
Sohrin, 2013) after repeat analysis of SAFe surface water (SAFe S) reference
seawater, (2) This Study: precision achieved (~8%, 1SD, n=68) at 1.09 nmol kg*
using ICPMS and after repeat analysis of GEOTRACES reference sample, GS, (~6%,
1SD, n=4) using Mn-FIAS.

the crossover stations are also significantly different (ER-5: 25m and Gl-
06(B)/18: 46m). This suggests surface water mixing over deeper depths during
the sampling of GI-06(B)/18 compared to that during the ER-5 sampling
period. Change in the surface mixed layer depth may result in the redistribution
of dMn (mixing of dMn-rich surface waters with, relatively, dMn-poor waters
of the deeper depths). The observation that the integrated surface mixed layer
dMn inventory (i.e., mixed layer dMn concentration times mixed layer depth)
is similar for the crossover stations (ER-5 and GI1-06(B)/18) also supports this
redistribution (due to change in mixed layer depth) hypothesis. Our sampling
station GI-06(B)/17 overlaps in space with station N9, sampled during the US-
JGOFS cruise (Fig. 2.1b) for dMn measurements in the vertical water column.

dMn concentrations observed at these stations also compare well (Fig. 2.8b).
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The analytical precision obtained for the dMn analysis using HR-ICPMS at
1.09 nmol kg was 8% (1SD, n=68). The mean procedural blank was estimated
from the measurements of CCSW for dMn (using HR-ICPMS) at different
analytical sessions and found to be 0.03 nmol kg (n=13). The detection limit
of dMn measurements (using HR-ICPMS) was defined as three times the
standard deviation in the observed blank dMn levels and estimated to be 0.02
nmol kg™

The dMn concentrations measured using the Mn-FIAS at station GI-06(B)/18
are consistent with the results obtained using the ICPMS (Fig. 2.8a).
Additionally, dMn concentration measured (1.54 + 0.10 nmol kg(1SD), n=4)
for the GEOTRACES reference sample, GS, using the Mn-FIAS show

excellent agreement with the consensus value (1.50 + 0.11 (1SD) nmol kg™).

2.7 Ancillary parameters

The seawater sampling rosette system was equipped with a CTD sensor (SBE-
911plus, Sea-Bird Scientific, USA) for continuous measurements of
conductivity (salinity), temperature and pressure. Dissolved oxygen levels were
measured throughout the water column during sampling using an SBE 43
sensor (Sea-Bird Scientific, USA) mounted on the sampling rosette. An ECO-
NTU sensor (WET Labs, Sea-Bird Scientific, USA) was added to the package
for continuous measurement of seawater turbidity during the GI-06(A) cruise.
All the sensors were calibrated (by Sea-Bird Scientific, USA) before the
Cruises.

Seawater samples (unfiltered) collected during the GI-01, GI-05 and GI-06(A)
were analyzed onboard for the major inorganic nutrients, i.e., silicic acid
(H2Si04), phosphate (PO3™), nitrate plus nitrite (NO3 + NO3), based on the
colorimetric detection method (Hansen and Koroleff, 1999). The precision of
H2SiOs, PO3"and NO3 + NO, measurements during the GI-01 and GI-05
cruises were £0.02 uM, +£0.01 pM and +0.02 uM, respectively (Chinni et al.,
2019; Sarma and Dalabehera, 2019). During the GI-06 cruise, H2SiO4, PO3~
and NO3 + NO3 were measured with percentage relative standard deviation

(% RSD) better than 6%, 2% and 5%, respectively, for repeat analysis.
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2.8 Conclusion

Hundreds of filtered seawater samples, collected using a trace metal clean
sampling system, were analyzed for dissolved aluminium (Al) and manganese
(Mn) concentrations in different Indian Ocean basins. Precise and accurate
measurements of sub-nanomolar to nanomolar levels of dissolved Al and Mn
were made using in-house developed flow injection analysis systems (Al-FIAS
and Mn-FIAS). Such portable systems can be utilized for onboard analysis of
dissolved Al and Mn and are useful to realize any possible sampling and
sample processing artifacts during the cruise. The majority of the dMn data is
produced by analysis using the seaFAST-integrated HR-ICPMS system. The
system allows having multi-trace element analysis on sample aliquot of
seawater sample with in-line pre-concentration of trace elements.

Good agreement between the measured and consensus levels of dAl and dMn
in GEOTRACES and SAFe seawater reference samples ensures the accuracy
of the data presented. Moreover, comparable dMn and dAl distribution
observed for the crossover stations provides additional confidence in sampling

protocol and data accuracy.
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Dissolved aluminium cycling in the
northern, equatorial and subtropical gyre

region of the Indian Ocean
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3.1 Introduction

Dissolved aluminium concentrations in the global ocean have shown large
inter-oceanic fractionation due to the varying nature and strength of its external
sources and internal cycling in different oceanic basins (Chou and Wollast,
1997; Grand et al., 2015b; Measures and Vink, 1999; Middag et al., 2012,
Orians and Bruland, 1986). Deposition and partial dissolution of continental
crust derived atmospheric mineral dust is considered as the major source of dAl
to the surface ocean waters, particularly in remote ocean regions (Grand et al.,
2015b; Hydes, 1979; Measures and Edmond, 1990). Al released from the
resuspended sediments over continental margin and seafloor may also act as an
important source of dAl to the ambient seawaters (Mackin and Aller, 1984,
1986; Middag et al., 2009, 2015; Moran and Moore, 1991). However, the
relative contribution of Al released from suspended particulate matter (due to
particle dissolution and/or Al desorption) and diffusive Al flux from dAl
enriched sediment pore waters to the water column near sediment-water
interface is uncertain due to limited knowledge on particulate Al levels of the
resuspended sediments, dAl concentrations of pore waters and diffusivity
across the sediment-water interface (Orians and Bruland, 1986). The extent of
Al release from sediments near ocean margins depends on the intensity of
water turbulence leading to sediment remobilization and availability of reactive
Al in the margin sediments (Measures et al., 2015; Middag et al., 2015; Moran
and Moore, 1991). Concentration of dissolved silicic acid in ambient ocean
waters at sediment-water interface and biogenic silica accumulation rates in
margin sediments are observed to control the Al dissolution/desorption from
the resuspended sediments in the water column and dAl diffusive flux from the
sediment pore waters, respectively (Koning et al., 2007; Mackin and Aller,
1984; Middag et al., 2015; Van Beueskom et al., 1997). Stoichiometric
interaction of Al, released from resuspended sediments, with ambient dissolved
Si may result in the precipitation of authigenic aluminosilicates and inhibits the
build-up of dAl in the dissolved Si-rich ambient seawater (Mackin and Aller,
1984, 1986).

Al is also one of the most concentrated dissolved trace metals in river waters

(Gaillardet et al., 2014) but estuarine processes filter out the majority of the
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dAl before river water discharges to the ocean (Mackin and Aller, 1984). Al
released from the atmospheric mineral dust and/or resuspended sediments in
the formation regions and/or along the advective pathways of water masses and
their subsequent movement to other oceanic regions may also provide a
significant share to the total dAl inventory in the water column, at least at basin
scale (Measures and Edmond, 1988; Measures et al., 2015; Middag et al., 2009,
2015). Elevated dAl signals in the deep-water hydrothermal plumes, emanating
from hydrothermal vents along the mid-oceanic ridges, have been reported in
the Atlantic (Lunel et al., 1990; Measures et al., 2015) and the Pacific (Resing
et al., 2015) Ocean. From these studies, it could be summarized that the
magnitude of the dAl input from the hydrothermal processes to the deep waters
is largely controlled by the composition of hydrothermal fluids, dAl content of
the deep waters entrained by the hydrothermal plumes near the vents and
topographical constraints around the vents (Lunel et al., 1990; Measures et al.,
2015; Resing et al., 2015). The topography around the vents is also observed to
play a crucial role in controlling the dispersal of the dAl-rich hydrothermal
plume (Measures et al., 2015; Resing et al., 2015). However, in view of the
limited observations of dAIl near active hydrothermal vents and seafloor
spreading sites, the relative contribution of hydrothermal dAl input to the
global deep waters dAl budget is still debatable and is specifically neglected in
simulations by the modeling studies done to date (Gehlen et al., 2003; van
Hulten et al., 2013, 2014).

Dominant controls on output flux of dAl from the water column are set by
particle scavenging processes (Hydes, 1979; Orians and Bruland, 1985).
Biogenic silica particles are one of the main carrier phases of scavenged Al,
given the Al chemical affinity (to get adsorbed) towards high negative surface
charge density of siliceous particles (Dixit and Van Cappellen, 2002; Dymond
et al., 1997; Moran and Moore, 1988). Along with passive scavenging, active
uptake of Al by the living diatoms during biosynthesis of frustules is also
possible, which has been shown experimentally (Gehlen et al., 2002). This has
implications for the export and remineralization of biogenic silica (bSi) and its
regeneration since Al integration in the silicate framework has been shown to

reduce the solubility of bSi in the seawater (Koning et al., 2007).
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Previous studies (Grand et al., 2015a; Measures et al., 2015; Measures et al.,
2005; Measures and Vink, 2000) have exploited the surface ocean dAl
concentrations to estimate the atmospheric mineral dust fluxes over different
ocean basins, considering the steady-state balance between Al input from the
partial dissolution of mineral aerosols and output via scavenging by particles
and their subsequent removal out of the surface. In general, the order of error
associated with this steady-state, 1-D approach is about a factor of 3 due to the
uncertainties in Al solubility from mineral dust and dAl scavenging rates
(Grand et al., 2015a; Measures and Vink, 1999). Compared to this, the
estimates of dust deposition fluxes from atmospheric models have uncertainty
on the order of a factor of 10 (Mahowald et al., 2005). Also, in the regions
where advective processes and other sedimentary (e.g., continental margin
sediments) sources/sinks of Al play a major role in controlling the dAl
concentrations, surface dAl-based atmospheric dust fluxes may be over or
underestimated using the 1-D, steady-state model (Grand et al., 2015a).

In the Indian Ocean, relatively few measurements of dAl have been reported
and, thus, our understanding of Al cycling in this ocean basin is quite limited.
Grand et al. (2015b,c) have recently reported high (spatial) resolution dissolved
Al concentrations data in the eastern Indian Ocean and across the southern end
of the Indian Subtropical Gyre, but their measurements were restricted to the
upper water column (<1000 m). Studies reporting full vertical water column
profiles for dAl in the Indian Ocean are sparse (Obata et al., 2004; Vu and
Sohrin, 2013). In this study, we have measured 34 full vertical profiles of dAl
in the northern (the BoB, the Andaman Sea and the Arabian Sea), equatorial
and subtropical gyre region of the Indian Ocean to constrain the probable
sources, sinks and processes that may control the dAl distribution in these
regions. This study greatly increases the spatial density of Al measurements,
especially in the deep waters of the Indian Ocean.

3.2 General circulation and water mass structure

Several studies (Kumar and Li, 1996; Mantyla and Reid, 1995; Schott et al.,
2009; Tomczak and Godfrey, 2003a,b; You and Tomczak, 1993; You, 1997,
2000; Shetye et al., 1994; Singh et al., 2012; Wyrtki, 1973) have discussed the
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circulation and structure of the water masses present in the Indian Ocean
basins. Here, the circulation patterns and water-mass structure observed during
the study period, mostly restricting to the studied regions, are discribed. To
facilitate data interpretation and discussion, the study area has been sub-divided
into different sub-basins in the Indian Ocean: (1) Bay of Bengal (BoB; north of
5°N, 80-92°E), (2) Andaman Sea (north of 5°N and 94-100°E), (3) Arabian Sea
(AS; north of 5°N, 51-73°E), (4) Equatorial Indian Ocean (Eq.10; 5°N-5°S) and
(5) Indonesian Throughflow and Indian Subtropical Gyre (ITF-ISG; south of
5°S) region. Stations GI-06(A)/11 and GI-06(A)/12 (Fig. 3.1) were considered
to be in the transitional region from the southern BoB to the Eq.IO. Fig. 3.1

Ganga

a
Bra,ﬂnai’“"

! INDIA Mahanadi
20°N b Godayays

Krlshn;

30°S y R A“__‘

60°E 70°E 80°E 90°E 100°E 110°E 120°E
LEGEND
m GI-01: BoB Stations ® GI-01 : Eq.IO Stations . Stations from Vu and Sohrin [2013]
® GI-06 : BoB Stations @ GI-06 : Eq.IO Stations

@ stations from Obata et al. [2004]
V¥ GI-06 : Andaman Sea Stations A GI-01 : ITF-ISG Stations

#8 GI-06 : Arabian Sea + Trap Locati O from Grand et al.[2015b]
(Unger et al., 2003)

Fig. 3.1: Map showing the stations occupied for clean seawater sampling during the
GI-01 (black symbols) and GI-06(A) (red symbols) cruises. Tracks of various major
rivers flowing through India and Indo—Myanmar regions to the BoB and the Andaman
Sea are shown. Sampling locations for dAl and other ancillary data from earlier
studies used during the text discussions are also plotted. This map was prepared using
ODV 4.7.9 software (Schlitzer, 2016).
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shows the stations occupied in different sub-basins (defined above) during the
GI-01 and GI-06(A) cruises in the Indian Ocean.

3.2.1 Surface and thermocline waters

The large annual river water influx from the Himalayan rivers (the Ganga and
the Brahmaputra), Indian peninsular rivers (the Mahanadi, the Godavari and
the Krishna) and Indo-Myanmar rivers (the Irrawaddy and the Salween) to the
north-eastern Indian Ocean (i.e., the BoB and the Andaman Sea) is manifested
as low salinity, Bay of Bengal Water (BBW) in the surface water layer of the
region. The thickness of the low salinity (<34) surface layer gets shallower in
the southern BoB (<50 m) and the Andaman Sea compared to the northern and
central BoB (50-100 m; Fig. 3.2a and 3.3a). Dominating the contributions
from all the rivers, the Ganga-Brahmaputra (G-B) river system annually
discharges freshwater and suspended sediments on the order of 10° km? and 103
Mt (1 Mt = 10° kg), respectively, to the BoB (Galy and France-Lanord, 2001;
Sengupta et al., 2006, Singh et al., 2008). A comparable freshwater flux and
about half of the suspended sediment flux from the G-B river system is
discharged by the Irrawaddy and Salween (I-S) river system to the Andaman
Sea (Damodararao et al., 2016; Robinson et al., 2007). During the late fall
intermonsoon to the late winter monsoon period (November to February), the
low salinity BBW is transported to the surface layers of the Arabian Sea by the
Northeast Monsoon Current (NMC, Fig. 3.4a), centered along 5°N, and the
East Indian Coastal Current (EICC), flowing southward along the east coast of
India (Kumar et al., 2004; Schott et al., 2009; Wyrtki, 1973; Goswami et al.,
2014). The low surface salinity (33.53-34.18) observed during the late winter
period in the south-eastern Arabian Sea (GI-06(A)/21, 22 and 24; Fig. 3.2c)
suggests the advection of the BBW to this region.

In general, the surface waters in the BoB showed an anti-cyclonic motion
during both the cruises (Fig. 3.4a). Over this general circulation pattern, transits
of strong anti-cyclonic (warm-core) eddies at stations GI-01/3 and GI- 01/5 and
cyclonic (cold-core) eddies at stations GI-06(A)/2, GI-06(A)/10 and GI-01/7

were observed, which are marked by deepening or shoaling of the neutral
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density (y"; kg m™) isolines and salinity variations at these stations (Figs. 3.2a,
3.3a and 3.3Db).

In the southern Andaman Sea, advection of low salinity, Indonesian Water
from the Strait of Malacca (SoM) to the Andaman Sea may also contribute to
the surface waters (Rizal et al., 2012). Further, the low salinity surface waters
of the southern Andaman Sea may advect to the southern BoB as evident from
the surface circulation patterns (refer Fig. 3.4a for a schematic representation)
and low surface salinity levels (<34) at stations GI-06(A)/8, 9, 11 and 12, and
GI-01/08 in the southern BoB. However, eddy pumping of sub-surface waters
to the surface layer erodes this low salinity signal at station GI-06(A)/10 (Fig.
3.3b).

Mixed layer salinity (Smv) in the equatorial stations was higher (33.80-35.33)
compared to that in the BoB due to decreasing contribution from the BBW and
increased westward (~34.63 at GI-06(A)/13 to ~35.33 at GI-06(A)/19, Fig.
3.3b), presumably, due to the admixing of the equatorial surface waters with
high salinity surface waters of the southern Arabian Sea under the influence of
the NMC (Fig. 3.4a). Sub-surface (75-100 m) salinity maxima observed in the
coastal Arabian Sea and equatorial stations west of 88°E (GI-06(A)/12 to Gl-
06(A)/20, GI-01/09 and GI-01/10; Figs. 3.2a, 3.3b and 3.3c) indicate the
presence of Arabian Sea High Salinity Water.

Further south in the ITF-1SG region (south of 5°S), the surface and thermocline
waters (0-1000 m) at stations GI1-01/11 and GI-01/12 are impacted by the low
salinity, Indonesian Throughflow Water (ITW) carried by the west-flowing
South Equatorial Current (SEC) across the latitude range: 8-15°S (Tomczak
and Large, 1989; Fig. 4a). This is evident from the low salinity surface waters
(Fig. 3.2a) and variations in T-S (potential temperature-salinity) curve at these
stations (refer to Fig. 3.5d] resulting from mixing and interleaving between the
ITW and the Indian Central Water (ICW) (Tomczak and Godfrey, 2003a;
Tomczak and Large, 1989). The ICW is formed in the subtropical convergence
zone (40-45°S) by subduction of subtropical surface waters (You and
Tomczak, 1993) and represented by thermocline waters at station GI- 01/16,

showing its typical T-S curve (6 ~9-15°C, Fig. 3.5d). The upper water column
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Fig. 3.2: (a) Salinity of and (b) dAl concentrations in the water column sampled along
the GI-01 cruise transect (shown in the inset map) during the spring—intermonsoon
period (March-April) of 2014. Overlain contours in the top and bottom figures
represent the neutral density (y", kg m?) and dAl concentration (in nM) isolines,
respectively. For better visualization of the data in the more dynamic surface and
upper thermocline waters (<300 m), salinity and dAl distributions are shown
separately for the upper 300 m water depth and the remaining water column below
(=300 m).
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Fig. 3.3: Same as Fig. 2, but the salinity (a—c) and dAl observations (d—f) plotted are
for the GI-06 cruise. For better visualization and interpretation, the full GI-06 cruise
track was sub-divided into three separate sub-transects. Sub—transect 1 and 2 are the
two zonal transects in the southern BoB and the Andaman Sea, and the equatorial
Indian Ocean, respectively. Sub-transect 3 is a meridional transect in the south-eastern
Arabian Sea. Fig. (g) shows the division of the full GI-06 cruise transect into the
above-mentioned sub-transects.
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Fig. 3.4: (a) Schematic diagram showing the general surface water circulation during
the sampling in the study regions. The diagram is deduced using the Ocean Surface
Current Analysis Real-time (OSCAR) third degree (1/3 x 1/3 degree) resolution ocean
surface currents data (ESR, 2009). (b) Qualitative representation of deep (light blue)
and bottom water (dark blue) circulation pattern for the Central Indian Ocean Basin
and the BoB. The circulation scheme is plotted after composite results from Toole and
Warren (1993), Mantyla and Reid (1995), Kumar and Li (1996) and You (2000).

(<200 m) of station GI-01/16 in the subtropics (Fig. 3.1) comes under the
influence of north-east flowing South Indian Counter Current (SICC, Fig.
3.4a), which is fed by retroflection of Southeast Madagascar Current (SEMC)

waters (Schott et al., 2009 and references therein).
3.2.2 Deep and bottom waters (>2500 m)

Principle water-masses filling up the deep and bottom water column depth
(>2000 m) in the Indian Ocean are the Modified North Atlantic Deep Water
(MNADW) and the Antarctic Bottom Water (AABW) (Kumar and Li, 1996;
Singh et al., 2012; Goswami et al., 2014; You, 2000). The MNADW is formed
by mixing and entrainment of the North Atlantic Deep Water into the
Circumpolar Deep Water (CDW) of the Indian Ocean Sector of the Southern
Ocean (Kumar and Li, 1996; You, 1999) and occupies the depth range of
2000-3500 m (You, 1999). The AABW fills the deepest depths (>3500 m) in
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the Indian Ocean Basins (Tomczak and Godfrey, 2003a; You, 1999). Fig. 3.4b
depicts the general circulation scheme of the deep (2000-3500 m) and bottom
(>3500 m) waters in the Central Indian Basin and BoB (Kumar and Li, 1996;
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Fig. 3.5: T-S variations in the vertical water column at the representative stations
sampled in different Indian Ocean sub-basins during the GI-01 (dashed lines) and the
GI-06(A) (solid lines) cruises. Characteristic ranges of T-S values for different water
masses present in the water column and potential density anomaly isolines are also
traced. AABW: Antarctic Bottom Water, AAIW: Antarctic Intermediate Water,
ASHSW: Arabian Sea High Salinity Water, BBW: Bay of Bengal Water, ITW:
Indonesian Throughflow Water, MNADW: Modified North Atlantic Deep Water,
NIHW: North Indian Intermediate Water, PGW: Persian Gulf Water, RSW: Red Sea
Water. Data sources for characteristic ranges of T-S values: AABW and AAIW-
Tomczak and Godfrey, 2013a; ASHSW- Shenoi et al., 1993; BBW- T-S data observed
in the surface mixed layer of stations GI1-01/2 and 3 in the N.BoB of this study; ITW-
T-S data variations in the thermocline waters (100-1000 m) observed at the latitudinal
and longitudinal ranges of 8-12 °S and 120-123 °E, respectively. The T-S data was
derived using the annual statistical mean salinity and temperature data from World
Ocean Atlas 2013, version 2 (Locarnin et al., 2013; Zweng et al., 2013); MNADW-
Kumar and Li, 1996; NIIW- Singh et al., 2012; PGW and RSW- Shenoi et al., 1993.
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Mantyla and Reid, 1995; Toole and Warren, 1993; You, 2000). Deep waters
(2000-3500 m) are mainly derived from the South Australian Basin into the
Central Indian Basin and BoB through the deep passage between the Broken
Plateau and the Southeast Indian Ridge and flow northwards (Fig. 3.4b; You,
2000). On the other hand, bottom waters in the Central Indian Basin are
primarily derived from the Western Australian Basin through the deep saddles
at ~5°S and 10°S on the Ninety—East Ridge (NER, Fig. 3.4b; Mantyla and
Reid, 1995; Tomczak and Godfrey, 2003a; Toole and Warren, 1993). In
contrast to the northward movement of deep waters above, the bottom waters,
after entering into the Central Indian Ocean Basin, turn and flow southwards
(Mantyla and Reid, 1995; Toole and Warren, 1993; refer Fig. 3.4b for a

schematic representation).

3.3 Results
3.3.1 dAl distribution in the surface mixed layer and upper thermocline
waters (0-300 m)

For better understanding and data interpretation, the BoB region was further
sub-divided into the northern (N. BoB; >17°N), the central (C.BoB; 10-17°N)
and the southern BoB (S.BoB; 5-10°N). The mean dAl concentrations in the
surface mixed layer (dAlmL) observed in the BoB were in the range of 9.2-48.3
nM, combining both the cruises (refer Table Al in the Appendix A). The
meridional section sampled in the BoB during the spring—intermonsoon period
(GI-01 cruise) showed a similar latitudinal trend (Fig. 6) in the dAlw.
variations as reported earlier by Grand et al. (2015a), showing decreasing
dAlmL concentrations from the N.BoB to the S.BoB. Note the general
mismatch between the dAIML observed for the C.BoB stations in this study
and topmost depth sampled in the C.BoB by Grand et al. (2015a) (Fig. 3.6).
The topmost sampling depths of Grand et al. (2015a) in the C.BoB lie below
the surface mixed layer observed during their sampling period (refer Figs. 2
and 3 of Grand et al. (2015a)) and therefore probably represent the dAl levels
in the strong chemocline (decreasing dAl concentrations) below the surface

mixed layer. Independently, this observed mismatch in the C.BoB may also
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result due to the interannual variations in dAl supply from the sources and/or
influence of eddies (given the seven years of time gap between sampling
periods of this study and that of Grand et al., 2015b) on the surface dAl. During
the spring-intermonsoon period (GI-01 cruise), highly enriched dAlmc value
(~47 nM) was observed in the northernmost station, GI-01/2, situated closest to
the mouths of the Ganga and Mahanadi rivers (~200 km and ~70 km from the
Hooghly (the Ganga) river and the Mahanadi river mouth, respectively) and
probably, most influenced by the fluvial inputs (freshwater and sediments) of
the G-B river system. South of the station GI1-01/2 at GI-01/1 and from stations
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Fig. 3.6: Latitudinal variations of dAlw. (grey squares) observed along the GI-01
cruise track and dAl concentrations measured at the topmost water depth (black and
grey diamonds) sampled along the U.S. CLIVAR CO2 Repeat Hydrography 109N
cruise in the Indian Ocean. The grey diamonds distinguish the stations where the
topmost depth analyzed for dAl concentrations was below the observed mixed layer
depth during the U.S. CLIVAR CO2 Repeat Hydrography 109N cruise (Grand et al.,
2015a).

GI1-01/3 to GI-01/5 in the C.BoB, dAlmL showed near-uniform values (mean
dAIML = 27.3 + 0.9 nM, Fig. 3.7) with significant variation in Sm. (31.802-
33.386). Thereafter, from station GI-01/5, towards the S.BoB, dAlm. decreased
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linearly (R? = 0.90, Fig. 3.7) with increasing Sm.. During the late winter period
(GI-06(A) cruise), dAl enrichment together with decreasing salinity in the
surface waters (<50 m) was observed towards the south-east coast of India (G-
06(A)/1) and the region around the Nicobar Islands (GI-06(A)/5, 6, 7, 8 and 9;
Fig. 3.3a, b, d and e). dAluL concentrations at GI-06(A)/7 and 8 (~43-48 nM;
Fig. 3.3e) near the Nicobar Islands were the highest observed during this study.
It is interesting to note that at stations GI1-01/7 and GI-06(A)/10 in the S.BoB
(Fig. 3.1), where the transit of cold-core eddies was observed, a sudden
decrease in dAlvL concentrations (Figs. 3.2b and 3.3e) accompanied with a
steep increase in Sw, relative to the adjacent stations (Figs. 3.2a and 3.3b), was

observed.
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Fig. 3.7: dAlw. plotted against Sm. for the stations sampled in the BoB during the Gl-
01 cruise. The station sampled at the northernmost point in the BoB (GI-01/2; grey
circle) showed a highly enriched dAlw. level. The red dashed line represents the mean
dAIML for stations GI-01/1, 3, 4 and 5 (see text). The green dashed line represents the
apparent mixing line between the C.BoB and the S.BoB waters estimated by a least-
square linear fit to the dAIML data at stations GI-01/5, 6, 7 and 8 (refer to Fig. 1 for
station locations).

During the spring-intermonsoon period (GI-01 cruise), sub-surface maxima
were observed in the dAl profiles of the BoB around 100-150 m (Fig. 3.8). The
strength of these sub-surface maxima in the dAl profiles decreased from the
northern (~22.8 nM at station GI-01/2) to the southern BoB (~10.7 nM at
station GI-01/8). Among the Eq.IO stations, the highest dAlv. levels (13.4-
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15.4 nM) were observed at the stations transitional to the S.BoB and the Eq.1O
(GI-06(A)/11 and 12), which gradually decreased towards the western
equatorial region during the late winter period of sampling (Fig. 3.3e). A tight
correlation (R? = 0.94, Fig. 3.9) is also observed between the Sm. and dAlwy in
the equatorial waters.

Highly enriched dAlmL concentration (~18 nM) at GI-01/12 (~14.5°S) and
relatively elevated dAl (>4 nM) throughout the upper thermocline waters (<500
m) are the most noteworthy observations in the ITF-ISG region (Fig. 3.2b).
High-resolution sampling for dAl measurement by Grand et al. (2015b) in the
subtropical Indian Ocean, further east along the 95°E, also showed a similar
pattern of elevated dAl concentrations (8.5-11.7 nM) in the surface waters (<25
m) at the central and northern reaches of the subtropical gyre (12.5-23.5°S;
Fig. 2c of Grand et al., 2015b). However, it should also be noted that the
observed enrichment of dAl in the surface waters at ~8.5°S and ~14.5°S (GI-
01/11 and 12) in this study (Fig. 3.6) is about 1.5-2 times higher than those
observed by Grand et al. (2015b) over a similar latitudinal range (12.5-23.5°S)

eastward at 95°E, which is possibly impacted by dust deposition
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Fig. 3.8: dAl profiles in the surface mixed layer and the upper thermocline waters (0-
300 m) along the meridional transect in the BoB (G1-01/2 to GI-01/8) sampled during
the GI-01 cruise. The horizontal reference dashed lines (at 75 m and 200 m) are traced
to highlight the sub-surface dAl maxima observed around 100-150 m.
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(Grand et al., 2015a,b). Further south at the central ISG region (GI-01/16:
~25.3°S, 70°E), dAlmL concentration (8.6 nM) decrease relative to that
observed (~14-18 nM) in the northern reaches of the gyre.

3.3.2 dAl distribution in the lower thermocline and deeper waters (>300 m)

During the spring intermonsoon period (GI-01 cruise), the highest dAl levels in
the deeper waters (>500 m) were observed in the BoB region, reaching up to
~14-15 nM in the bottom waters of the N.BoB and the C.BoB (Fig. 3.2b).
Increasing dAl concentrations were observed towards the seafloor (>2000 m)
for all the BoB stations during the GI-01 cruise, more profoundly in the N.BoB
and the C.BoB stations (Fig. 3.2b). A similar dAl distribution pattern was also
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Fig. 3.9: dAlw. variation with Sy for the equatorial stations (GI-06(A)/11 to Gl-
06(A)/20) sampled during the GI-06(A) cruise. The plot shows a tight linear
correlation between the two parameters suggesting admixing of dAl-rich, low salinity
surface waters of the S.BoB and the southern Andaman Sea with relatively dAl-poor,
high salinity surface waters of the southern Arabian Sea (see text). Data point for
station ER-8 occupied in the southern Arabian Sea during the Japanese GEOTRACES
cruise (Vu and Sohrin, 2013) is also plotted for comparison

evident near the eastern coast of India (GI-06(A)/1, Fig. 3.3d) during the late
winter period (GI-06(A) cruise), showing elevated dAl concentrations in the
intermediate and deep waters (>500 m) compared to that at the open ocean
stations (GI-06(A)/2, 3 and 4).

53|Page



Chapter 3

At the center of the southern Andaman Sea (GI-06(A)/6), dAl concentrations in
the intermediate waters (500-1500 m) showed a similar distribution compared
to that observed in the nearby stations in the S.BoB (GI-06(A)/5 and 8; Fig.
3.3d and 3.3e). While dAl levels decreased (to ~2.5-2.7 nM) in the deeper
waters below 1500 m (1800-2500 m) at the nearby S.BoB stations (GI-06(A)/5
and 8), dAIl concentrations at GI-06(A)/6 showed remarkably uniform
distribution (~3.7 nM) in the similar depth range (Figs. 3.3d and 3.10). Similar
uniformities in the deep-water profiles for various other physical and chemical
tracers (e.g., **C, REE, 230Th and major nutrients) are also reported in the
Andaman Sea (Dutta et al., 2007; Nozaki and Alibo, 2003; Okubo et al., 2004).
On the other hand, at GI-06(A)/7 station, sampled very close to the Nicobar
Islands, dAl concentrations showed increment below 500 m towards the

margin of Andaman-Nicobar Ridge (Fig. 3.10).
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Fig. 3.10: The distribution of dAl in the lower thermocline and deep waters (> 300 m)
at the stations GI-06(A)/6 and 7 sampled in the southern Andaman Sea. Refer to Fig.
3.1 in the text for the sampling locations. The indicated analytical uncertainty was
observed (5 %, 1SD) after repeat analysis of in-house reference seawater, InStd-D, in
this study.

In the Arabian Sea region, the dAl concentrations in the lower thermocline and
deeper waters (>1000 m) of stations GI-06(A)/21 and 22 (2.4-3.0 nM; Figs.
3.3f and 3.11) were similar to recently reported dAl levels (2.2-2.5 nM; Fig.
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3.11) by Vu and Sohrin (2013) at nearby station ER-7 (Fig. 3.1). However,
close to the south-east margin of the Arabian Sea (GI-10/24), relatively
elevated dAl concentrations (3.3-3.6 nM; Figs. 3.3f and 3.11) were observed at
similar deeper depths. Also, a discrete dAl maximum was observed in the
thermocline waters at 600 m close to the margin of the Sea (GI1-06(A)/24; Fig.
3.11).

During the GI-06(A) cruise, dAl concentrations observed in the deeper waters
(>500 m) of the Eq.IO were low (<5 nM) relative to the N.BoB and the C.BoB
but comparable to the S.BoB (Figs. 3.2b, 3.3d and 3.3e). In the same cruise, a
continuous increase in dAl values in the bottom waters (>3500 m) towards the
seafloor was observed in the eastern equatorial region (GI-06(A)/11, 12, 13 and
14; Fig. 3.3e). Further south in the Eq.10 region at station GI-01/9 (~2°S), dAl
maximum (~5 nM) around 3000 m was observed (Fig. 3.2b).

In the Indonesian Throughflow and Indian Subtropical Gyre (ITF-ISG) region,
important variations in the dAl concentrations were observed in the deep and

bottom waters (>2000 m; Fig. 3.2b). Combining the previously reported data in
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Fig. 3.11: dAl variations in the water column below 300 m at the stations (GI-10/21,
22 and 24) sampled close to the south-eastern margin of the Arabian Sea. dAl data (in
nmol kg ) from a nearby station, ER-7 (Vu and Sohrin), sampled during the Japanese
GEOTRACES cruiseg, is also plotted.
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the region by Vu and Sohrin (2013) (ER-10: 20.00°S, 72.55°E; Fig. 3.1), we
examined the patterns in the distribution of dAl for the deep (2000-3500 m)
and bottom waters (>3500 m) in the ITF-ISG region. Average dAl
concentration in the bottom waters is relatively elevated (3.9 nM) at the
northernmost station of the region, GI-01/11, (~8.5°S, 80.8°E), where dAl
maximum at 4000 m was also observed (Fig. 3.12b). At this station, a large
proportion of the bottom waters presumably comes from the colder bottom
waters of the Western Australian Basin, advected across the deep saddles in the
Ninety—East Ridge (NER; Fig. 3.4b) to the Central Indian Ocean, which was
also evident from the lower potential temperatures observed in the bottom
waters at this station (Fig. 3.12a). Moving further southwest, overall, the dAl
level in the bottom waters first decreased at G1-01/12 and then increased again
close to the Central Indian Ridge (CIR) at ER-10 (Fig. 3.12b). On the other
hand, average dAl concentrations in the deep waters showed a continuous
increase from the north (2.6 nM at GI-01/11) towards the southwest and
showed the highest dAl levels near the CIR (5.3 nM at GI-01/16, Fig. 3.12b).
At GI-01/16, the dAl concentration gradually increased in the deeper waters
(>1500 m; Fig. 3.12b), reaching to the maximum value (5.3 nM) at the deepest
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Fig. 3.12: Vertical profiles of (a) potential temperature (8) and (b) dAl in the deep and
bottom waters of stations sampled in the ITF-ISG region. The solid brown line below
each dAl profile in (b) indicates the water depth of the respective sampling station.
Fig. (c) shows variations in water turbidity in the deep waters of station GI1-01/16; the
turbidity maximum (at ~2250m) observed in the plot marks the presence of a
hydrothermal plume.
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sampled depth (2260 m) and coincided with the anomalously high water
turbidity values around 2250 m (Fig. 3.12c).

3.4 Discussion
3.4.1 Controls on dAl distribution in the surface mixed layer and upper

thermocline waters (<300 m)

In the surface mixed layer, deposition of atmospheric mineral dust and its
subsequent partial dissolution is the key process regulating the dAl distribution.
However, as noted in the introductory remarks, the huge input of fluvial
derived lithogenic sediments in the north-eastern Indian Ocean (the BoB and
the Andaman Sea), either in the form of suspended sediments in the surface
water layer and/or resuspended after deposition over the shelf, may impact the
surface dAl concentrations in these regions. Moreover, the surface and upper
thermocline waters in the northern and the equatorial Indian Ocean are
influenced by seasonally reversing monsoonal current (Wyrtki, 1973; Schott
and McCreary Jr, 2001), which may play an important role in transporting the
dAl signals from one sub-basin to another. In addition to the aforementioned
processes, the intrusion of Pacific waters through the Indonesian seas to the
upper water column (primarily above 400 m, Schott et al., 2009) of the tropical
Indian Ocean with the Indonesian Throughflow (ITF) may impact the dAl
distribution.

In the following Sections 3.4.1.1-3.4.1.3, to have first-order estimates of the
dAl input to the surface mixed layer, supported by the lithogenic sediments
flux from atmospheric dust deposition and/or fluvial sediment discharge to the
BoB, the equatorial Indian Ocean and the Arabian Sea, a 1-D box-model
equation, which is a rearranged MADCOW model equation (Grand et al.,
2015a) is used and given as follows:

G XMRT xf5s9 xSol.
Ayt X MLD,

dAllith = X 1 06 (3 1)

where G is the lithogenic sediment flux (in g m2 yr?), Sol. is the fractional
solubility of Al from the lithogenic sediments, Awt is the atomic weight of Al
(in g mol), MRT represents the mean residence time (in years) of dAl in the

surface mixed layer, £3%¢, is the fraction of Al in the sediments, dAljin is the
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estimated lithogenic sediments supported dAl concentration (in nM) in the
surface mixed layer, MLDc is the annual average of mixed layer depth
estimated using monthly climatological mixed layer depth data (density
threshold-based; Holte et al., 2017) reported closest to the sampling locations
and 10° is the factor to account for conversions of units.

Grand et al. (2015a) estimated the Al fractional solubility from atmospheric
mineral dust deposited in the eastern Indian Ocean to be 3.6% using the
observed Al solubility data from the dust deposition over the Atlantic and the
Pacific surface ocean (Buck et al., 2010, 2013). The rationale behind this
exercise was that the air masses carrying the mineral dust over the eastern
Indian Ocean have mixed characteristics of air masses over the Atlantic
(influenced by natural and anthropogenic dust) and the Pacific (from remote
regions) Ocean. In the Arabian Sea, SchiBler et al. (2005) used an Al solubility
of 3% with their observed surface dAl to estimate mineral dust deposition
fluxes and found good agreement with the dust fluxes estimated from the direct
measurements of mineral dust concentration in the ambient aerosols. Balancing
the observed dAl inventory in the surface mixed layer and estimates of Al
dissolution from mineral dust, Grand et al. (2015a) calculated the mean
residence time of dAl in the surface mixed layer to be 1.1 years in the north-
eastern Indian Ocean (north of 5°S). In the south-eastern Arabian Sea, similar
estimates of the residence times, ranging from 0.5-2 years, are given by the
biogeochemical modeling studies on surface dAl (Gehlen et al., 2003; Han et
al., 2008).

In the following sub-sections, for consistency, we used the same Al fractional
solubility and mean residence time, i.e. 3.6% and 1.1 years, respectively, to
estimate the dust supported surface dAl in the BoB, the equatorial Indian
Ocean and the south-eastern Arabian Sea region. Also, the fraction of Al in the
atmospheric mineral dust deposited (£5¢9) is assumed to be 8% (McLennan,

2001), considering the mineral dust to be originating from the upper crust.
3.4.1.1 The Bay of Bengal (BoB) and the Andaman Sea
Near uniform dAlmL concentrations with significant variation in the surface

water salinity in the C.BoB (GI-01/1, 3, 4 and 5; Fig. 3.7) and highly enriched
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dAlmL at the N.BoB (47.1 nM at GI-01/2) with comparable Sm. (to that
observed in the C.BoB; Fig. 3.7) suggests that dAl input from the huge
freshwater influx of rivers play a secondary role in controlling the dAl
distribution in the surface waters of the N.BoB and the C.BoB. Apart from the
dissolved Al inputs from the rivers in the BoB, Al release from the partial
dissolution of and Al desorption from the lithogenic particulate matter supplied
by the rivers, resuspension of sediments from continental margins (shelf and
slope) and atmospheric mineral dust deposition, may also exert major controls
on the dAIl distribution in the upper water column of the BoB. Relative
contributions of dissolved Al from river water and Al release from lithogenic
sediments (atmospheric and fluvial derived) to the surface water layer of BoB
may be determined if data on Al concentration in the sediments, sediment flux
across surface water layer, fractional solubility of Al from the sediments,
dissolved Al levels at the mouth of rivers discharging into the BoB and their
water discharge are available. Al concentration in the sediments is considered
to be 8% by weight, which is similar to the Al composition in the suspended
sediments of Brahmaputra river [(7.9 + 0.8)% (1SD), n = 13; Singh and
France-Lanord, 2002) and the upper continental crust (8.04%; McLennan,
2001) but lower than that in the fine (<4 mm) silicate fraction of the Ganga
bank sediments [(11.8 £ 0.6)% (1SD), n = 4; Singh et al., 2008).

First-order estimates for the Al fractional solubility from the sediments were
obtained using the shallow depth lithogenic sediment flux data (Unger et al.,
2003) in the BoB as representative of sediment input (both, from atmospheric
dust deposition and fluvial sediment discharge) to the surface and considering
the observed dAlwL concentrations to be in steady-state with respect to the
sediment derived Al input (i.e., dAlin in Eq. (3.1) equals to the observed
dAlmL) and first-order removal of Al by particle scavenging processes (Eq.
(3.1)). In the N.BoB and the C. BoB, lithogenic sediment flux data (Unger et
al., 2003) from sediment trap locations NBBT-N (flux: 14.5 g m? yr?; refer
Fig. 3.1 for the location) and NBBT-S (flux: 8.7 g m2yr?; refer Fig. 3.1 for the
location) and dAlwL concentrations from stations GI1-01/3 (28.2 nM) and Gl-
01/4 (26.9 nM) sampled closest to these trap locations (Fig. 3.1), respectively,
were considered. In the S.BoB, lithogenic sediment flux data from sediment
trap location SBBT (flux: 4.3 g m? yr?, Unger et al., 2003; Fig. 3.1) and dAlw.
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concentrations from stations GI-01/8 (19.0 nM) and GI-06(A)/12 (15.4 nM)
close to this trap location (Fig. 3.1) were used. MLDc estimated for the stations
GI-01/3, GI-01/4, G1-01/8 and GI-06(A)/12 are 19 m, 26 m, 35 m and 35 m,
respectively. Using these values of parameters in Eq. (3.1), the fractional
release of Al from the lithogenic sedimentary input in the N.BoB, C.BoB and
S.BoB is estimated as 1.1%, 2.4% and 3.8-4.7%, respectively. In the S.BoB,
the estimated Al fractional solubility range of 3.8-4.7% is relatively high
compared to that in the N.BoB and the C.BoB (1.1-2.4%). Additional dAl input
from the advection of dAl-rich, low salinity surface waters from the southern
Andaman Sea to the S.BoB with the NMC (Fig. 3.4a) may have lead to,
relatively, overestimation of Al fractional solubility in the S.BoB (i.e., at Gl-
01/8 and GI-06(A)/12) and therefore represent the upper limit in this region.
This is also evident from relatively low surface salinity (<34) and high dAl
concentrations (15.4-19.0 nM) observed at GI-01/8 and GI-06(A)/12 (Figs.
3.2a, 3.2b and 3.3b, 3.3.e).

dAl concentration measured at the mouth (salinity ~29.4) of the Hooghly (the
Ganga) estuary, during the summer monsoon of 2013, was of the order of ~57
nM and is taken as the average dAl concentration of the G-B river system to
the BoB after passing through the estuary. Considering the water discharge of
10® km® yr! (Sengupta et al., 2006 and references therein), the estimated
dissolved Al flux from the G-B river system to the BoB is ~5.7 x 10" moles yr
1. To estimate the average flux of lithogenic sediments across the surface water
layer of the BoB, we calculated the mean lithogenic sediment flux (9.7 = 4.3
(1SD) g m2 yrt) over 2.2 x 10'? m? area of the BoB using the shallow depth
sediment traps data of Unger et al. (2003) at different sites in the BoB (Fig.
3.1).

Using our estimates of Al fractional solubility (1.1-4.7%) and mean lithogenic
sediment flux (9.7 g m?2 yr1), Al release in the surface waters of the BoB from
the sediments is estimated to be in the range: 7.0 x 108-3.0 x 10° moles yr.
This estimated Al release in the BoB is, at least, an order of magnitude larger
than that estimated for the dissolved Al flux from the G-B river system (5.7 x
10" moles yr?) and highlights the dominance of dAl input from the large
sediment flux, predominantly derived from the discharge of the Himalayan and

peninsular rivers, in the BoB.
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Srinivas and Sarin (2013) reported the Al flux of 0.8 + 0.5 mg m d* with dry
deposition of the mineral dust over the BoB and observed an overall decrease
in fluxes from the northern to the southern BoB during the spring—
intermonsoon period (March-April). In the same study, the aerosol Al
concentrations over different regions of the BoB during the winter period
(January) were observed to be similar to that observed during the spring-
intermonsoon period (March-April). The continental outflow of dust from the
Indo-Gangetic Plain and south-east Asia to the BoB is only feasible during the
late winter to spring intermonsoon period (January-April) as the wind patterns
during the remaining of the year restricts the transport of dust over the BoB
from the continental sources (Srinivas and Sarin, 2013). Therefore, it had been
argued that the deposition fluxes of trace metals with the dust deposition
observed during these four months nearly accounts for all the annual trace
metal input to the BoB from the major sources of dust, i.e., the Indo-Gangetic
Plains and south-east Asia, to the region (Srinivas and Sarin, 2013). Upper (1.3
mg m2 d1) and lower (0.3 mg m?2 d1) limits of the reported Al dry deposition
flux over the BoB (Srinivas and Sarin, 2013) are considered to be
representative of Al flux in the N.BoB and the S.BoB, respectively, during
January-April. To have lower and upper limits on the annual Al deposition
fluxes over the BoB, the deposition fluxes for the rest of the year is assumed to
be ranging from negligible (i.e., zero) to values similar to that during the
continental outflow period (January-April). This translates to Al annual fluxes
from dust deposition in the ranges of 156.0-474.5 mg m yr* and 36.0-109.5
mg m~2 yr? for the N.BoB and the S.BoB, respectively. Using these estimated

ranges of Al annual fluxes and estimated MLD. values in the N.BoB (~20 m)
and the S.BoB (~30 m) in Eg. (3.1), the steady-state estimates of dust input
supported dAl in the N.BoB and the S.BoB are found to be 11.5-35.0 nM and
2.0-5.5 nM, respectively. These estimates are lower than the observed dAlwc
concentrations in the respective regions (47.1 nM at northernmost station Gl-
01/2 and 11.9-19.0 nM in the S.BoB) and suggest significant dAl input from
the fluvial sources in the BoB, particularly through Al release from the large
lithogenic sediments discharged by the rivers. If we consider the mineral dust
deposition during the continental outflow period (January-April) to be a more

representative estimate of the net annual atmospheric mineral dust input to the
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BoB surface waters (Srinivas and Sarin, 2013), the corresponding estimates of
the dust derived surface dAl in the N.BoB (~11.5 nM) and the S.BoB (~2.0
nM) accounts for only 24% and 11-17% of the total observed dAl in the
surface waters of the N.BoB and the S.BoB, respectively. This would suggest
that the Al release from the sediments, supplied by the fluvial discharge, is a
dominant process controlling the surface dAl in the BoB. Singh et al. (2012)
also highlighted the need for excess Nd released from the fluvial and/or
continental margin derived lithogenic particles to account for the Nd balance in
the surface waters of BoB.

Al input to the surface ocean via wet deposition may also play an important
role in governing the dAlwL distribution (Hand et al., 2004; Jickells, 1995;
Jickells et al.,, 2005; Vink and Measures, 2001). However, due to the
unavailability of data on wet deposition fluxes of Al and insignificant
contribution of wet deposition during the continental outflow period (January
to April; Srinivas and Sarin, 2013) over the BoB and the Eq.10, we neglected
the impact of wet deposition in the above (and similar calculations in Section
3.4.1.3 for the Eq.IO) calculations.

The plausible sources and processes that may induce the increase in dAl levels
in the sub-surface water depths observed during the GI-01 cruise in the BoB
(Fig. 3.8), include, (1) remineralization of biogenic Al-carrier phases releasing
adsorbed or incorporated Al from the surface waters, (2) resuspension of
continental margin sediments and subsequent release of Al from the partial
dissolution of or Al desorption from the sediments and/or (3) release of dAl-
rich pore waters, which could be induced by sediment resuspension. If Al
removal by the biogenic particles in the surface waters and subsequent
remineralization of these particles is assume to be the source of the dAl
increase in the sub-surface waters, a positive correlation between the major
inorganic nutrients (H4SiOs, NO3, PO3~) and dAl could be expected
throughout the thermocline depths (100-800 m), where remineralization of
biogenic debris leads to the consumption of dissolved oxygen (DO) and the
release of assimilated nutrients (Anand et al., 2017). Contrary to that, dAl
concentrations showed an overall decrease with increasing nutrients in the
thermocline waters (Fig. 3.13), indicating particle scavenging of dAl to be

dominating in the thermocline waters. Together, the absence of correlated
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increase of dAl and nutrients in the thermocline waters and observation of the
strongest dAl influx in the sub-surface waters close to the coast (Figs. 3.2b and
3.13) suggest dAl supply from the continental margin, which fades southward
due to advective mixing and scavenging.

Elevated dAl levels in the surface waters (0-50 m) near the south-east coast of
India (GI-06(A)/1, Fig. 3.3d) may indicate dAl input from the dissolved and/or
suspended particulate phase of peninsular rivers discharging to the Indian east
coast. Resuspension of lithogenic shelf sediments, derived from and deposited
by the rivers, and subsequent Al release in the surface waters may also be a
source. A steep decrease in dAlmL concentration from GI-06(A)/1 (23.4 nM) to
GI-06(A)/2 (14.3 nM) with similar surface salinity levels at the two stations
(~33.1, Fig. 3.3a) suggests that the land runoff plays an insignificant role in
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Fig. 3.13: Variation of dAl against dissolved (a) silicic acid (H2SiOa), (b) nitrate (NO3

) and (c) phosphate (PO4*) in the thermocline waters (100-800 m) of the BoB observed
during the GI-01 cruise.
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providing dAl to the coastal seawaters. Also, the increase in mineral dust
deposition flux close to the continent (Srinivas and Sarin, 2013) may lead to an
increase in surface dAl levels. In conclusion, the combined increase in
sedimentary input close to the coast resulted in dAl concentration gradients
from the open BoB to the south-east Indian coastal region.

Near the Nicobar Islands in the S.BoB (GI-06(A)/5 and 8) and the Andaman
Sea (GI-06(A)/6 and 7), probable contributors of dAl to the surface waters
include (1) freshwater and suspended sediments from the 1-S and G-B river
system, (2) resuspended sediments from the shelf of the Islands, which may
also induce diffusion of Al from dAl enriched pore waters to ambient seawater,
and (3) advection of Indonesian Water to the S.BoB and the southern Andaman
Sea (Section 3.2). Surface circulation patterns (refer to Fig. 3.4a for a
schematic representation) during the GI-06(A) cruise also show the freshwater
influx from the I-S and G-B river system to the southern Andaman Sea and the
S.BoB surface waters. Atmospheric Al deposition fluxes are low near and over
the Andaman Sea (Srinivas and Sarin, 2013) and could not support the elevated
dAl values in the surface waters. Comparatively, very high dAlu.
concentrations were observed at station GI-06(A)/7 and 8 (~43-48 nM; Fig.
3.3e). Interestingly, silicic acid concentration in the surface mixed layer also
increased significantly at these stations (1.03-1.21 uM at GI-06(A)/7 and 8)
compared to the adjacent stations in S.BoB (0.18-0.78 uM at GI-06(A)/4, 5 and
9) during the same period. During the winter period (December-February), the
Indonesian Water makes its way to the Andaman Sea from the Strait of
Malacca (SoM), which is also evident in the surface circulation pattern (refer
Fig. 3.4a for a schematic representation) and discussed by Rizal et al. (2012).
Indonesian Water outflow from the SoM to the southern Andaman Sea during
the winter has a significant contribution from south-east South China Sea
surface waters (Rizal et al., 2012). There is no available dAl data in the surface
waters flowing through the SoM to the Andaman Sea. However, extremely
elevated ?%®Ra activities (625-725 dpm m3; Nozaki and Yamamoto, 2001) in
the SoM demonstrate a significant interaction between the surface waters and
the local sediments. Limited available dAl data in the surface waters at the
center of the South China Sea (~33.7 nM; PA-11, Obata et al., 2004), the Sulu
Sea (16.7 nM; PA-1, Obata et al., 2004) and the surface ITW entering to the
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Indian Ocean from the south of Java and the Timor Sea (~11-12 nM, PA-2 and
PA-7, Obata et al., 2004) seems inadequate to account for highly enriched dAl
levels (~43-48 nM at GI-06(A)/7 and 8) near the Nicobar Islands. This could
also be inferred from the dAlmL concentration observed at the center of the
southern Andaman Sea (24.2 nM at GI-06(A)/6), which is much lower than the
dAl value at GI-06(A)/7 and 8, even though station GI-06(A)/6 also receives
waters outflowing from the SoM to the Andaman Sea before it turns south
towards the S.BoB and the Eq.10 (Fig. 3.4a for a schematic representation and
Rizal et al. (2012)). Consequently, in addition to dAl contribution from the
fluvial sources and the outflow of Indonesian Water, localized and correlated
increase in dAl and silicic acid at GI-06(A)/7 and 8 suggest the dAl and
dissolved Si input from the dissolution of and/or Al desorption from
resuspended terrigenous sediments from the insular shelf of the Nicobar
Islands. The increase in the upper water column turbidity around the Nicobar
Islands (Fig. 3.14) provides further evidence for the resuspension of the shelf
sediments. Recent studies (Fripiat et al., 2011; Jeandel et al., 2011; Tre"guer
and De La Rocha, 2013) have also shown and suggested the release of Si from
the terrigenous margin sediments as an important source of dissolved Si to the
ambient seawater.

dAl concentration observed in the surface waters (17.2 nM; PA-10, Fig. 3.1,
Obata et al., 2004) further north (~10°N) at the center of the Andaman Sea,
during the same period, was apparently lower than at GI-06(A)/6 southward
(24.2 nM; ~7.5°N) and therefore, suggest some additional contribution from the
Indonesian Sea surface waters outflowing from SoM to the Andaman Sea,

apart from the fluvial inputs of the I-S and G-B river systems from the north.

3.4.1.2 The Arabian Sea (AS)

Advection of low salinity BBW waters to the surface water layer of the south-
eastern Arabian Sea (see Section 3.2) may carry the dAl-rich signature of the
BoB surface waters to this region. It is apparent with relatively higher dAl
levels and lower salinity observed in the upper 25 m at station GI-06(A)/21
(22.0-23.2 nM) compared to the other stations, GI-06(A)/22 and GI-06(A)/24
(10.0-20.5 nM), in this region (also refer to Table Al). Additionally, high

65|Page



Chapter 3

atmospheric mineral dust deposition fluxes at the south-eastern Arabian Sea
(Kumar et al., 2012; Measures and Vink, 1999) may also contribute to the
elevated dAlw values compared to that observed in the north-western, central
and southern Arabian Sea during the same season in the earlier studies
(Measures and Vink, 1999; Vu and Sohrin, 2013). Deposition of mineral dust,
particularly, in the southern Arabian Sea is more dominant during the winter
(December—February) and the spring—intermonsoon (April-May) period
compared to the rest of the year (Kumar et al., 2008; Tindale and Pease, 1999).
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Fig. 3.14: Variation of seawater turbidity in the upper water column (0-300 m) and
waters below 300 m along the sub-transects sampled during the GI1-06(A) cruise. Refer
to Fig. 3.3g to identify the sub-transects along the full transect of the GI-06(A) cruise.

During the winters (December 2007), Kumar et al. (2012) observed the highest
Al concentrations (2.27 + 0.98 mg m™®) in aerosols collected from the
atmospheric boundary layer near the eastern boundary of the Arabian Sea
compared to any other season (Kumar et al., 2008; Schiif3ler et al., 2005 and
references therein), which they attributed to: (1) transport of a large amount of
mineral aerosols (13.3-50.7 mg m™) through continental outflow, under the
influence of northeasterly winds, transacting a large area over the Indian
subcontinent, and (2) closeness with the continent. During the spring-
intermonsoon period (April-May), the mean Al concentration in aerosol from
the atmospheric boundary layer in the southern Arabian Sea (8-12°N) is
observed to be 1.13 mg m?® (Kumar et al., 2008). Considering the above

(mean) Al concentration in aerosol during the winter (December-February:
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2.27 mg m?) and the spring-intermonsoon (April-May: 1.13 mg m), annual
mean Al concentration over the southern Arabian Sea is assumed to be in the
range: 1.13-2.27 mg m3. This translates to Al dry deposition flux of 0.32-0.64
g m? yr! using dry-deposition velocity of 0.9 cm s (Kumar et al., 2008).
Using this range of Al flux and MLDc estimate (~25 m) near stations (Gl-
06(A)/21, 22 and 24) in the south-eastern Arabian Sea in Eq. (3.1), a steady-
state dAl concentration of 19-38 nM is estimated in the mixed layer. This is
comparable to the observed dAlmL (18.6-22.7 nM) and shows that the dust
derived Al is a prominent source for the surface dAl near the south-eastern
Arabian Sea. The dominant impact of dust dissolution on the surface water
chemistry of dissolved Nd near the eastern coast of AS was also highlighted by
Goswami et al. (2014).

3.4.1.3 The Equatorial Indian Ocean

Significantly correlated variation (Fig. 3.9) between Sm. and dAlwL in the
equatorial waters suggests that the dAlwc distribution in the Eq.IO is primarily
controlled by the advective mixing of the dAl-rich, low salinity surface waters
of the S.BoB and the Andaman Sea with relatively dAl-poor, high salinity
waters of the southern Arabian Sea, under the influence of the NMC. This
argument is consistent with the observed dAIML (Vu and Sohrin, 2013) in the
southern Arabian Sea during the winters (December 2009), which apparently
bound the lower end of the linear dAluL variations with Sui in the Eq.10
region (Fig. 3.9).

The observed atmospheric dry deposition Al flux in the Eq.IO region during
the winter and spring intermonsoon period was ~0.3 mg m d(Srinivas and
Sarin, 2013). In the Eq.IO region, atmospheric models (composite model:
Jickells et al., 2005; Mahowald et al., 2005 and DEAD model: Zender et al.,
2003) estimate total mineral dust deposition flux on the order of 20 mg m2 d*,
which is about 1.5 mg m? d* of Al flux with the assumption of 8% Al in the
mineral dust. This is relatively large compared to the observed Al flux (~0.3
mg m2 d ) during the winter and spring intermonsoon period (January-April,
Srinivas and Sarin, 2013). However, assuming a constant 8% Al in the
deposited mineral dust throughout the surface dAl residence timescale of ~1

year (Grand et al., 2015a) in the region would result in overestimation of Al
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flux given that continental outflow is only prominent during the winter and the
spring intermonsoon period (Srinivas and Sarin, 2013) and for the rest of the
year winds sourced from the marine environment would be richer in sea salts.
Assuming Al flux of 0.3 mg m2d? (Srinivas and Sarin, 2013) and MLDc in

the range: 30-35 m (Holte et al., 2017), the contribution of dAl to the surface
mixed of the EQ.1O region from the atmospheric dust deposition will lie in the
range: 4.-5.3 nM. These dust supported (and steady-state) dAl estimates are
lower than those observed in the eastern equatorial region (8.3-15.4 nM at Gl-
06(A)/11, 12 and 13; Fig. 3.3e) and again suggest additional dAl input from
advection of dAl-rich, low salinity surface waters of the S.BoB and the
southern Andaman Sea. However, mixed layer dAl observed towards the
western equatorial region and the southern Arabian Sea (2.7-4.3 nM at GI-
06(A)/19, GI-06(A)/20 and ER-8) are relatively lower than the dust derived
dAl estimates (4.6-5.3 nM). This mismatch may result from an overestimation
of Al dust fluxes in the residence time scale of dAl (~1 year), particularly in the
southern Arabian Sea where the seasonal variations in Al concentrations of
dust are large, showing an order of magnitude lesser Al concentrations during
the southwest monsoon season compared to that in northwest monsoon and
spring intermonsoon period due to changes in dust source regions with

changing wind patterns (SchiBler et al., 2005; Tindale and Pease, 1999).

3.4.1.4 The Indonesian Throughflow and Indian Subtropical Gyre Region

As discussed earlier, the distinct increase of dAl in the upper water column of
stations GI-01/11 and 12, situated in the northern reaches of the Indian
Subtropical Gyre (ISG), are consistent with the pattern observed in the earlier
study (Grand et al., 2015b) in the similar latitudinal range further east at 95°E.
In the previous study, this dAl increment in the surface waters at the northern
end of the ISG was primarily attributed to the deposition and subsequent
dissolution of mineral dust, which is emitted from the Australian continent and
mostly deposited east of 90°E (Grand et al., 2015a; Mahowald et al., 2005).
Here, it is argued that under the prevailing westward SEC flow (Fig. 3.4a), the
dAl enriched surface waters may be advected from the zone of high dust

deposition at east to our sampling sites at GI-01/11 and 12 westward and
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therefore imparting the high dAlme signal in this region. However, the
significantly higher (1.5-2 times) dAl enrichment observed in the surface
waters of the northern subtropical gyre in this study (GI-01/11 and 12)
compared to that in the previous results (Grand et al., 2015b) may thus suggest
inter-annual variations in the dust load, emanating from the Australian dust
source regions and which finally reaches to the northern I1SG, if atmospheric
mineral dust deposition and its partial dissolution is considered the primary
source of Al to the surface waters. Atmospheric dust emission events from the
Australian sources are very episodic in nature compared to the Northern
Hemisphere source regions, which emit more regularly (Mackie et al., 2008
and references therein). Mackie et al. (2008) computed the Dust Storm Index
(DSI), using the dust storm frequency and visibility data, as a measure of
annual dust activity and reported its variation for 46 years (1960-2005) in
Australia. They found that high dust events correlate with the periods of intense
drought years in the continent. After the record rainfall in most of the
Australian basins with the onset of the La-Nina conditions in the Pacific Ocean
during the period of 2010-12, arid conditions again started building up in
Australia from 2013 (Australian Annual Climate Summary 2010, 2011, 2012
and 2013; Available at http://www.bom.gov.au/climate/current). Such a
situation may increase the dust influx from Australia to the ISG before the
sampling period in the subtropics (April 2014), but this still remains a
speculation.

In the northern reaches of the ISG (8-15°S), advection of Indonesian
Throughflow Water (ITW) may also play a major role in governing the surface
dAl concentrations and, more importantly, in the depths below the surface
mixed layer, where the Al release from the settling mineral dust particles is
deemed negligible (Grand et al., 2015b; Maring and Duce, 1987; Measures et
al., 2010). Elevated ?*®Ra activities (>100 dpm m; Nozaki and Yamamoto,
2001) observed in the surface waters at ~10°S, 103°E (PA-7, Fig. 3.1) and
~13°S, 117°E (PA-2, Fig. 3.1), from where the ITW enters to the tropical
Indian Ocean, suggest strong interactions of the surface waters with the
sediments of continental shelf surrounding the Indonesian Seas. Such a process

may also result in Al release from the shelf sediment to the surface waters,
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therefore enriching the dAl values in these waters. dAl concentration in the
ITW entering the eastern Indian Ocean should then be a function of the extent
of its interaction with sediments and discharge, which may vary seasonally and
inter-annually (Tomczak and Godfrey, 2003b; Liu et al., 2015; Potemra and
Schneider, 2007). In their observations at the eastern Indian Ocean (~95°E),
Grand et al. (2015b) also highlighted the significant contribution of dAl from
the advection of ITW to the upper thermocline water depths (200-400 m) of the
northern ISG region. Fig. 3.15 shows the comparison of dAl profiles, observed
in the upper 500 m, between GI-01/12 (this study), receiving prominent input
from the ITW, and I09N-113 (~14.6°S) sampled at similar latitude at 95°E
transect of Grand et al. (2015b). Similar pattern and magnitude of dAl
distribution in the upper thermocline (Fig. 3.15; y" > 23 kg m™, i.e., >100-500
m) observed in this study support the earlier inference of dAl input to the
tropical Indian Ocean with the inflow of ITF waters and spreads further
westward along the advective pathway. However, due to advective mixing and
scavenging along the SEC carrying the ITW, a relatively lower dAl
concentration should be expected towards the west (at GI-01/12) compared to
that at I09N-113 if the ITW are considered the source of dAl in the thermocline
depths. Moreover, both GI-01/12 and 109N-113 (Grand et al., 2015b) showed
dAl levels in the thermocline waters much larger than that observed at station
PA-2 (Fig. 3.15), sampled by Obata et al. (2004) in the year of 1997 (17 years
before this study and 7 years before the study by Grand et al. (2015b)), further
east near the Timor Sea (Fig. 3.1) from where the ITF waters are sourced to the
tropical Indian Ocean. These observations may suggest interannual variation in
dAl input with the ITW advection. Earlier studies (Liu et al., 2015; Potemra
and Schneider, 2007) have confirmed that large interannual variations occur in
the Indonesian Throughflow (ITF) discharge to the tropical Indian Ocean. Liu
et al. (2015), using expendable bathythermograph data, showed that the mean
annual ITF transport monotonously increased during 30 years of their study
period, from 1984-2013, at the rate of 1 Sverdrup per 10 years. These results,
therefore, underscore the need for time-series studies in the future to
understand the impact of ITF discharge on dAl and other trace elements

distribution.
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Fig. 3.15: Comparison between dAl distribution observed in the upper 500 m water
column at GI-01/12, 109N-113 (Grand et al., 2015b) and PA-2 (Obata et al., 2004)
sampled along the South Equatorial Current carrying the Indonesian Throughflow
Water. Due to large distances between the stations, the dAl data is plotted against the
neutral density. dAl observed at 100 m for each station is also highlighted to indicate
the relative difference in neutral density at this depth for different stations. Analytical
uncertainties indicated for the GI-01/12 and PA-2 data were that observed (5%, 1SD)
after repeat analysis of in-house reference seawater, InStd-D, in this study and at 2.0
nM by Obata et al. (2004), respectively. Precision for dAl analysis for 109N cruise
samples was not indicated by Grand et al. (2015b) and, therefore, considered as 5%
here for comparison.

At the center of the subtropical gyre (GI-01/16), a relative decrease (to 8.6 nM)
in surface dAl compared to the northern gyre region (14-18 nM) correlates with
the decline in mineral dust deposition flux (Grand et al., 2015a; Mahowald et
al., 2005).

3.4.2 Controls on dAl distribution in the lower thermocline and deeper

waters (>300 m)

In the open ocean, most of the dissolvable Al from the mineral dust deposited

on the ocean surface is released in the surface mixed layer with no significant
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dissolution below the mixed layer (Maring and Duce, 1987; Measures et al.,
2010). Also, residence time estimates (Orians and Bruland, 1986) for dAl in
the open ocean surface waters are short (4 weeks-4 years) vis-a-vis deep water
residence time, which is an order of magnitude higher (50-200 years). Given
the above conditions, the dAl distribution in the intermediate and deep water
depths of open ocean waters is largely controlled by the water advection and
reversible scavenging of Al adsorbed on the particulate phases as they sink
through the water column below the surface layer. Though, this assertion may
break in the regions close to the ocean boundaries (continental margins and
seafloor) due to external dAl contributions from the partial dissolution of
and/or Al desorption from the fluvial derived and resuspended boundary
sediments, and diffusion of pore waters rich in dAl (Grand et al., 2015b;
Caschetto and Wollast, 1979; Van Beueskom et al., 1997). In the next sections,
the dAl distribution observed in the intermediate, deep and bottom waters of
different regions sampled in the Indian Ocean are presented and the probable
sources and processes leading to the observed distribution are discussed.

3.4.2.1 The Bay of Bengal (BoB) and the Andaman Sea

The sediment trap data of Unger et al. (2003) in the BoB showed higher mean
lithogenic particle flux (6.0-19.5 g m yr) for the deep sediment traps (~2000-
3000 m) compared to the lithogenic sediment flux (4.3-14.5 g m yr!) across
the shallow traps (700-1500 m). This indicates that the resuspension of
sediments from the continental slope supplies additional lithogenic matter to
the deeper waters of the BoB together with the fluvial and shelf derived
particulate lithogenic matter. During the GI-01 cruise, the general increase in
dAl levels close to the continental slope and seafloor (Fig. 3.2b) suggest that
the resuspension of the slope and benthic sediments along with the probable
influx of dAl enriched pore waters, upon sediment resuspension, act as sources
of dAl in the deep and bottom waters of the BoB. Also, note that dAl maxima
near seafloor showed a decrease in magnitude from the N.BoB to the S.BoB
(Fig. 3.2b). This may result from a decrease in the fraction of lithogenic
sediments settling through the BoB water column (Unger et al., 2003),
providing the necessary reactive mineral phases in the form of aluminosilicates

and clay minerals to the margin sediments, from which Al could be released to
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the water column upon their resuspension. Singh et al. (2012) estimated the
particulate matter derived excess dissolved Nd (Ndxs) needed, in addition to the
dissolved Nd contribution resulting from the mixing of water masses, to
balance the total mass of dissolved Nd observed in the BoB. Their results
showed the hotspots of Ndxs in the deep and bottom waters of BoB apparently,
focused near the continental slope and rise. This result also suggests
resuspension of sediments from the continental margin and their subsequent
partial dissolution as a process of trace metal supply to the deep and bottom
waters. During the late winter period (GI-06(A) cruise), the increase in dAl
levels observed in the intermediate and deep waters (>500 m) towards the
eastern coast of India (GI-06(A)/1, Fig. 3.3d) suggests that sediment
resuspension is a ubiquitous process along the continental margins of BoB,
providing additional dAl input to the deeper waters of the region.

One of the striking observations in the deeper waters of the southern Andaman
Sea (at GI-06(A)/6) is the near-uniform dAl (~3.7 nM) below 1000 m (1500-
2400 m, Figs. 3.3d and 3.10) in contrast to the nearby S.BoB stations (Gl-
06(A)/5 and 8, Fig. 3.3d and 3.3¢), which show about 1 nM lower dAl levels in
the similar depth range (2.5-2.7 nM at 1800-2500 m; Figs. 3.3d and 3.3e).
Also, the uniform dAIl composition in the deeper waters at GI-06(A)/6 was
similar to that observed in the lower thermocline depth (~1200 m) at the nearby
S.BoB stations (GI-06(A)/5 and 8, Figs. 3.3d and 3.3e). The deeper waters of
the Andaman Sea (>1000 m) are predominantly derived from the lower
thermocline waters of the BoB, entering through the Ten-degree channel and
the Great Passage, as the shallow sills of the Andaman-Nicobar Ridge isolates
the deep basin of the Andaman Sea from that of the BoB below ~1800 m
(Dutta et al., 2007 and references therein). Apparently, rapid renewal of the
deep waters (within 6 years, Okubo et al., 2004) in the Andaman Sea compared
to the scavenging residence time of dAl, ensures similar dAl composition in the
deep and lower thermocline waters (~1200 m) of the Andaman Sea and the
BoB, respectively. Moreover, rapid vertical mixing of the Andaman deep
waters (timescale: <5 years, Dutta et al., 2007) leads to near-uniform dAl
concentrations.

Dutta et al. (2007) suggested that internal solitary waves induced by the tidal

currents over rough topography of the Andaman Sea could cause rapid vertical
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mixing in the deep waters. This process may also induce sediment resuspension
from the sea margins, which is supported by higher water turbidity observed
within the deeper (>1000 m) waters of the sea compared to the surrounding
waters in the BoB (Fig. 3.14). The relative increase in dAl concentrations
observed below 500 m close to the Andaman-Nicobar Ridge (GI-06(A)/7, Figs.
3.3e and 3.10) may, therefore, suggest additional dAl input from the
resuspended sediments due to water turbulence over the ridge within the sea.

3.4.2.2 The Arabian Sea (AS)

In the deeper waters (>1000 m) of the Arabian Sea, the observed increase in
dAl towards the continental margin (at station GI1-06(A)/24, refer Figs. 3.3f and
3.11) suggests an additional external source of dAl. The increase in the
lithogenic sediment flux from the central Arabian Sea to the eastern Arabian
Sea is evident from the deep (~3000 m) sediment trap data (Ramaswamy and
Nair, 1994). This increment in lithogenic flux results from the supply of fluvial
sediments from the Indus, Narmada and Tapi rivers discharging to the eastern
Arabian Sea (Ramaswamy and Nair, 1994). Further, the observed discrete
maximum in the thermocline waters of station GI-06(A)/24 at 600 m depth
(Figs. 3.3f and 3.11) suggests Al input either due to the resuspension of margin
sediments or diffusion of dAl enriched pore waters. In either of the cases,
lithogenic sediments settling over the continental margin must play an
important role in the supply of reactive Al mineral phases. It is important to
note that the enrichment in the dAl levels observed in the deep waters near the
coast of the Arabian Sea was much lower compared to that observed near the
coastal region of the BoB, presumably due to much smaller fluvial (and
associated sediment) discharge in the eastern Arabian Sea compared to the

coastal BoB (Ramaswamy and Nair, 1994; Unger et al., 2003).

3.4.2.3 The Equatorial Indian Ocean

The dAl maximum observed at station GI-01/9 around 3000 m correlates with
the increase in dissolved Fe (dFe) concentrations in similar deep waters depths
at the same station (refer to Fig. 11(1) of Chinni et al., 2019). Chinni et al.
(2019) proposed this increase in the dFe to be resulting from the advection of

dFe-rich deeper waters (>2500 m) close to the Java Trench, which constitutes

74|Page



Chapter 3

the subduction zone between the Indian and the Indonesian plate. The
interaction of re-circulated seawater (through the faults) with poly-metallic
nodules is suggested to be the source of dFe-rich deeper waters near the trench.
In the absence of dAl data near the trench, it is unclear if such a process

may also lead to the enrichment of dAl concentrations in the deeper water.
Alternatively, here, it is argued that the deep and bottom waters flowing as the
western boundary currents along the eastern boundary of the NER (Tomczak
and Godfrey, 2003a; You, 1999) may produce sufficient turbulence over the
NER to resuspend the margin sediments, which may subsequently act as the
source of dFe and dAl to the deep and bottom waters. This could be inferred
from the elevated dAl concentrations and the turbidity values observed in the
deep and bottom waters of the S.BoB close to the eastern margin of the NER at
station GI-06(A)/9 (Figs. 3.3e and 3.14). These dAl rich deep waters (2000-
3500 m) are subsequently advected from the east of the NER to the Central
Indian Ocean Basin at GI-01/9 (Fig. 3.4b) and result in the observed dAl
maximum. Such enrichment in dAl was not observed in the bottom waters
(below 3500 m, Fig. 3.2b) at GI-01/9 due to the topographical barrier for the
advection of bottom waters (>3500 m) to the region near station GI-01/9 from
the east of the NER (Fig. 3.4b).

The increase in dAl towards the seafloor in the bottom waters (>3500 m)
observed at the eastern Eq.10 stations (GI-06(A)/11, 12, 13 and 14, Fig. 3.3¢e)
during the GI-06(A) cruise imply dAl flux from the bottom sediments in these

regions.

3.4.2.3.1 Residence time of the dissolved Al in the deep waters of the
Equatorial Indian Ocean

The residence time of dAl against removal by particle scavenging in the deep
waters (2000-3500 m) of the Eq.IO using the one dimensional (1-D)
scavenging-advection-diffusion model (Craig, 1974) is estimated. This model
has two inherent assumptions: (1) horizontal concentration gradients in the
distribution of the modeled dissolved constituent in the region of application
are negligible and (2) vertical mixing is the dominant process with the absence
of any significant horizontal advection of a distinct water mass in the model

layer. As recognized by previous studies (Mantyla and Reid, 1995; You, 1999;
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You, 2000), the Indian deep waters represent the modified Circumpolar Deep
Water (CDW) and occupy the depth range 2000-3500 m. Due to significant
vertical upwelling and dianeutral mixing, the northern Indian deep waters
(north of 30°S) show remarkable linearity in the potential temperature-salinity
plot (Fig. 3.5) and, therefore, could be treated as a ‘z-diffusive layer’ where the
1-D advection-diffusion model is applicable (Craig, 1969). The AABW
majorly fills the water column below 3500 m as a distinct water mass
(Tomczak and Godfrey, 2003a; You, 1999) and hence, dAl below 3500 is not
considered for the fitting using the 1-D scavenging-advection-diffusion model.
Also, we restricted the model application to the Eq.l1O stations sampled during
the GI-06(A) cruise as important horizontal dAl concentration gradients were
observed for the deep waters of the northern Indian Ocean (the BoB, the
Andaman Sea and the Arabian Sea; Sections 3.4.2.1 and 3.4.2.2), the southern
end of the EQ.1O region (station GI-01/9; refer Section 3.4.2.3) and the ITW-
ISG region (refer Section 3.4.2.4). Fig. 3.16 shows the best model fits (solid
black lines) to the deep-water dAl profiles of the Eq.l1O stations sampled during
the GI-06(A) cruise, considering the conservative mixing due to vertical
advection-diffusion of dAl and setting the boundary dAl concentrations to be
free variables (refer to Eq. (B3) and its description in Appendix B). At stations
GI-06(A)/11, 14 and 17, significant and discrete positive dAl deviations (>5%)
from the conservative mixing line (denoted by arrows in Fig. 3.16) within the
deep-water layer boundaries suggest the additional, non-uniform dAl input in
between the model boundaries. This additional input may be produced due to
horizontal advection or net in situ Al release from the particulate matter within
the deep waters. It is particularly evident for the GI-06(A)/11, where the
transport of dAl-rich deep waters from the region near the NER (GI-06(A)/10
and 9) could be seen (Fig. 3.3e). In any of the two cases, the deep-water dAl
profiles at these stations could not be convincingly simulated with a 1-D
scavenging-advection-diffusion model used in this study. Therefore, we
applied the model to the deep-water dAl profiles of stations GI-06(A)/12, 13
and 19 (blue lines) to constrain the deep-water residence time of dAl in the
region. Other stations (GI1-06(A)/18 and GI-06(A)/20) are not examined due to

lack of enough data points in the deep waters (<3) compared to the number of
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free variables (3, i.e., Cm, Co and y/m; refer to Eq. (B2) of Appendix B) in the
model. The best fits for the 1-D scavenging-advection-diffusion model (refer to
Eq. (B2) of Appendix B) to the deep-water dAl at GI-06(A)/12, 13 and 19
(blue lines, Fig. 3.16) gives the ratio of the dAl scavenging rate to the vertical
advection velocity (i.e., y/o; refer to Table 3.1 for estimated values). From
these y/m estimates, the scavenging residence time (t=1/y) could be calculated
if data on o is available.

Srinivasan et al. (2000) estimated the mean upwelling velocity, ®, north of
30°S across the lower deep water layer boundary (~3500 m) to be 10 m yr?
upward using the adjusted *4C concentration profiles (‘corrected for the effects
of addition of particulate radiocarbon to the deep waters’; Srinivasan et al.,
2000). This is relatively smaller than the upwelling velocity of ~12.5 m yr?
given by Warren (1981) across ~2000 m at ~18° and the basin-mean upwelling
velocity of ~14 m yr? across ~2000m north of 32°S determined by Robbins
and Toole (1997) by considering, together, the hydrographic data and advective
flux of the dissolved silica. Assuming ® to be varying in the range of 10-14 m
yr!, the variations in the scavenging residence time of the dAl in the deep
waters of the Eq.10 are reported here (Table 3.1). The estimated residence time
of dAl against scavenging in the deep waters lies in the range: 92-196 yrs
(Table 3.1). However, the model fit to the deep-water profile at GI-06(A)/19
was comparatively poor (R? = 0.44, Fig. 3.16) and may suggest horizontal dAl
input, probably, from relatively dAl enriched deep and bottom waters near the
margin of Chagos-Laccadive Ridge as also visible in the slight increase in dAl
at ~1800m at GI-06(A)/20 and 21 (Fig. 3.3f). Accordingly, neglecting the
residence time estimates from GI-06(A)/19, the inferred range of 92-141 yrs,
using dAl profiles of stations GI-06(A)/12 and 13, is considered to be more
representative. This residence time range is similar to that observed in the deep
Pacific Ocean (50-200 yrs, Orians and Bruland, 1985, 1986). It is, however,
relatively larger than the basin-averaged deep-water dAl replacement time (50
+ 10 yrs) calculated in the North Atlantic (Hayes et al., 2018b). Replacement

time is a measure of the time needed to replace the trace element inventory for
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Fig. 3.16: Deep-water (2000-3500 m) dAl distribution at the selected Eq.lO stations
(see text) overlain by best model fits (in the least square sense) to the distribution
using 1-D advection-diffusion, i.e., vertical conservative mixing, model (solid black
lines; also refer to Eq. (3) and its description in the Appendix B) and 1-D scavenging-
advection-diffusion model (solid blue lines; also refer Eq. (2) and its description in the
Appendix B). Horizontal bars represent the precision of analysis (5%, see text)
achieved at similar dAl concentrations. In the graph, arrows point to the dAl values
within the deep-water layers showing significant dAl excess with respect to the
conservative mixing line (solid black lines).

a given volume of seawater by the source(s) considered for the element. The
replacement time is equal to the removal residence time only if the distribution
of the element in the region of interest is in a steady-state. Considering the
deep-water dAl distribution in the North Atlantic to be in a steady-state, the
smaller estimate of deep-water dAl replacement time presumably results due to
more intense scavenging of dAl by the particulate matter, particularly by
diatoms associated with the North Atlantic spring bloom (Malviya et al., 2016).
Deep-water scavenging of dAl near the ocean margins is also indicated by
significant depletion (compared to that in the African dust and Bulk
Continental Crust) of Ti:Al ratio in the fine particulate matter and, in general,
continuous increase in the particulate Al levels in the deeper waters (>500 m)
of the North Atlantic (Hayes et al., 2018a and supporting information therein;

Ohnemus and Lam, 2015), more significant near the continental margins.
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Table 3.1: Results estimated for y/o and t by fitting the 1-D scavenging-advection-
diffusion model to the deep-water dAl profiles at the Eq.1O stations, GI-06(A)/12, 13
and 19. z* values are estimated by fitting the 1-D advection-diffusion model to the
deep-water salinity distribution in the respective stations.

Station ID z* (km) ¥/w (km?) w?! (km/yr) T (yr)
0.010 128
GI-10/12 1.04 0.78
0.014 92
0.010 141
GI-10/13 0.95 0.71
0.014 101
0.010 196
Gl-10/19 0.78 0.51
0.014 140

1 Data sources: Robbins and Toole, 1997; Srinivasan et al., 2000; Warren, 1981

3.4.2.4 The Indonesian Throughflow and Indian Subtropical Gyre

Our sampling station GI-01/16, lies very close to the Kairei vent field
discovered (Gamo et al., 2001) over the Central Indian Ridge (CIR) and is just
north of the Rodrigues Triple Junction (RTJ). At this station, we observed
anomalously high deep water turbidity values in the narrow depth range of
~2150-2300 m with turbidity maximum around 2250 m depth (Fig. 3.12c).
Coinciding with this high turbidity signal, was the deep-water dAl maximum
(at 2250 m; Figs. 3.12b and 3.12c). At the same station and identical depth
(2250 m), Chinni et al. (2019) also observed highly enriched dissolved Fe
concentration (20.86 nM), about 28 times higher than the background deep-
water dissolved Fe level (~0.75 nM) and suggested it to be of hydrothermal
origin. Various earlier studies have also reported the active hydrothermal
venting in the vicinity of the RTJ and over the CIR, either through indirect
clues from hydrothermal plume signals of prominent suspended sediment and
chemical anomalies (Gamo et al., 1996; Jean-Baptiste et al., 1992; Vu and
Sohrin, 2013) or direct observation of hydrothermal venting sites over the CIR
(Gallant and Von Damm, 2006; Gamo et al., 2001). Therefore, dAl maximum
coinciding with the turbidity and dissolved Fe maxima may suggest that the
dAl input is sourced from the dAl-enriched hydrothermal fluids emanating
from the active vents over the CIR. However, the gradual increase in dAl
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concentrations to the dAl maximum close to the seafloor at GI-01/16 (Fig.
3.12b) may also, in principle, result from the dAl flux due to the sediment
resuspension and/or diffusion of dAl-rich pore water from the sea bottom as the
primary source(s). Further north at ER-10, Vu and Sohrin (2013) also reported
the dAl enrichment in the deep-water hydrothermal plume encountered during
their study (around 3000 m, Fig. 3.12b) and, based on the relationship between
3He, dAl and other trace metal data, suggested that the observed enrichment at
ER-10 is probably due to resuspended sediments. To better constrain the
source(s) of dAl, higher resolution sampling, both vertical and lateral, of deep
waters in this region is needed for the measurement of dAl and other chemical
constituents of hydrothermal origin.

The dAl distribution trend for bottom water depths in the Central Indian Ocean
Basin (Fig. 3.12b) indicates the advection of dAl-rich bottom waters at Gl-
01/11 across the NER from the Western Australian Basin. This is also
supported by the dAl maximum in the bottom waters of station GI-01/11,
which is observed much above the seafloor (~1200 m above the seafloor at
4000m; Fig. 3.12b) and therefore, discards the possibility that bottom
sediments were the primary source of dAl increase in the bottom waters.
Again, as suggested for the southern equatorial region (station GI-01/9; see
Section 3.4.2.3), the interaction of the bottom waters, flowing as the western
boundary current along the eastern NER, with the sediments over the ridge may
enrich the dAl concentrations in the bottom waters. More studies on dAl
distribution in the deep and bottom waters along the eastern margin of NER are
needed to confirm this hypothesis. Further, the dAl levels in the bottom waters
decrease as they turn and move southward at GI-01/12 (Fig. 3.12b),
presumably, due to mixing and scavenging loss. The mean dAl concentration
in the bottom waters again increased close to the CIR at ER-10 (Fig. 3.12b);
however, here, the dAl profile showed a sudden increase close to the seafloor,

suggestive of external dAl input from the bottom sediments.

3.5 Conclusion
A comprehensive study on the cycling of dAl in the water columns of the
northern, equatorial and subtropical gyre region of the Indian Ocean has been

carried out and forms the first extensive evaluation of sources, sinks and
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internal cycling of dAl in the deep and bottom waters of the BoB and the
equatorial Indian Ocean. The dAl distribution throughout the water column of
the BoB is predominantly influenced by the lithogenic sedimentary input from
fluvial and continental margin sources, enriched in reactive clay minerals.
Using the estimated range of the Al fractional solubility from the lithogenic
sediments in the BoB surface waters, the dAl flux to the surface waters of BoB
from the dissolution of / Al desorption from the lithogenic sediments is
calculated to be at least an order of magnitude higher than that supplied by the
G-B river system waters. This suggests that the Al release from the sediments
is a dominant process controlling the surface dAl distribution in the BoB. In the
southern Andaman Sea, partial dissolution of resuspended local shelf sediments
from the Nicobar Islands and the advection of Indonesian Water from the SoM
results in elevated dAl levels in the surface mixed layer and the upper
thermocline waters. Rapid ventilation of and vertical mixing in the deep waters
of the Andaman Sea and, apparently, the lower scavenging removal rate of dAl
result in near-uniform distribution of dAl in the deeper waters at the center of
the southern Andaman Sea.

Overall, dAl concentrations in the surface and upper thermocline waters of the
equatorial Indian Ocean region were controlled by the advective mixing of the
low salinity, dAl-rich waters of the S.BoB and the Andaman Sea with the high
salinity, dAl-poor waters of the southern Arabian Sea under the influence of
NMC. Using the 1-D scavenging-advection-diffusion model, the scavenging
residence time of dAl in the deep waters of the Eq.10 region is estimated to lie
in the range: 92-141 years.

During the winter monsoon, continental outflow, predominantly from the
Indian subcontinent, leads to the high atmospheric deposition of mineral
aerosols close to the south-eastern boundary of the Arabian Sea; this, in turn,
translates to the elevated dAl levels in the surface mixed layer. In the deeper
waters of the Arabian Sea, the relative increase in the dAl levels close to the
continental margin hints at the net Al release from the boundary sediments.

At the northern reaches of the subtropical gyre region, significant enrichment
of dAl throughout the upper water column (<500 m) agrees with the dAl

distribution pattern observed in the similar depth range further east at ~95°E
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(Grand et al., 2015b) and is primarily attributed to the atmospheric dust flux
from the Australian continent, which is the major dust source to the I1SG
region, and the advection of the ITW. However, higher (compared to the
previous study) dAl levels in the surface mixed layer were observed in this
study and, presumably, reflect the interannual variations in the dust deposition
flux to the ISG region. The increase in dAl concentrations in the deep waters
(2000-3500 m) over the eastern flank of the CIR seems to result from bottom
sediment resuspension close to the ridge. This enrichment in the deep-water
dAl levels dies out due to water—-mass mixing and scavenging along the
advective pathway of deep waters towards the north in the subtropical gyre
region. The advection of the dAl enriched AABW (below 3500 m) from the
Western Australian Basin to the northern Central Indian Basin across the deep
saddles of the NER is observed.
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Distribution and cycling of dissolved
aluminium in the Arabian Sea and the

western equatorial Indian Ocean
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4.1 Introduction

In the open ocean regions, dissolved aluminium (dAl) distribution in the
surface waters has extensively been used as a proxy for the atmospheric
mineral dust input to the ocean surface (Measures and Vink, 1999; Measures
and Vink, 2005; Measures et al., 2015; Grand et al., 2015a). The rationale
behind exploiting surface dAl to derive the mineral dust deposition flux to the
ocean include (1) high abundance (~8% by weight; McLennan, 2001) and
largely invariant composition of Al in the upper continental crust, a
predominant source of mineral aerosols over the open ocean regions
(Mahowald et al., 2005 and references therein), (2) short removal timescales of
dAl in the surface ocean (~few weeks to 4 years, Orians and Bruland, 1986),
(3) insensitivity of parent dAl species (i.e., AI(OH);! and AI(OH)?) to redox
changes in seawater (Bruland et al., 2014 and references therein; Measures and
Vink, 2000), and (4) no (known) role of Al in active biological processes.
Constraints on eolian dust deposition over the marine environment are crucial
to estimate for the atmospheric input of bio-essential metals (e.g., Fe, Mn, P) to
the ocean surface, which set major controls on the abundance and diversity of
the marine phytoplankton in the open oceanic regions (Jickells et al., 2005;
Sunda, 2012 and references therein). Close to the continental margins,
however, surface dAl distribution may have additional (other than dust
deposition) controls due to the significant influence of ocean-continent
exchange processes such as fluvial discharge, resuspension of the margin
sediments (Menzel Barraqueta et al., 2018; Middag et al., 2015; Singh et al.,
2020). Moreover, in the dynamic marine system, the impact of water mass
advection on the dAl distribution of water column may not be neglected a
priori (Baker et al., 2016). The relative importance of the advective processes
on modulating the dAl distribution may be understood by comparing the
scavenging rate of dAl and the water advection rate in the given oceanic region
(Baker et al., 2016; van Hulten et al., 2013). Particle scavenging processes
predominantly control the output flux of dAl from the seawater, where passive
adsorption of Al onto the biogenic particulates and their subsequent removal
out of the water column is particularly important (Middag et al., 2015; Moran

and Moore, 1988; Orians and Bruland, 1986). Consequently, the residence time
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for dAIl in seawater in a given region is significantly influenced by the
biological productivity and export of biogenic particles out of the water column
(Orians and Bruland, 1986). In summary, it is essential to understand and
decouple the potential impacts of the processes mentioned above (other than
atmospheric dust deposition) on the surface dAl distribution prior to using it as

a tracer of continental mineral dust input over the oceans.

The Arabian Sea (hereafter, AS) is characterized as one of the highest dust
receiving regions in the global ocean (Jickells et al., 2005; Mahowald et al.,
2005). Dust emission, and its subsequent transport, from various neighboring
arid (e.g., southern Arabian Peninsula, Makran Basin, Sistan Basin) and semi-
arid (Thar Desert) continental regions contribute to the high net annual dust
deposition observed over the AS (Pease et al., 1998; Tindale and Pease, 1999;
Kumar et al.,, 2020). However, significant seasonal variability in dust
concentrations in the surface-level aerosols over the AS is observed (Chester et
al., 1984; Pease et al., 1998; Siefert et al., 1999; Tindale and Pease, 1999). This
variability arises in response to the marked seasonal changes in wind stress
over the AS and surrounding continents (also discussed later in the text), which
influences the dust production and its transport from different neighboring
continental sources (Schott and McCreary, 2001; Tindale and Pease, 1999).
Moreover, the estimated scavenging residence timescales for surface dAl in the
AS are relatively short (few months to ~1 year; Han et al., 2008). Together,
seasonal variations in dust deposition flux and short dAl residence time result
in significant temporal changes in surface water dAl concentrations in the AS
(Measures and Vink, 1999; Schiipler et al., 2005). Given this seasonality, the
model estimates of annual (climatological) mean surface dAl concentrations in
the AS (Gehlen et al., 2003; Han et al., 2008) appear to be of limited
importance and motivate to simulate the surface dAl variations in seasonal
timescales. One of the objectives of this study is to model, for the first time, the
seasonal variations in surface dAl concentrations in the AS using a simple 1-D,
non-steady-state box model and compare them with the observed dAl

variations.

Most of the labile Al from the eolian dust deposited over the open ocean gets

released in the surface mixed layer (Maring and Duce, 1987). In the sub-
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surface depths, water mass advection and reversible scavenging of Al from
suspended and sinking particulates become more important in controlling the
dAl distribution. The impact of water mass advection on the sub-surface dAl
distribution is observed in different oceanic regions (Measures et al., 2015;
Middag et al., 2015; Singh et al., 2020; Grand et al., 2015b). In the AS, the
thermocline water mass structure (200-900 m) is influenced by the outflow of
high salinity water masses from the neighboring marginal seas (the Red Sea,
the Persian Gulf; Shenoi et al., 1993). These shallow marginal basins receive
high eolian dust input from the nearby deserts (e.g., the Rub-Al-Khali and the
Nubian Desert), impacting the trace element distribution in their water column
(Shriadah et al., 2004; Measures and Vink, 1999). Once these waters advect to
the AS, they could entrain into the surface layer under the strong upwelling
conditions that develop during the summer and winter monsoon periods
(Wyrtki, 1973). The probable impact of the advection of the marginal seas
waters on the dAl and other lithogenic trace metals distribution in the AS is,
therefore, important to evaluate.

Earlier studies (Measures and Vink 1999; Narvekar and Singbal, 1993;
Schiifler et al., 2005; Thi Dieu Vu and Sohrin; Upadhyay and SenGupta, 1994)
had investigated the surface dAl concentrations in the AS. However, these
studies were mostly restricted to the summer and winter monsoon periods (with
minimal spatial coverage during the intermonsoon seasons). Also, full vertical
depth dAl profiles in the AS are limited (Narvekar and Singbal, 1993; Schiifler
et al., 2005; Thi Dieu Vu and Sohrin; Upadhyay and SenGupta, 1994). In this
study, we measured full vertical water column dAl profiles across the AS along
the GEOTRACES-India transect, GI-05 (Fig. 4.1), during the fall inter-
monsoon period (autumn season, late September-early October) to better
understand the (1) annual surface dAl cycling in response to the seasonal
variations in dust deposition over the AS and (2) processes controlling the dAl
distribution in the thermocline and deeper waters of the Sea. This is the first
report on surface dAl distribution in the AS during the mid-fall intermonsoon
period (late September to early October) and, therefore, adds to the previous
understanding of surface dAl annual cycling in the Sea (Measures and Vink,
1999; Schiipler et al., 2005; Thi Dieu Vu and Sohrin, 2013). This study also
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forms the first comprehensive investigation of dAl cycling over the full vertical
water column in the western AS and the western equatorial Indian Ocean

region.
4.2 Meteorological and hydrological setting in the study area

This section discusses ancillary information on general meteorology,
circulation scheme and water mass structure in the studied regions to better
understand the observed dAl distribution. The AS is subjected to a strong
monsoonal climatology where remarkable seasonal changes (both in direction
and amplitude) in wind stress are recorded (Schott and McCreary., 2001).
These changes in the meteorology show a significant impact on the hydrology,
water mass circulation, primary biological production in the AS (McCreary et
al., 1996; Schott and McCreary, 2001), and control the emission and transport
of dust from various potential sources surrounding the Sea (Pease et al., 1998;
Tindale and Pease, 1999). The development of a low-pressure zone over the
north-western region of India and Tibetan Plateau during the summers season
(July-August) results in the formation of a south-westerly, low-level wind jet,
the Findlater Jet, in the AS (Schott and McCreary, 2001). During the same
period (summers), the presence of the high-pressure zone over the eastern
Mediterranean region facilitates the development of strong regional winds (the
Summer Shamal and the Red Sea winds) over northeast Africa and the Arabian
Peninsula, which merge into the Findlater Jet in the AS region. During the
transit from the summer monsoon to the fall inter-monsoon period (sampling
season of this study), a marked decrease in wind stress is usually observed over
the AS and surrounding regions (Schott and McCreary, 2001; Halpern et al.,
1998). This changing wind regime leads to the collapse of the Summer Shamal
and the Red Sea winds during the fall intermonsoon period. Over the eastern
AS, however, along with long-range transport of continental dust from the
Arabian Peninsula and northeast Africa, more regional dust input from the
arid/semi-arid regions of southwest Asia (e.g., Thar Desert, Makran coast,
Indus River delta) is possible (Pease et al., 1998; Kumar et al., 2020).

Surface water salinity remains high (35.5-36.8) over all the sampled regions in
the AS, but a gradual decrease towards the southern AS is apparent (Fig. 4.2A).
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Significantly higher evaporation (E) minus precipitation (P) rate (E-P) in the
northern AS (~2 m/yr) compared to that in the southern AS (~0.2-0.5 m/yr)
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Fig. 4.1: Seawater sampling locations (white circles) occupied during the
GEOTRACES-India cruise, GI-05. Major rivers (Indus, Narmada and Tapi) and
marginal seas water masses (PGW: Persian Gulf Water and RSW: Red Sea Water)
flowing into the Arabian Sea are highlighted. Selected sampling sites for dAl data
from previous studies used in this work are also plotted. Brown patches over the
surrounding landmasses are the schematic representations of some of the important
dust source regions to the study area: (a) Thar Desert, (b) Makran Coast, (c) Sistan
Basin, (d) Wahiba Sands, (e) Rub-Al-Khali Desert, (f) Nubian Desert, (g) Somali
Coast. The map was prepared using the ODV software (version: 4.7.9, Schlitzer
2016).

results in the observed gradient in surface salinity and formation of the
Arabian Sea High Salinity Water (ASHSW) in the northern AS surface ocean
(Shetye et al., 1994). ASHSW subducts below the surface water layer as it
advects towards the central and southern AS and is observed as a distinct high
salinity core in the depth range of 75-100 m at the northern and central AS
stations (GI-05/3-GI1-05/9, Fig. 4.2A). Salinity maxima observed in the upper
thermocline depths (200-300 m; Fig. 4.2A) of the northern and central AS
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stations (GI-05/5 to GI-05/9) represent the intrusion of high salinity Persian
Gulf Water (PGW) from the Gulf of Oman to the open AS (Shenoi et al.,
1993). The AS may also receive high salinity water (Red Sea Water) input to
its lower thermocline depths (~600-800 m) from the Red Sea (Wyrtki, 1973).
The absence of any strong salinity maxima in the characteristic potential
density range (ce: 27.0-27.4 kg m™3; Shenoi et al., 1993; Fig. 4.2A) of the Red
Sea Water (RSW) suggests a limited inflow of the water mass to the sampled
regions during the study period (September-October). This observation agrees
with the lowest estimated outflow of the Red Sea Water to the AS at the end of

the summers (September-October; Maillard and Soliman, 1986).

The deep and bottom depths (>2000 m) in the AS and the western equatorial
Indian Ocean are occupied by the Antarctic Bottom Water (AABW), the
Modified North Atlantic Deep Water and the North Indian Deep Water
(NIDW) (Kumar and Li, 1996; You, 1999, 2000; Mantyla and Reid, 1995).
AABW primarily fills the bottom-most depths (>3500 m; Tomczak and
Godfrey, 2003) of the regions and is sourced from the dense and cold bottom
waters of the Weddell Sea (Mantyla and Reid, 1995). Advective mixing and
entrainment of the North Atlantic Deep Water into the deep circumpolar waters
of the Indian Ocean sector of the Southern Ocean (You, 1999) result in the
formation of the MNADW (You, 2000). Relative to the MNADW in the
southern and central Indian Ocean, the deep waters (~2000-3500) in the
northern Indian Ocean (e.g., The AS and the Bay of Bengal) are significantly
higher in salinity and dissolved nutrients and lower in dissolved oxygen
content (You, 1999; Mantyla nad Reid, 1995). Due to large differences in these
parameters, the deep waters in the northern Indian Ocean (predominantly in the
AS and the Bay of Bengal) are considered as a different water-mass, the North
Indian Deep Water (NIDW). The NIDW is shown to be representing an aged
form of the MNADW (You, 2000).

The deep and bottom waters (>2000 m) enter the Somali Basin from the
Mascarene Basin through the Amirante Trench and fills the deeper depths in
the equatorial Indian Ocean (Mantyla and Reid, 1995; You, 2000; also refer to
Fig. 4.3). In the AS, the deep and bottom waters are derived from the Somali

Basin through the deep passage across the Owen Fracture Zone (Mantyla and
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Fig. 4.2: (A) Salinity and (B) dAl variations in the water column along the GI-05 cruise section.
Overlain contours in Fig. 4.2A and 4.2B represent the isolines for neutral density and dAl
concentrations, respectively. For better understanding, the salinity and dAl data are plotted
separately for the upper 1000m and the water column below. Further, for better visualization, the
full GI-05 transect data is divided and plotted into three sub-transects, which are shown in Fig.

4.2C.
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Fig. 4.3: A schematic representation of the deep-water circulation (>2000m) in the
western equatorial Indian Ocean region and the Arabian Sea. Sampling stations (black
open circles: this study and solid red squares; Schiifler et al., 2005) for which deep-
water dAl concentrations are compared (discussed) in the text are plotted. The major
ridges in the Arabian Sea and western equatorial Indian Ocean are also highlighted.
LR: Laxmi Rigde, MR: Murray Ridge. Blue solid triangles mark the locations of the
R:Raman Seamount, P:Panikkar Seamount and W:Wadia Guyot in the Laxmi Basin.

Reid, 1995; Fig. 4.3). Another important pathway of deep-water advection into
the AS is through the deep gateway between the Chagos-Laccadive Ridge and
the Central Indian Ridge at ~10°S as a boundary flow along the eastern flank
of the Central Indian Ridge (You, 2000; Fig. 4.3).

4.3 Results
4.3.1 dAl in the surface mixed layer

Fig. 4.4 shows the distribution of dAl in the surface-mixed layer at all the
stations sampled in this study. An overall east-west decreasing trend of dAl
levels is evident in the AS (> 10°N). In the western AS (stations GI-05/8 to GI-
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05/12), relatively low dAl concentrations (1.5 nM to 3.3 nM) were observed
compared to that measured in the central (2.0 nM to 7.3 nM at stations GI-05/5
to GI-05/7) and the eastern regions of the sea (6.9 nM to 20.9 nM at stations
GI-05/1 to GI-05/4). Also, the surface dAl concentrations observed in this

study were compared with the surface Al distribution observed by Measures

Al [nM
30°N [ ] E 15
12.5
20°N
--10
10°N
7.5
0 3.0 nM (ER-8)
EQ .
54nM@ 5
4.1nme O 5.5 nM (ER-9) g
4.0nM@ § 2.5
10°S e —— — |
50°E 60°E 70°E 80°E
QO Thi Dieu Vu and Sohrin, 2013

© This Study

Fig. 4.4: Dissolved Al concentrations observed in the surface mixed layers during the
fall inter monsoon period at the GI-05 cruise stations (brown circles). The background
colored gridding in the Arabian Sea shows the surface dAl distribution observed in the
late summer period (late August to early September; Measures and Vink, 1999),
temporally closest (and before) to the sampling period of this study (late September to
early October). Surface dAl levels (white circles) reported by Thi Dieu Vu and Sohrin
(2013) in the nearby equatorial Indian Ocean regions are also plotted for comparison
(see text for more details).
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and Vink (1999) in the AS during the late southwest monsoon period (late
August to early September), closest to (and before) the sampling season (late
September to early October ) of this study (Fig. 4.4). The two datasets compare
well in most of the regions except in the northwest AS, where our measured
surface dAl concentrations are significantly lower (Fig. 4.4). This difference
probably indicates the influence of the changing meteorological setting, during
the transition between the two seasons (summers to fall intermonsoon; see
section 4.2 and section 4.4.1 for further discussion), on surface dAl
distribution. The surface dAl levels observed by Narvekar and Singbal (1993,
~40-130 nmol kg™) and Upadhyay and SenGupta (1994; ~40-75 nmol kg?) in
the eastern AS are higher by one or two orders of magnitudes than that
observed (~6-20 nM) during the German and US-JGOFS (Measures and Vink,
1999; Schiipler et al., 2005), Japanese GEOTRACES (Thi Dieu Vu and Sohrin,
2013) and this study at nearby stations. Although this mismatch may arise due
to probable systematic error or contaminations, the possibility of significant

interannual variations in the surface dAl concentrations could not be ruled out.

Further south in the western equatorial region (5°S-10°N), a relative increase in
the surface dAl concentrations (3.8-6.6 nM) was observed (Fig. 4.4). There is
no previous report on dAl in the western equatorial region; however, elevated
surface dAl in this region may indicate distinct dust source and/or internal

cycling of dAl (refer section 4.4.1).
4.3.2 dAl in the sub-surface waters

In this section, the important dAl variations (and related changes in ancillary
parameters) observed below the surface mixed layer (>50 m) in the studied
regions are briefly highlighted. A sharp increase in dAl concentration (~3 times
the dAl level in the water column above) is observed over the continental shelf
(80 m) of the eastern AS (GI-05/1, Fig. 4.2B). This signal decreases steeply
towards the open sea region (GI-05/3 and 4, Fig. 4.2B), indicating rapid
removal of dAl close to the shelf region itself. The dAl variations observed in
the thermocline depths (50-300 m) of the central and north-western AS regions
(stations GI-05/5 to GI-05/8, Fig. 4.2B) are noteworthy. At these stations,
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elevated dAl levels in the depth range of 75-100 m (y™ ~ 24.5-25.0 kg m~)
correlates to the observed salinity maxima of the ASHSW (Fig. 4.2A and
4.2B). A marked dAl-high is also observed at the core depth range (200-300 m,
Y ~ 26.2-26.8 kg m=3, Fig. 4.2B) of the PGW at stations GI-05/6 and 7.
Further towards the southern AS and the western equatorial Indian Ocean (Gl-
05/10 to GI-05/18), the dAl distribution in the thermocline water depths (100-

800 m) becomes more uniform (Fig. 4.2B).

In the deeper water depths (>1000 m), dAl profiles in the AS demonstrate
some interesting features. Station GI-05/8 lies adjacent to the southwest-
northeast aligned Murray Ridge in the northern AS (Fig. 4.3). Highly enriched
dAl levels (~5-13 nM) are observed in the deep waters close to the Murray
Ridge (GI-05/8, Fig. 4.2B), focused around 1200 m and 2500 m depths.
Distinct deep-water dAl maxima (~2000-2500 m) were also observed in the
central AS region (GI-05/5 and 6; Fig. 4.2B). An increase in the dAl
concentrations is evident close to the seafloor over the Carlsberg Ridge (GI-05/
12, 13 and 14; Fig. 4.2B).

4.4 Discussion
4.4.1 dAl in the surface mixed layer

Surface dAl concentrations have shown strong seasonal and intra-basin
variations in the AS (Measures and Vink; Schiifler et al., 2005; Thi Dieu Vu
and Sohrin, 2013). For readers to appreciate these observed spatio-temporal
variations of surface dAl in the AS, the surface dAl data from current along
with previous studies have been compiled and plotted in Fig. 4.5. These
variations are majorly attributed to the changes in the source regions of
aerosols over the Sea and dAl scavenging rates due to seasonal changes in
wind patterns and biological productivity, respectively (Measures and Vink,
1999; Schiipler et al., 2005). Seasonal variation in the surface-mixed layer
thickness also plays an important role in the vertical re-distribution of the Al
input from atmospheric dust deposited and/or other sources in the surface
ocean layer. Significantly lower surface dAl levels observed towards the
northern and in the north-western AS (GI-05/6, 7 and 8; Fig. 4.4) during the

fall inter-monsoon (this study), compared to that reported during the late
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southwest monsoon (Measures and Vink, 1999), hints at the impact of
changing meteorological, and related hydrological conditions (refer section
4.2), on the surface dAl distribution. During the southwest monsoon, the coeval
development of the low-level 'Findlater' wind jet and the regional Summer

Shamal and the Red Sea winds facilitates a massive emission and transport of

Late NE Monsoon Spring Intermonsoon
(Jan - Feb) ) (Mar - Apr)

Al [nM]
15

12.5
S10
Mid SW Monsoon Late SW Monsoon : 7.5
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@ Schiler et al., 2005
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Fig. 4.5: The observed spatio-temporal variations in the surface dAl distribution in the Arabian Sea.
The background colored gridding in the Arabian Sea shows the surface dAl distribution observed by
Measures and Vink (1999) during different seasons. Data sources: Measures and Vink (1999),
Schiifler et al. (2005), Singh et al. (2020), Thi Dieu Vu and Sohrin (2013).

B|Page



Chapter 4

mineral dust from the arid regions of the southern Arabian Peninsula and
northeast Africa (Nubian Desert) to the north and north-western AS (Léon and
Legrand, 2003; Ramaswamy et al., 2017). As the southwest monsoon ends, a
significant decrease in the wind stress and change in wind direction occurs,
which results in a reduction of the continental mineral dust emission (Léon and
Legrand, 2003) and, presumably, its subsequent transport to the north and
north-western AS. This reduction in the dust input may manifest as the
corresponding (observed) decrease in the surface dAl concentrations during the
fall inter-monsoon (this study, Fig. 4.4). Also, relatively high biological
productivity in the north and north-western AS throughout the southwest
monsoon, presumably, ensures effective Al removal by biogenic particles from
the surface waters. This process would inhibit the high surface-dAl signal
observed in the northern AS during the southwest monsoon (Measures and
Vink, 1999) to sustain in the following season (fall inter-monsoon) as the
atmospheric Al input in the region decreases. These arguments are also
supported by the modeling results in the western AS and discussed later in the
text (section 4.4.1.1). On the other hand, relatively elevated surface dAl
concentrations in the eastern AS (12.7-20.9 nM at stations GI-05/1, 2 and 3;
Fig. 4.4) propose a different balance between the input and removal processes.
Unlike the western AS (west of 60°E), where the mean annual rainfall is very
small (<0.4 m yr?, Kumar and Prasad, 1997), the eastern AS (east of 65°E)
receives considerable precipitation (annual mean: ~1.0-1.5 m yr, Kumar and
Prasad, 1997; Behara et al., 2019), particularly during the summers (June-
September, refer to Figure 1c and 1d of Behara et al.,, 2019). These
circumstances favor the wet deposition of a large amount of mineral dust,
derived from the Middle-East and northeast African desert regions, over the
eastern AS during the summers (June-September, Ramaswamy et al., 2017,
Kumar et al., 2020). Further, the relative estimates of column-integrated net
primary productivity (NPP), from both the in situ measurements (Barber et al.,
2001; Kumar et al., 2000) and satellite-based data (Behrenfeld and Falkowski,
1997; Eppley-VGPM NPP data, Custom Product; Available at the website:
http://sites.science.oregonstate.edu/ocean.productivity/index.php; also refer to

Fig. 4.6), show relatively lower NPP values for the eastern AS compared to
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that in the western AS, which may impact the surface dAl removal rate in the
two regions. High surface dAl levels observed in the eastern AS in this study
during the fall-intermonsoon season may therefore result due to high mineral
dust deposition flux (mostly via wet deposition) in the preceding season
(summer monsoon: June-September) and comparatively (to western AS) lower
surface dAl removal rate owing to lower NPP during the summer and fall-

intermonsoon period (July-October, Fig 4.6).

Compared to the western AS, the western equatorial (5°S-<10°N) Indian
Ocean show elevated surface dAl concentrations (3.8-6.6 nM, Fig. 4.4). These
values are also higher than that observed further east in the equatorial region
(~3.0 nM at station ER-8, Fig. 4.4), which implies additional local Al input
towards the western equatorial boundary. Earlier studies (Tindale and Pease,
1999; Clemens et al., 1991; Léon and Legrand, 2003) have recognized that arid

NPP [mgC m-2 d-1]
< .

July 2015 Aug 2015

NPP [mgC m-2 d-1]

Fig. 4.6: Satellite-data (Behrenfeld and Falkowski, 1997; Eppley-VGPM NPP data,
Custom Product, http://sites.science.oregonstate.edu/ocean.productivity/index.php)
based variation in net primary production (in mgC m2 d%) in the AS during the
summers (July-September) and fall-intermonsoon period (October).

regions of the Somali coast could be potential sources of dust to the north-
western Indian Ocean under the influence of the Findlater Jet, which develops
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during the southwest monsoon. Pease et al. (1998), based on their study on dust
concentration and its geochemistry over the AS, concluded that the dust
emission from the Somali coast does not influence the aerosol composition
over the AS. However, there is no such study to evaluate the presumed impact
of the Somali dust transport in the western equatorial Indian Ocean (south of
5°S and west of 65°E). In this study, the observed increase in surface dAl
levels in the western equatorial region may suggest the influence of dust
emission from the Somali coast to be more local (restricted to the western
equatorial region). Moreover, due to lower (compared to the AS) biological
productivity in the equatorial and subtropical Indian Ocean, the surface dAl
residence time estimates (1-2 yr; Han et al., 2008) are relatively high in these
regions. Therefore, the observed surface dAl concentration would represent an
integrated signal of atmospheric dust deposition over a larger span of time in

these regions.
4.4.1.1 Modeling seasonal variations of surface dAl in the AS

The observed temporal changes in the measured surface dAl concentrations
(this study; Measures et al., 1999; Schiipler et al., 2005; Singh et al., 2020; Thi
Dieu Vu and Sohrin, 2013) in the AS suggest that surface dAl distribution in
the sea is not in a steady-state, at least in seasonal time scales. Therefore,
models considering the temporal variations of surface dAl in the AS would be
more realistic. Global ocean model studies (e.g., Gehlen et al., 2003; Han et al.,
2008) have estimated annual averaged distribution of surface dAl, which shows
high relative errors compared to the observed dAl in the surface waters of the
AS. In this section, the seasonal variations in surface dAl in the AS are
modeled using a simple 1-D, non-steady-state formulation. The structure and

assumptions used in the model are described in the following text.

Deposition (dry and wet) and subsequent partial dissolution of atmospheric
dust is considered as the external source of dAl to the surface waters of the AS.
Removal of Al from the water column is assumed to be first-order with respect
to the dAl (i.e., the removal rate is proportional to the observed dAl). If we also

take into account the influence of water advection and turbulent mixing on the
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dAl distribution, mathematically, the temporal changes in dAl in the surface-

mixed layer can be described as follows:

d[dAl] _ Cdust-(Va+RSo.flg) [dAl]
dt MLD.AAL

— V. (v[dAl]) + V. (D V[dAl]) (4.1)

where [dAl] is the dissolved Al concentration (in pmol m? = nM) in the

surface mixed layer, C4L., is the concentration of Al in the aerosol (in ug m3),
Vj is the dry dust deposition velocity (in m d%), R is the precipitation rate (in m
d?), S, is the dust washout ratio (i.e., the ratio of Al concentration in rain and
aerosol), A is the fractional Al solubility from the dust, MLD is the mixed
layer depth (in meters), A% is the atomic mass of Al (in g mol?) and T is the
scavenging residence time (in days) of dAl in the surface ocean. The third
(V. (v[dAl])) and the fourth (V. (D V[dAl])) terms on the right-hand side of the
Eg. (4.1) represent the effect of water advection and turbulent mixing,
respectively, on the mixed layer dAl. Previous studies (Baker et al., 2016; van
Hulten et al., 2013) compared the estimated residence times for dAl with
respect to particle scavenging (tg) and water advection timescale (t,) in the

surface waters of the AS and showed that the later is relatively very large

compared to the former (i.e.,:—a >>1), particularly for the northern and western
S

regions of the sea (Baker et al., 2016). This result suggests that the relative
influence of advection and diffusive mixing on surface dAl distribution in the
AS could be considered negligible (Baker et al., 2016). Considering the above
arguments and neglecting the advection-turbulent mixing terms, Eq. 4.1 could

be simplified as follows:

d[dAl] _ Chise-(Va+RS)fl) [dAI] _
T

dAl
dt  MLDAAL = dAIE, (1) — EE

input
To estimate the time-dependent atmospheric dAl input function (i.e.,

dAI (1), knowledge of temporal variations infiy; Vg, R, S, Cius and

input
MLD is required. The data available on aerosol Al concentration (C4l) from

the earlier studies (Tindale and Pease, 1999; Siefert et al., 1999; Kumar et al.,
2008, also refer to compiled data in Table C1 in Appendix C) is used to

estimate the seasonal variations in C4L,. Given that the dataset available on
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c4l,, for the AS is limited (refer to Fig. 4.7), it is crucial to choose the space of
model application in a way such that maximum temporal variability could be
defined. Seasonal studies on aerosol Al composition are more extensive for the
western part of the AS (west of 65°E), as apparent from Fig. 4.7. Moreover,
significant latitudinal variations in aerosol Al concentration are observed for a
given time period in the AS; aerosol Al concentration is significantly high in
the northern region compared to the central and southern regions (Tindale and
Pease, 1999; Pease et al., 1998). Therefore, to have a better temporal resolution
for C4L,, , dAl distribution is modeled in the west-central part of the sea, i.e., in
the region 14-20°N, 57-65°E (Fig. 4.7). The majority of the compiled data
comes from the US-JGOFS study on aerosol composition over the AS (Tindale
and Pease, 1999) and, therefore, seasonal mean (geometric) values for
c4l.. were estimated following the temporal divisions of major seasons defined
30°N

© Kumar et al., 2012

® Kumar et al., 2008

e Siefert et al., 1999
e Tindale and Pease, 1999

25°N : [ Model Space

20°N

Ocean Data View

5°N «- -
55°E  60°E 65°E 70°E 75°E

Fig. 4.7: Aerosol sampling locations from the previous studies used for the
compilation of aerosol Al concentration over the AS. The model space over which the
seasonal variations in surface dAl are simulated is also shown.
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in that study (Table C1 in Appendix C). Note that outliers (data points outside
the 20 range of the seasonal averages) in the compiled data C4l., were

removed before calculating the seasonal means.

A dry deposition velocity (Vd) of ~0.9 cm/sec for mineral aerosol deposition
over the AS was estimated during the spring-intermonsoon period using
aerosol 21°Pb as a tracer (Sarin et al., 1999). There are no studies on seasonal
changes in the dry deposition velocities of aerosols over the AS. However,
Tindale and Pease (1999) indicated that the deposition velocity of mineral dust
during the summer monsoon could be relatively high. Due to limited studies on
seasonal variations of dry deposition velocity, here, V4 is considered to be 0.9
cm/sec (=777 m d?, Sarin et al., 1999) and constant throughout all the seasons
except for the summer monsoon (discussed later in this section). Estimated and
observed seasonal changes in precipitation over the AS (Kumar and Prasad,
1997; Measures and Vink, 1999; Schott et al., 2009 and references therein)
indicate that rainfall events mostly occur during the summer monsoon period
(June-August) and are low or negligible for rest of the seasons (2-7 times lower
rainfall than the summer monsoon, Kumar and Prasad, 1997). Moreover, the
central and western AS (our model space) receives the lowest rainfall
throughout the year (Kumar and Prasad, 1997; Schott et al., 2009 and
references therein). Also, as per our knowledge, there is no report on the wet
deposition of atmospheric Al in the western AS. Therefore, due to limited
rainfall and no available estimates on the wet deposition fluxes of atmospheric
Al in the western AS, we considered only dry deposition of Al in our model
(i,e. (Vg +R.S,) = V4in Eq. (4.2)).

As noted earlier (section 4.4.1), the development of strong surface winds (the
Findlater Jet, the Summer Shamal and the Red Sea winds) during the summer
monsoon aids the deflation and transport of a huge amount of mineral dust
from the deserts of the southern Arabian Peninsula and northeast Africa to the
western AS (Léon and Legrand, 2003; Ramaswamy et al., 2017). It is also
directly or indirectly represented by the observed/estimated elevation in (1)
dust activity over the southern Arabian Peninsula and northeast Africa (Léon

and Legrand, 2003), (2) satellite signals of dust load over the AS (Husar et al.,
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1997; Ramaswamy et al., 2017), and (3) surface dAl concentrations (Measures
and Vink, 1999). Contrary to these results, the lowest surface-level
atmospheric mineral dust concentrations over the AS are observed during the
summer monsoon (June-August; Pease et al., 1998; also refer to Table C1 in
Appendix C). To resolve this apparent contradiction, Tindale and Pease (1999)
suggested the mechanism of intense scavenging of continental dust by sea-salts
during the summers, which is described here briefly. A large proportion of
surface-level air mass over the AS during the summers is derived from the
pristine marine regions of the equatorial and subtropical Indian Ocean, which
bring a huge amount of sea-salts to the AS (Pease et al., 1998; Tindale and
Pease, 1999). The high influx of sea-salts dilutes the mineral dust levels in the
surface-level aerosols (Tindale and Pease, 1999). However, these sea-salt
particulates are also observed to form large aggregates with the mineral dust
particles (Tindale and Pease, 1999), which may deposit at increased settling
velocities (deposition velocity). Moreover, as estimated by the satellite data, a
thick layer of mineral dust resides over the surface-level, sea-salt rich aerosol
layer over the AS during the summer monsoon (Ramaswamy et al., 2017),
which may also contribute to the net mineral dust deposition (mainly via wet
deposition during the summers; Ramaswamy et al., 2017). Therefore, the
estimates of mineral dust deposition flux (and hence Al deposition flux) during
the summer monsoon based on the surface-level dust concentrations and the
dry deposition velocity estimated during the spring-intermonsoon (Sarin et
al.,1999) may be highly underestimated. Schiipler et al. (2005) calculated the
atmospheric Al dry deposition flux during the summers by using the time-
averaged Al flux estimated for the non-summer monsoon periods and
multiplying it with the ratio of aerosol optical thickness observed during the
summer monsoon and non-summer monsoon periods. This gave an effective Al
dry deposition flux of 81 pmol m? d* during the summer monsoon. Moreover,
this modified estimate agrees well with the (high) deep water Al particle flux
observed in the AS during the summer monsoon (Schiifler et al., 2005) and,
therefore, was used to estimate the atmospheric dAl input in the model space
during the summers. For the rest of the seasons, the atmospheric dAl inputs
were calculated using the dry deposition velocity estimated by Sarin et al.

(1999; 0.9 cm sec™) and seasonal mean (geometric) of Al concentration in the
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surface-level aerosols (Table 4.1). Among all the seasons, the lowest resolution
on aerosol Al concentration data is for the autumn (fall intermonsoon) period
(Table C1 in Appendix C).

Han et al. (2008) estimated a relatively short residence time (t. <0.5 yr) for

dAl in the western AS surface waters and showed an improved match between
modeled and observed annual mean surface dAl levels, compared to other
modeling studies (Gehlen et al. 2003; Measures and Vink, 2000). Similar
estimates (0.4-0.8 yr) are also given by van Hulten et al. (2013). However, as
noted earlier, the biogenic particles are the main carrier phase for the
scavenged dAl in the ocean. Therefore, it is reasonable to expect a temporal
variability in T, in a given region, with seasonal changes in the net primary
productivity (NPP). The AS experiences a strong seasonality in primary
productivity (McCreary et al., 1996), which may impact the scavenging
residence time of surface dAl. Therefore, the surface dAl were modeled
considering t to be temporally varying. The temporal variations in t are
estimated by normalizing the mean < (i.e., 0.5 yr) with changes in NPP in the
modeled region (refer to Appendix D). SeaWiFS satellite data-based monthly
averaged NPP estimates were extracted and used for normalizing the mean .
Since the majority of the data for aerosol Al and surface dAl concentrations are
taken from the US-JGOFS study carried out in the year 1995 (Tindale and
Pease, 1999), it is reasonable to use NPP data from the same year. However,
the oldest available SeaWiFS satellite-based NPP data is for the year 1998 and

is used in the model.

An optimal fractional Al solubility from the Al minerals in the dust (f4)) of
0.03 (i.e., 3%) has been considered by earlier studies in the AS (Gehlen et al.,
2003; Schiipler et al., 2005). However, no studies on direct estimation of Al
solubility by aerosol leaching experiments (with de-ionized water, seawater or
buffer solution; Berger et al., 2018) are available in the AS. Therefore, Al
fractional solubility was optimized by minimizing the error (root mean square)
between the mean observed and modeled surface dAl during different seasons.
The optimized Al fractional solubility is found to be 3.5%, which is similar to

that considered by the earlier studies (3 %, Gehlen et al., 2003; Schiipler et al.,
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2005). Average seasonal MLD values were estimated using the monthly mean
MLD (climatological and density threshold-based) data extracted from the
available global database (Holte et al., 2017).

Using the above constraints on fA}, vy, C4L, and MLD, seasonal variability of

Al Al

. cAl o Va A
dAl input from the atmosphere (i. e.,w in pmol m= d?) to the model

-Awt

space was estimated and plotted (and tabulated) in Fig. 4.8A (Table 4.1).
Further, this input function was assumed to be an annual periodic function (i.e.,

time period=365 days) and fitted using a finite Fourier series (Fig. 4.8A; refer

Table 4.1: Estimated seasonal means of Al concentration in surface-layer aerosols,
atmospheric Al deposition flux, MLD and dAl input in the mixed layer from the
atmospheric dust deposition.

Alin . Atm. Al
Deposition . . Seasonal
surface- . deposition  Fractional Seasonal mean of
Velocity mean )
Season level flux Al atm. dAl input
(vd) ) . MLD )
aerosols . (nmol m- solubility (rmol m3d?)
3 (cms™) X (m)
(ug m?) d”)
Late Winter 0.58 0.90 16.58 0.035 59 0.0098
Spring 0.56 0.90 16.08 0.035 21 0.0265
Summer 0.03 - 81.00* 0.035 49 0.0581
Autumn 0.37 0.90 10.64 0.035 25 0.0149
Early Winter 0.61 0.90 17.59 0.035 45 0.0136

* Corrected atmospheric Al deposition flux during the summer monsoon period estimated by Schiifler et al. (2005;see text
for further explanation)
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to Appendix D for details). Such a formulation helped represent the seasonal
variations in the dAl input as a continuous, periodic function and derive a
stable analytical solution for the Eq (4.2) (refer to Appendix D for details). The
basis of assuming the annual periodicity is a small observed inter-annual
variability in aerosol Al concentration over the AS (Schiifler et al., 2005 and

references therein).
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Fig. 4.8: (A) Bar plot for the estimated seasonal means of the atmospheric dAl input (dAl?,{g‘ut).

The number of data points that are used to evaluate the seasonal mean of Al concentration in
surface-level aerosols is also shown inside the bar for each season. The overlaid solid black line
represents the finite Fourier series fit to the dAl?,ﬁg‘ut variation, considering it to be annual periodic

(see text). Also, note that the dAlf‘,El,‘“ut for the summer season is estimated using the corrected Al

atmospheric flux calculated by Schiipler et al. (2005; see text); therefore, the number of data points
is not indicated for the summer season bar. (B) Model solutions considering the constant (dashed
line) or temporally variable, NPP-normalized (dotted line) dAl residence time (t). Bar plot shows
the observed surface dAl concentrations in different months. For reference, the estimated (Fourier
curve fit) dAIRR,; (solid line) is also plotted.

Fig. 4.8B shows the comparison between the observed and modeled temporal
dAl variations in the model space. The observed temporal changes in the
surface dAl concentrations were estimated from the available data (this study;
Measures and Vink, 1999; refer to Table C2 in Appendix C). Model solution is

compared to the observed surface dAl distribution in the modeled region (Fig.
4.8B). Overall, the model results are able to capture the general seasonal trend
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observed for surface dAl in the modeled region of the AS. The modeled surface
dAl levels are also of the same order as measured (Fig. 4.8B). Similar to the
observed trend, the model dAl concentrations show an increase after the winter
period during the spring season and peak in the summers (Fig. 4.8B).
Subsequent decrease, from the peak levels, in the modeled dAl levels is seen
during the transition from the summer monsoon to the fall inter-monsoon
(autumn) period; in agreement with the observed surface dAl trend (Fig. 4.8B).
Also, note that the model surface dAl distribution follows the variations in the
estimated dAl input from the atmosphere with a time lag, which depends on the
dAl residence time (Fig. 4.8B).
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Fig. 4.9: Estimated temporal variations in the net primary productivity (NPP) and dAl
residence time (also refer to the Appendix D for more details).

continuous increase in modeled dAIl is derived under the increasing
atmospheric dAl input towards the summers (Fig. 4.8B). In contrast, the lowest

estimated t during the summers (due to the highest estimated NPP values, Fig.
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4.9) led to rapid removal (and decline) of modeled surface dAl and, relatively,
lower (but closer to observed values) estimated dAl levels during the autumn
compared to the constant T model solution (Fig. 4.8B). It should also be noted
that the resolution of observed dAl is lowest during the inter monsoon seasons
(spring and autumn, Fig. 4.8B). More data on surface dAl in these seasons is
needed to bring out a better picture of dAl seasonal variations and a stricter

validation of the model.

4.4.2 Influence of intrusion of the ASHSW and marginal seas water masses
on the dAl distribution in the AS

Formation of the high salinity waters in the marginal seas (the Persian Gulf and
the Red Sea) and the northern AS, and their spread into the sub-surface depths
(~25-1000m) of the open AS regions are well documented (Shenoi et al., 1993;
Wyrtki, 1973; Shetye et al., 1994; Schott and McCreary, 2001). In the
intermediate and deep waters, the dAl scavenging removal timescales are
relatively large than the surface layer (few weeks to 4 yrs in surface vis-a-vis
50-200 yrs in deep waters, Orians and Bruland, 1986) owing to change in
marine particulate matter abundance in the water column, particularly biogenic
phases, which act as carriers of the scavenged Al. Therefore, the preformed
(i.e., source region) dAl signals of the marginal seas and northern AS water
masses (ASHSW, PGW and RSW) may be transported to regional (or intra-
basin) distances as they intrude into the thermocline depths and influence the
dAl distribution in the open AS.

Both the Red Sea and the Persian Gulf receive a high atmospheric dust input
(on the order of 10-20 g m-2 yrt) sourced from the surrounding arid regions of
the Arabian Peninsula and North Africa (Chen et al., 2008; Hamza et al., 2011;
Torfstein et al., 2017). Elevated levels of crustally-derived elements (such as
Al, Fe, Mn) in the aerosols and their subsequent deposition over (or close to)
the marginal seas lead to the enrichment of these elements in the water column
(Shriadah et al., 2004; Measures and Vink, 1999). The northern AS, where the
ASHSW forms, also show a similar level of enrichment of Al in the aerosols
compared to that observed over the Red Sea and the Gulf of Oman (Chester et
al., 1985 and references therein; Chen et al., 2008). Relatively, elevated dAl
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concentrations observed at the core depth ranges of the ASHSW (50-100 m)
and the PGW (200-300 m) at the central and north-western region of the AS
(stations GI-05/5 to 8; Fig. 4.2A and 4.2B) indicate the impact of advection of
these waters on the dAl distribution in the AS. However, this signal fades out,
moving away from the water mass source region (the northern AS) towards the
southern AS region (Fig. 4.2B), presumably due to the advective mixing and
scavenging processes. Another interesting observation is the relative freshening
of the PGW core salinity (~250m) at station GI-05/8, which is sampled closest
to the source region, i.e., the Persian Gulf, compared to station GI-05/7, where
the highest PGW core salinity (~250m, Fig. 4.2A) is measured. The high
salinity at G1-05/7 is also correlated with the highest dAl enrichment observed
at the PGW core depths (Fig. 4.2). Studies (Prasad et al., 2001; Wyrtki, 1971)
have shown that this freshening of the PGW along the western AS occurs via
the advection of relatively low-salinity equatorial thermocline waters (observe
thermocline salinity distribution at stations south of GI-05/14, Fig. 4.2A) by the
northward-flowing Somali Current and vertical mixing at the Somalia and
Arabia coast due to upwelling, during the summer monsoon. This signal is still
seemed to be preserved during the transition from the summer monsoon to the
fall-intermonsoon (study period of this study). The low-salinity thermocline
equatorial waters are, relatively, depleted in dAl concentrations (Fig. 4.2B)
and, therefore, their mixing with the PGW waters dilutes its preformed dAl

signal.

No enrichment in dAl concentrations is apparent in the potential density range
(~27.0-27.4 kg m3, ~500-800 m, Shenoi et al., 1993) for the RSW. This may
result from significantly diminished outflow (by ~30% from the mean annual
outflow, Maillard and Soliman, 1986; Siedler, 1969) of the RSW to the AS
during the summers and autumn period (July to October). Additionally, the
possibility of dAl loss from the RSW along the advective pathway due to water
mass mixing and scavenging is also there. Nevertheless, more studies are
needed to better understand the relative influence of the advection of the high
salinity water masses (ASHSW, PGW and RSW) on the dAl distribution in the

thermocline water depths of the AS during different seasons.
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4.4.3 Controls on dAl distribution in the deeper waters (>1000 m)

One of the highlights from the deep water dAl distribution in the studied
regions is the highly enriched dAl levels observed close to the Murray Ridge
(GI-05/8, Fig. 4.2B) in the intermediate (1200-1800 m) and deep waters
(2500m). There are no previously reported dAl data around the ridge for
comparison. The station GI-05/7 (this study, Fig. 4.2B), sampled at a similar
latitude to the east (of the station GI-05/8), however, shows no such dAl
anomalies. Moreover, similar water mass structures observed in the deeper
depths (>1000m) of GI-05/8 and the adjacent station (GI-05/7, Fig. 4.2A)
eliminates the possibility of an advective dAl source. These observations are
suggestive of a localized source of dAl at GI-05/8, probably from the margin of
the ridge. Partial dissolution of resuspended sediment and/or benthic flux of
dAl-rich pore waters from the ridge margin may support the observed elevated
levels of dAI. An essential prerequisite for the margin sediments to be a source
of dAl is the availability of reactive Al phases, which may release (by
dissolution or Al desorption) Al in the pore waters during sediment diagenesis
or to the ambient seawater upon resuspension. Sediments deposited over the
Murray Ridge show relatively high detritus proportion (42%; Weijden and
Weijden, 2002), comparable to the average lithogenic fraction reported in the
northern Bay of Bengal from the deep sediment trap data (39%, Unger et al.,
2003). Reactive clay minerals (e.g., kaolinite, illite) in the lithogenic sediments
may rapidly release Al on their interaction with the ambient seawater (Mackin
and Swider, 1987; Kohler et al., 2003). Another sedimentary phase that may
act as a potential source of dAl in the ambient waters to the sediment-water
interface is the biogenic silica or opal. Biogenic opal is a major sink for dAl in
the ocean water (Dixit and VVan Cappellen, 2002; Dymond et al., 1997; Moran
and Moore, 1988) and post-deposition to the seafloor, act as a nucleus for the
rapid formation of authigenic aluminosilicate when exposed to Al-rich pore
waters conditions (Koning et al., 2007). Al released due to opal dissolution or
Al desorption from the sedimentary opal surface may also contribute to the dAl
flux from the ridge margin to the ambient seawater. This hypothesis is

supported by the fact that the highest opal reactivity (in terms of the opal
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dissolution rate constant) in the northern AS is estimated for those deposited
over the Murray Ridge (Weijden and Weijden, 2002).

Another important observation is the presence of deep water (2000-2500m)
dAl maxima in the central AS region (GI-05/5 and 6). For better understanding,
the deeper water (>1500 m) dAl data was compared with that reported earlier
in the AS by the German-JGOFS study (Schiipler et al., 2005; Fig. 4.10). In the
earlier study (Schiifler et al., 2005), deep-water (2000-3000m) dAl enrichment
was observed close to the Carlsberg Ridge (at the stations M32-3/D3 and
SO117/3; Fig. 4.10), which is comparable to that found in this study at the
central AS (GI-05/5 and 6). Schiipler et al. (2015) suggested it to be originating
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Fig. 4.10: Deep-water dAl distribution observed during this (solid line and circles) and
German-JGOFS study (dashed line and solid squares; Schiifler et al., 2005) in the
southern and central Arabian Sea. The relative spatial locations of the stations are
indicated in the Legend. CR: Carlsberg Ridge, LR: Laxmi Ridge, S.AS: Southern
Arabian Sea, C.AS: Central Arabian Sea.
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due to the Al dissolution from the Carlsberg Ridge sediments. Away from the
Carsberg Ridge, towards the central AS, the dAl concentrations in the deep-
waters (>1500m) sampled during the German-JGOFS cruises, overall, show a
significant decrease (at the stations SO117/7, SO117/12, M32-3/D1,; Fig. 4.10),
probably, indicating advective loss (due to mixing and scavenging) of the dAl
signal. Such a trend may suggest that the advection of high dAl signal over the
Carlsberg Ridge is not the primary source of dAl enrichment observed at the
central AS in this study. Close to the Laxmi Ridge (station M32-3/D1, Fig.
4.3), a distinct deep-water dAl maximum was observed around 3000m (Fig.
4.10) during the German-JGOFS study, suggesting a local deep-water dAl
source. The deep dAl maxima (around 2000-3000m) observed in the central
AS (at stations M32-3/D1, GI-05/5 and GI-05/6; Fig. 4.10) may be sourced
from the dAl input from the margin sediments of the nearby Laxmi Ridge that
rises 1000-1500m above the adjacent abyssal plains. Apart from the ridge,
several seamounts and guyot (e.g., the Raman Seamount, the Panikkar
Seamount, Wadia Guyot) are also discovered in the nearby Laxmi Basin (Fig.
4.3). Deep-water interaction with the sediments over these seamounts may also
result in the increase of dAl levels in the ambient waters that may advect to the
stations where deep dAl maxima are observed. You (1999, 2000) has shown
that significant dianeutral upwelling occurs across the deep-water layers
(mostly above 3000m) in the central AS. One possible process leading to the
deep-water interaction with the sediments over the Laxmi Ridge and other
seafloor structures (seamounts and guyot) in the Laxmi Basin is the dianeutral
upwelling of the deep-waters due to significant vertical turbulent flow (refer to
Fig.7-10 of You, 1999) in relatively narrow Laxmi Basin, and subsequent
overflow (of the deep-waters) across the ridge to the west in the central AS.
However, this explanation remains speculative and requires high-resolution

deep-water dAl investigations near the ridge regions to be validated.
4.5 Summary

Dissolved Al distribution in the surface waters of the AS shows strong
seasonality and this study adds to the limited understanding of surface dAl
cycling in the sea during the inter monsoon periods. A relative decrease

observed in surface dAl levels in the western AS during the fall intermonsoon
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period (autumn, this study) compared to the summer monsoon is concluded to
be resulting from a decrease in the mineral dust input from the surrounding
sources in response to weakened monsoonal winds. This study presents the first
attempt to simulate the temporal variations in surface dAl distribution in the
AS (specifically, the western AS) using a simple 1D, non-steady-state model.
Overall, our model results match well with the observed seasonal changes in
the surface dAl concentration. Relatively, elevated surface dAl levels in the
western equatorial Indian Ocean region suggest the influence of the dust

emission from the Somali coast.

The outflows of the dAl-rich, high salinity water masses from the marginal sea
(Persian Gulf) and the northern AS (ASHSW) are observed to carry their
signature to the thermocline depths of the open AS. However, the spatial extent
of the influence (on dAl distribution) of these water masses is found to be
mostly restricted to the northern AS region during the sampling season
(autumn or fall intermonsoon). The outflows of these water masses to the AS
are highly seasonal; therefore, more studies are needed to investigate probable
seasonal variability in the advective dAl input to the sea.

In the deeper waters (>1000 m) ambient to the Murray Ridge, a significant
local input of dAl is observed, presumably, due to the Al release from the
resuspended margin sediments. The deep-water dAl maxima (2000-2500m)
observed in the central AS is hypothesized to be resulting from the deep-water
interaction with the sediments over the nearby Laxmi Ridge, and seamounts
and guyots present in the Laxmi Basin.
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The biogeochemical cycling of dissolved

manganese in the Arabian Sea
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Chapter 5: Dissolved Mn in the Arabian Sea

5.1 Introduction

Mn is utilized as a trace nutrient by phytoplankton (Coale, 1991; Raven, 1990;
Sunda, 2012). Major biological roles of Mn in phytoplankton are realized (1) in
the water oxidizing component of the protein complex, photosystem-11 (Raven,
1990), and (2) as an activator for the enzyme superoxide dismutase, required
for the removal of reactive oxygen species that are produced during
photosynthesis (Peers and Price, 2004). The relative abundance of bioavailable
Mn in surface waters is observed to impact the biological production of and
diversity in phytoplankton (Buma et al., 1991; Coale, 1991; Pausch et al.,
2019). Redox cycling of Mn in the marine system set major controls on
dissolved Mn distribution in the ocean water column (Klinkhammer and
Bender, 1980; Lewis and Luther, 2000; Sunda and Huntsman, 1988). Mn may
exit as Mn(ll), Mn(lll) or Mn(IV) across different phases (dissolved or
particulate) in the marine system. Mn(lll) and Mn(lV) are the stable redox
forms in the oxygenated seawater and exist as insoluble Mn-oxides and
oxyhydroxides (Sunda, 2012 and references therein). On the other hand, Mn(I1)
is more soluble but thermodynamically unstable in the oxygen-rich seawater
and susceptible to get oxidized to Mn(lll) and Mn(IV) by reacting with
dissolved Oz (Morgan, 2005). Kinetics of Mn(ll) conversion to oxidized forms
via homogeneous oxidation is, however, very slow (half-life ~500 yrs; Morgan,
1997). Mn(ll) may also be transformed to insoluble Mn-oxides and
oxyhydroxides through heterogeneous (on metal surfaces) or biotically-
mediated oxidation (by extracellular proteins present in certain bacteria and
fungi; Morgan, 2005; Tebo et al., 2005 and references therein), which proceed
significantly faster (Morgan, 2005). In well-lit surface ocean waters, however,
Mn-oxides and oxyhydroxides phases may prominently be reduced to Mn(ll)
through photo-reduction (Sunda and Huntsman, 1994). Moreover, biotically-
mediated oxidation of Mn(ll) is significantly inhibited in the presence of
sunlight (Moffett, 1997; Sunda and Huntsman, 1988). In conclusion, the redox
conditions and solar insolation over the ocean water column have prominent
control on the partitioning of Mn into insoluble Mn(l1l) and Mn(IV) and more
soluble Mn(l1) oxidation states (Lewis and Luther, 2000; Johnson et al., 1996;
Sunda and Huntsman, 1988; Sunda and Huntsman, 1994).
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External sources of dissolved Mn (dMn) to the ocean include (1) atmospheric
mineral dust (Baker et al., 2016), (2) rivers (Aguilar-Islas and Bruland, 2006),
(3) reducing sediments of continental margins (Homoky et al., 2016; Lewis and
Luther, 2000; Saager et al., 1989) and (4) hydrothermal fluids (Middag et al.,
2011; Resing et al., 2015). Removal of dMn from the water column majorly
proceeds through (1) heterogeneous and biotically-mediated Mn-oxidation
(Sunda and Huntsman, 1988), and (2) bio-assimilation of Mn, and subsequent
organic matter export (Johnson et al., 1996). The in situ produced Mn-oxide
and oxyhydroxide phase also act as an important sink of other trace metals,
including micro-nutrients such as Fe, Ni, Co, Zn (van Hulten et al., 2017 and
references therein), in seawater and therefore, influence their cycling.

The Arabian Sea receives a large annual influx of atmospheric mineral dust
(~5-17 g m?2 yr; Schiifler et al., 2005) from the surrounding arid/semi-arid
continental sources. Therefore, atmospheric dust deposition may act as a
prominent source of dMn in the Arabian Sea surface waters. One of the
objectives of this chapter is to estimate the dMn input fluxes across the Arabian
Sea from the atmospheric dust deposition. The Arabian Sea is also
characterized as a region of high primary production (Kumar et al., 2000;
Marra and Barber, 2005). The relative role of bio-assimilation in removing
surface dMn vis-a-vis removal through Mn-oxidation is crucial to estimate for
better understanding of biogeochemical cycling of Mn and other trace-nutrients
in the Arabian Sea water column. High primary production and subsequent
export of organic matter out of the surface waters fuel the bacterial degradation
(remineralization) of organic matter in the Arabian Sea sub-surface waters.
Consumption of dissolved oxygen during the remineralization of organic
matter results in the formation of an oxygen-deficit (suboxic, dissolved oxygen
< 5uM) zone in the thermocline waters (~200-1000 m) of most of the Arabian
Sea (Morrison et al., 1999; McCreary et al., 2013). Intense organic matter
remineralization and inadequate ventilation of thermocline waters lead to the
development of a perennial denitrification zone in the east-central region of the
Arabian Sea (Naqvi,1991; Fig. 5.1). Redox changes in the upper water column
(0-1000m) may play significant role in the internal cycling of dMn in the
Arabian Sea and remobilization of Mn from the continental shelf and slope

sediments to the ambient ocean water column. Further, the presence of several
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hydrothermally active sites over the spreading ridges in the Arabian Sea and
adjacent marginal seas (Gamo et al., 2015; Jean-Baptiste et al., 1990; Ray et
al., 2012) could influence the deep-water dMn distribution through the
injection of hydrothermal fluids

5.2 Hydrography

The circulation pattern and the water mass structure of the upper water column
(0-1000 m) in the Arabian Sea are significantly affected by the seasonally
reversing monsoon meteorology over the sea during the summers (June-
August) and winters (November-February). Seawater samples for this study
were collected during the late winter period (January-February) when strong
north-easterly wind stress is generally in effect over the Arabian Sea (Schott
and McCreary, 2001). The presence of the westward flowing North Monsoon
Current (NMC) is evident during the study period along the southern Arabian
Sea, which bifurcates into another northward branch flowing along the west
coast of India (Fig. 5.1 and 5.2). The NMC transports the low-salinity Bay of
Bengal (BoB) surface waters to the south-eastern Arabian Sea (Kumar et al.,
2004; Schott et al., 2009) as apparent from the relatively lower surface salinity
(34.31-34.71) observed at stations GI-06(B)/4 and 5 (Fig. 5.3a). Another
important physical feature captured along the southern Arabian Sea is the
presence of westward drifting anti-cyclonic, mesoscale eddies (Fig. 5.1 and
5.2) originating near the south-eastern boundary of the Arabian Sea. Formation
and evolution of these eddies during the winter period were described in detail
in the earlier studies (Bruce et al., 1998; McCreary et al., 1993; Shanker and
Shetye, 1997; Rao et al., 2013). Rao et al. (2013) suggested that the
development of intense zonal baroclinic instability near the south-eastern tip of
India, due to the transport of low-salinity BoB surface waters, contributes to
the meandering of the NMC and, thus, the formation of eddies. These eddies
may further play a role in the dispersal of the low-salinity BoB surface waters
across the Arabian Sea as they advect westward. Such a possibility is
recognized at stations GI-06(B)/11 and 12, where a sudden decrease in the
surface salinity (from ~35.45 at GI-06(B)/10 to ~35.16 at GI-06(B)/11), along
with the shoaling of the potential density anomaly isolines, indicating the

presence of a warm-core (anti-cyclonic) eddy (Fig. 5.2c and Fig. 5.3a), was
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observed. A similar phenomenon was also noted in the BoB where mesoscale
eddies were found to impact the spatial dispersal of the huge freshwater influx,

dominantly sourced from the Himalayan rivers (the Ganga and the
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Fig. 5.1: Sampling locations (red outlines circles) along the GEOTRACES-India
cruise transect GI-06(Leg B) for the measurement of dissolved Mn. Crossover
stations, N9 (black circle; Lewis and Luther, 2000) and ER-5 (green circle; Thi Dieu
Vu and Sohrin, 2013) are also plotted. The black patch in the map represents the
perennial denitrification zone in the Arabian Sea (Naqvi, 1991). Solid blue arrows
show the general surface water circulation pattern in the southern and along the
eastern Arabian Sea coast, under the influence of Northeast Monsoon Current (NMC).
Dashed blue circles highlight the presence of anti-cyclonic eddies in the southern
Arabian Sea (also refer to Fig. 5.2).

Brahmaputra; Lekha et al., 2018). The surface salinity increases towards the
north-western Arabian Sea region (~35.51 at GI-06(B)/14 to 36.53 at Gl-
06(B)/18, Fig. 5.3a). In the sub-surface depths (75-100 m), the presence of the
Arabian Sea High Salinity Water (ASHSW) is ubiquitous in the southern
region (GI1-06(B)/3 to GI-06(B)/14, Fig. 5.3a).

In the thermocline depths (200-800 m), advection of the high salinity Persian
Gulf Water (~300m) and the Red Sea Water (500-800m) from the Arabian
marginal seas (the Persian Gulf and the Red Sea, respectively) are apparent at
the central region (G1-06(B)/16, 17 and 18, Fig. 5.3a) of the Arabian Sea. The

presence of these waters become feeble in the southern Arabian Sea region as
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evident from, relatively, more uniform salinity distribution observed in the

thermocline waters along the zonal transect (Fig. 5.3a).
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Fig. 5.2: Satellite-data based surface water circulation (black arrows; ESR. 2009) and sea
surface height anomaly (SSHA; background-color gridding) in the Arabian Sea. The altimeter
products (SSHA) were produced by Ssalto/Duacs and distributed by Aviso+, with support from
Cnes (https://www.aviso.altimetry.fr)

5.3 Results and Discussion

5.3.1 Surface dMn distribution

dMn concentration in the surface waters varies from 1.41 nmol kg™ to 4.19
nmol kg2, including all the sampled stations. The highest levels of surface dMn
(3.74-4.19 nmol kg) were observed for the coastal stations (G1-06(B)/1 and 2,
Fig. 5.3b) in the south-eastern Arabian Sea. An increase in the atmospheric
mineral dust deposition flux towards the coastal region (Kumar et al., 2012;
Aswini et al. 2020), compared to the open Arabian Sea (Tindale and Pease,
1999), may explain the observed elevated dMn levels over the continental
shelf. dMn input from the resuspension and reductive/non-reductive dissolution
of the shelf sediments could also contribute to the surface dMn inventory
(Kadko et al., 2019; Middag et al., 2011; Morton et al., 2019). However, no
distinct increase in dMn concentrations was observed close to the sediment-
water interface (~20-30 m above the margin) over the shelf region (GI-06(B)/1
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and 2, Fig. 5.3b), apparently suggesting insignificant dMn flux from the shelf

sediments to the ambient seawater. Oxic water column conditions
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Fig. 5.3: (a) Salinity and (b) dMn distribution along the GI-06(B) transect. For better understanding,
salinity and dMn data are plotted separately for the upper 1000m and deeper (>1000m)water column.
To facilitate data visualization, salinity and dMn distributions along the GI-06(B) transect are
divided into sub-transects, as indicated in Fig. 5.3c. The overlaid contours in the salinity plot
represent the potential density anomaly isolines.

(dissolved oxygen level ~180uM) in the ambient waters to sediment-water
interface in the shelf region may inhibit the buildup of the soluble and reduced
Mn (Mn(1l), Morgan, 2005) released from the shelf sediments. The possibility
of dMn input with the continental run-off to the surface waters may also be

eliminated considering the negligible contribution of the freshwater influx

119|Page



Chapter 5: Dissolved Mn in the Arabian Sea

(from the Indian Peninsular rivers) to the sea-salt budget in the south-eastern
Arabian Sea during the winters (Sandeep et al., 2018). Moving off-shore along
the zonal sub-transect in the southern Arabian Sea, a marked increase in the
surface dMn concentrations (by ~0.70-1.00 nmol kg™) was observed in the
low-salinity BoB surface water plume at stations GI-06(B)/4, 5 and 6 (Fig. 5.3b
and Fig. 5.4). The Northeast Monsoon Current (NMC) transporting the low-
salinity BoB surface waters to the Arabian Sea is fed by the East Indian Coastal
Current (Kumar et al., 2004), which carries highly dMn-enriched (~13-133
nmol kg?, Srichandan et al., 2016 and references therein) coastal surface
waters of the western BoB region (Kumar et al., 2004; Schott et al., 2009).
Therefore, the advective input of dMn with the NMC carrying the dMn-rich
coastal BoB surface waters may explain the surface dMn increase in the low-
salinity plume at the south-eastern Arabian Sea. West of the low-salinity
plume, surface dMn show more uniform and lower levels (1.64-1.80 nmol kg™?)
except at station GI-06(B)/11, where relatively elevated concentration (2.40
nmol kg?!) was observed. Interestingly, the relative increase in dMn
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Fig. 5.4: Variation in mixed layer salinity (red line) and dMn along the zonal transect
(GI1-06(B)/3 to G1-06(B)/12) in the southern Arabian Sea

concentration at this station is accompanied by a significant decrease in surface
salinity (from ~35.45 at GI-06(B)/10 to ~35.16 at GI-06(B)/11; also refer to
Fig. 5.4). Further, surface circulation pattern, significant positive sea-surface
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height anomaly (Fig. 5.2¢) and deepening of potential density anomaly isolines
(Fig. 5.3a) observed at the station GI-06(B)/11 during the sampling period
indicate the presence of an anti-cyclonic (warm core), mesoscale eddy. As
discussed before (refer to section 5.2), the formation of mesoscale eddies in the
south-eastern Arabian Sea could affect the dispersal pattern of low-salinity and,
relatively, dMn-rich BoB surface waters advected in this region during the
winters with the NMC.

5.3.1.1 Atmospheric input, removal flux and steady-state residence

timescales of dMn in the Arabian Sea surface waters

This section attempts to estimate the (1) surface dMn input fluxes from the dry
deposition of atmospheric dust and (2) surface dMn removal fluxes concerning
different probable removal mechanisms in the Arabian Sea. Using these
estimates and observed dMn inventory in the surface mixed layer, we also aim
to determine and compare the steady-state residence timescales of dMn with
respect to the atmospheric input. Data on Mn concentrations in the surface-
level aerosols over the Arabian Sea was extracted from the US-JGOFS Arabian
Sea field program data server (Tindale, 1997) and used for estimating the Mn
deposition flux from the atmosphere. Several studies (Pease et al., 1998;
Tindale and Pease, 1999; Schiifler et al., 2005; Siefert et al., 1999) have shown
that the Arabian Sea is subjected to significant spatio-temporal variations in the
atmospheric mineral dust deposition fluxes. Here, we seek to evaluate the
annual mean of the dMn input to and removal fluxes from the surface waters.
Therefore, to estimate the annual mean of the dMn input flux to the sea and the
steady-state residence time (with respect to the atmospheric input), we focused
on the regions where the data on seasonal variations in aerosol-Mn
concentrations and surface dMn data are available (such that annual mean
could be estimated). These regions are represented as different zones and are
shown in Fig. 5.5. The aerosol-Mn data points available in each zone were sub-
divided into different seasons (early and late winter, spring, summer; Fig. 5.5)
according to the seasonal divisions followed in Pease et al. (1998; also refer to

Table 1), and used to calculate the seasonal mean aerosol-Mn concentration. In
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Table 5.1: Estimation of dissolved Mn (dMn) input fluxes from the atmospheric dust deposition in the different studied zones/regions of the Arabian Sea.

Seasonal Non- Corrected  Annual  Annual
Season ool meanof  aerowon  serosol eromal- ( MP V@ dMnflaxat o dvinfiucz  RETSEE AT
; ; a - - - - ili -1 2 4L 2 41
(Time interval?) M 2erosol-MnP Mne Mn 1¢ M 2¢ Solubility (md?*) (nmolm=d?) (nmolm=d™) (nmol m2 d%)
(ugm?) (ug m?) (ugm?®)  (ugm®) (ugm?
Zone 1l LW (1 Jan - 10 Feb) 0.059 0.026 0.066 0.019 0.038 0.27 777.6 72.6 143.6 72.6 - 239.4
Sp (11 Feb - 31 May) 0.018 0.45 121.0 239.4

Su (1 Jun - 24 Aug) 0.0007
EW (1 Nov - 31 Nov) 0.019

Zone 2 LW 0.041 0.020 0.050 0.015 0.029 0.27 777.6 56.1 109.6 56.1-182.7
Sp 0.0091 0.45 93.5 182.7
Su 0.0011
EW 0.026

Zone 3 Lw 0.0049 0.0088 0.022 0.0075 0.013 0.27 777.6 28.6 48.1 28.6-80.1
Sp 0.0052 0.45 47.7 80.1
Su 0.0042
EW 0.018

Zone 4 Lw 0.032 0.018 0.046 0.0190 0.026 0.27 777.6 72.7 99.5 72.7-165.9
Sp 0.0045 0.45 121.2 165.9
Su 0.021
EW 0.034

a: Time interval of different seasons as per Pease et al., 1998. LW: Late Winter; Sp: Spring; Su: Summer; EW: Early Winter; b: Time-averaged aerosol-Mn concentration considering all the
non-summer monsoon seasons (i.e., LW, Sp and EW); ¢: Corrected-summer aerosol-Mn concentration estimated by multiplying the non-summer aerosol-Mn with a factor of 2.5 (see text); d:
Annual time-average aerosol-Mn estimated using the non-corrected summer aerosol-Mn values; e: Annual time-average aerosol-Mn estimated using the corrected summer aerosol-Mn values; f:
Lower limit of the dissolved Mn input flux from the atmospheric deposition to the surface waters estimated using the Annual aerosol-Mn 1 values; g: Upper limit of the dissolved Mn input flux
from the atmospheric deposition to the surface waters estimated using the Annual aerosol-Mn 2 values
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a zone, if more than one data point of aerosol-Mn for a season is available
(refer to Table E1 in Appendix E), the geometric mean of the data points is
considered as the seasonal mean for further calculations. The mean annual
aerosol-Mn concentration in a zone is then estimated as the time-averaged
value of the seasonal aerosol-Mn mean concentrations in that zone (Table 5.1).
As noted in the earlier studies (Tindale and Pease, 1999; Schubler et al., 2005),
aluminium (Al) (and thus, continental dust) concentration in the surface-level
aerosols over the Arabian Sea is the lowest during the summer monsoon
season. This is attributed to the dilution (of continental dust) by sea-salts
transported in a huge amount by the strong south-westerly monsoonal winds
from the remote marine regions of the equatorial and southern Indian Ocean
(Tindale and Pease, 1999). However, other (proportionally) related (to aerosol

20°N
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10°N

| Ocean Data View

60°E 65°E 70°E

Fig. 5.5: Map showing different regions (zones, see text) where seasonal variations in
aerosol Mn and dMn concentrations data from this and previous studies are used to
estimate the atmospheric input flux of dMn and its residence time in the Arabian Sea
surface waters.
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continental dust concentration) chemical and physical parameters such as
surface dissolve aluminium, lithogenic sediment flux and satellite-based dust
loading show elevated values during the summer-monsoon compared to the
non-summer monsoon seasons. These observations advocate for high
concentration and deposition flux of continental dust over the Arabian Sea
(Husar et al., 1997; Schiifler et al., 2005; Tindale and Pease, 1999) during the
summer monsoon. To explain this apparent mismatch (between low surface-
level dust concentration and, relatively, elevated values of other proportionally
related parameters), studies (Tindale and Pease, 1999; Ramaswamy et al.,
2017) have suggested (1) the contribution of the highly continental dust-rich
layers, observed above the sea-salt-rich surface level aerosols during the
summers, to the net mineral dust deposition (mainly through wet deposition)
and (2) a relative increase in the aerosol dry deposition velocity over the
Arabian Sea during the summer monsoon, due to the formation of sea-salt and
dust particles aggregates. Schiifler et al. (2005) determined the corrected-Al
deposition flux during the summer monsoon by multiplying the time-averaged,
non-summer monsoon Al flux with the ratio of aerosol optical thicknesses
estimated during the summer and non-summer monsoon seasons (Husar et al.,
1997). Such estimates provided ~2.5 times higher Al-flux during the summer
monsoon compared to that estimated for the non-summer monsoon seasons.
The corrected-Al flux estimate also matched well with the deep sediment trap
Al-flux in the Arabian Sea (Schiifler et al., 2005). Considering aerosol-Mn
over the Arabian Sea to be predominantly sourced from the crustal sources, the
corrected-Mn deposition flux during the summer monsoon was estimated
following the Schiifler et al. (2005) corrections methodology/factor (as for Al)
and considered it to be the upper limit. This exercise seems reasonable given
that the Mn/All ratios observed in the aerosols over the Arabian Sea during the
spring and summer monsoon period are similar to that for the upper continental
crust (Siefert et al., 1999), which suggests the aerosol-Mn to be, dominantly, of
the crustal origin. The lower limit of the mean annual Mn deposition flux was
estimated by considering the observed surface-level aerosol-Mn concentration
during the summer monsoon season (Table 5.1; Tindale, 1997). The mean dry

deposition velocity (Vq) of aerosols was taken as the effective deposition
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velocity (0.9 cm sec™ = 777.6 m d!) of the bulk aerosol estimated by Sarin et
al. (1999) in the Arabian Sea.

To determine the dMn input to the surface waters from the atmospheric dust
deposition, the fractional solubility of Mn (Solmn) from the deposited dust
needs to be constrained. The observed Solmn shows large variability over the
global oceans (~10-90%, Baker et al., 2006; Buck et al., 2010; Buck et al.,
2013; Guieu et al., 1994). The highest estimates (>50%) are generally
associated with the aerosols derived from the anthropogenic sources (Baker et
al., 2006; Guieu et al., 1994; van Hulten et al., 2017). Median values of Solwvn
estimated by different studies (Baker et al., 2006; Buck et al., 2010; Guieu et
al., 1994) for the aerosols predominantly derived from the Saharan Deserts
(rich in continental dust) lie in the range: 30-55%. Solmn values are also
relatively high in the north and north-western Pacific Ocean regions (median
~45%), where the continental dust input from the Asian mainland is significant
(Buck et al., 2013). The lowest Solmn estimates were obtained for the aerosols
having a significant contribution from the remote marine air-mass (Baker et al.,
2006; Guieu et al., 1994). For example, relatively lower median Solvn (27%)
were determined for the aerosols samples collected over the remote south-
eastern Pacific Ocean region (along the CLIVAR cruise sub-transect, P16S)
compared to that in the north and north-western region (~45%, along the
CLIVAR cruise sub-transect P16N and transect PO2; Buck et al., 2013). There
are no estimates on Solmn from the dust deposition over the Arabian Sea. The
predominant sources of aerosols over the Arabian Sea are the surrounding
arid/semi-arid continental regions (e.g., southern Arabian Peninsula, Makran
Basin, Sistan Basin, Thar Desert) for most of the year (Tindale and Pease,
1999; Kumar et al., 2020). However, as discussed above, during the summers,
sea-salts constitute a significant proportion of the atmospheric mineral aerosol,
which may impact (lower down) the effective Solmn from the mineral dust
deposited (Guieu et al., 1994). To accommodate all the probable estimates, we
considered the Solmn from the mineral dust deposited over the Arabian Sea to
vary in the range of 27-45% (Table 5.1). Using the above constraints on annual
mean aerosol-Mn (Mnatm), depositional velocity (Vd), and Solvn, the dMn
input flux from the atmospheric dust deposition (IM®) was calculated as

follows
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Mn _ Mnay, . Vd. Solyy,
Iatm - MMn (51)
wt

and found to lie in the range of 28.6-239.4 nmol m d, including all the zones
(Table 5.1). These annual estimates compare well with that determined earlier
by van Hulten et al. (2017) using the mineral dust deposition estimates of
Interaction with Chemistry and Aerosols (INCA) model (refer to Figure 4 of
van Hulten et al., 2017). The uncertainty associated with the calculation of the
dMn input fluxes majorly arises from the variations considered in Solmn (~1.5
fold) and annual atmospheric Mn flux (1.4-2.0 fold; considering uncorrected
and corrected summer monsoon Mn flux, Tabel 5.1). Therefore, the total
variation in the dMn flux calculation in a zone range from ~3.0-3.5 fold (as
also apparent in the results, refer to Table 5.1); compared to this, the analytical
error in the measured aerosol Mn concentration is negligible (mean error: 18%;
Tindale, 1997). The steady-state residence time of surface dMn (with respect to
the atmospheric input) was also estimated by dividing the observed mean of the
surface mixed layer dMn inventory (i.e., dMn times the mixed layer depth; in
pumol m?2) with the estimated atmospheric dMn fluxes (in umol m=2 d?) in
different zones (Fig. 5.5). The dMn data from different sampling stations (Fig.
5.5 and Table 5.2), used for the calculation of the surface mixed layer dMn
inventory in each zone (Table 5.2), is taken from the present and previous
studies (Lewis and Luther, 2000; Saager et al., 1989). The annual mean of the
surface mixed layer depth (MLD) at different dMn data locations was
estimated by extracting the (climatological) monthly MLD dataset available at
the nearby regions (Holte et al., 2017; refer to Table 5.2). The estimated
residence times lie in the range of 1.0-9.3 years, including all the zones (Table
5.2). These estimates of residence times are comparable to those evaluated in
the Northeast Atlantic Ocean (1.0-3.8 yr, de Jong et al., 2007) and near the
productive coastal regions of the eastern North Pacific (0.22-11.0 yr, Landing
and Bruland, 1987; Martin and Knauer, 1980). Residence time estimates for
surface dMn in the Arabian are, however, relatively lower than that calculated
for the oligotrophic, open Pacific Ocean waters (5-74 yrs, Landing and
Bruland, 1987; Klinkhammer and Bender, 1980).

As noted in the introductory remarks, the major pathways for the removal of

dMn from the seawater include (1) biotically-mediated Mn-oxidation to
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insoluble Mn-oxides (Morgan, 2005 and references therein; Sunda and
Huntsman, 1988; Tebo et al., 2005), (2) heterogenous Mn-oxidation on metal
oxide surfaces (Davies and Morgan, 1989; Morgan, 2005 and references
therein), (3) passive adsorption of dMn onto the particles with organic coatings
and/or biogenic particles (Balistrieri et al., 1981; Martin and Knauer, 1980),

Table 5.2: Estimation of the surface water dissolved Mn (dMn) inventory and
residence time, with respect to the atmospheric input, in the different studied
zones/regions of the Arabian Sea.

Range of
. dMn Mean dMn  Range of atm. -
ngp_lmg dMn 3 MLD inventory inventory  dMn input flux e_stlmateq
tation (umol m3) (m) (umol m?) (umol m?) (nmol m2 dY) remde;nc;: time
yr
Zone 1 S152 31 43 133 104 72.6-239.4 1.2-39
GI-06(B)/10 1.9 40 74
Zone 2 S92 15 44 66 65 56.1 - 182.7 1.0-3.2
S102 1.3 44 57
GI-06(B)/16 1.5 46 71
Zone 3 N6? 1.9 38 72 97 28.6-80.1 3.3-93
N72 3.3 38 125
Sa6® 24 38 92
Zone 4 N28 25 30 75 72 72.7-165.9 1.2-2.7
SagP 25 28 69

a: Sampling locations from Lewis and Luther (2000)
b: Sampling locations from Saager et al. (1989)

and (4) biological uptake of dMn by the phytoplankton in the surface waters
(Coale et al., 1991). Although biotically-mediated Mn-oxidation (and
subsequent removal of Mn-oxides) is the most prominent pathway for the net
removal of dMn over the vertical ocean water column (Sunda, 2012 and
references therein; Sunda and Huntsman, 1988), it is significantly inhibited by
light (photo-inhibition) in the well-lit surface waters (Sunda and Huntsman,
1988; Moffett, 1997). Therefore, other in situ removal processes (heterogenous
Mn-oxidation, passive adsorption and biological uptake) become more
important in the surface waters (Moffett, 1997). Active uptake of Mn by
phytoplankton as a bio-essential trace metal and subsequent removal of the

assimilated-Mn from the surface waters, directly by vertical settling of dead
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phytoplankton detritus or indirectly by settling of zooplankton fecal pellets
after phytoplankton grazing, forms one of the removal pathways for dMn. The

removal flux of Mn via phytoplankton assimilation (R’l‘fﬁ‘y) is estimated by

considering the effective carbon normalized Mn quota ((Mn:C)pny) for the

Table 5.3: Estimated dMn removal fluxes from the surface waters at different Arabian Sea
locations (refer to Fig. 5.6) via bio-assimilation.

ReP?”‘*d or . Range of atm.
- Estimated (Mn:C)phy  Range of dMn dMn input flux
Station Annual POC Flux (nmol removal flux
(Feoc) mmoly)  (nmolm2dy & ;Q;gfarggydi‘;”e
(mmol m?2d?)
Open Ocean

N4 5.392 1.6 8.6-135
25

N6 4532 1.6 72-113 28.6 - 80.1 (Zone 3)
25

N7 2.882 1.6 46-72 28.6 - 80.1 (Zone 3)
25

N11 3.08% 1.6 49-77
25

S3 8.04° 1.6 12.9-20.1
25

sS4 6.75° 1.6 10.8-16.9
25

S7 5.54P 1.6 8.9-13.9
25

S11 5.382 1.6 8.6-135 56.1 - 182.7 (Zone 2)
25

S13 3.352 1.6 54-84
25

S15 2.72° 1.6 44-6.8 72.6-239.4 (Zone 1)
25

Coastal Region

N2 4.342 2.7 11.7-24.3 72.7 -165.9 (Zone 4)
5.6

S2 9.452 2.7 25,5-529
5.6

a: Mean annual POC flux at 100m estimated using the seasonal POC data given by Buesseler et al., 1998.
b: Mean annual POC flux at 100m given by Lee et al., 1998.

phytoplankton community in the Arabian Sea and multiplying the (Mn:C)phy
with the POC export flux out of the euphotic zone (Fpoc). Here, the POC

export flux at 100m is taken as the measure of the fraction of the primary
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production exported out of the surface waters (euphotic zone). Mathematically,
using the above-described formulation, the removal flux due to biological
assimilation of Mn can be described as

Ry = (Mn:C)py . Fpoc (5.2)
Mn:C ratio may vary for different phytoplankton species (Ho et al., 2000;
Twining et al., 2013) and, therefore, the effective carbon normalized Mn quota,
i.e., (Mn:C)phy, for a phytoplankton community would depend on the relative
abundance of different constituting species. Tarren et al. (1999) studied the
phytoplankton community structure in the Arabian Sea during the highly
productive late summer monsoon and the relatively low productive season of
the fall-intermonsoon. They also compared the seasonal changes in the
phytoplankton community at the western coastal region (near the Oman coast)
and in the open waters of the western and central Arabian Sea. Their results
show that except for the coastal upwelling regions during the summer
monsoon, picoplankton (Synechococcus and/or Prochlorococcus) dominate the
total biomass of the primary producers across the studied ocean regions (open
and coastal) and seasons. However, during the summer monsoon and in the
coastal waters, diatoms also contributed significantly to the total biomass,
reaching as high as 80% (by mass; Tarren et al., 1999). Therefore, in the open
waters, it is reasonable to consider (Mn:C)phy similar to that observed for the
autotrophic picoplankton; however, for the coastal regions, diatom contribution
to the (Mn:C)phy should be taken into account. To our knowledge, no estimates
on Mn:C ratios are available for phytoplankton in the Arabian Sea. Twining
and Baines (2013) recently reviewed the observed variations in trace metal
(micro-nutrient) quotas across the dominant phytoplankton groups found in the
global oceans and different oceanic regions. The mean Mn:C ratio for the
autotropic picoplankton in the equatorial and temperate Pacific Ocean region is
estimated to be ~1.6 and 2.5 nmol mmol™, respectively, from the previously
published data (King et al., 2012; Twining et al., 2011; Twining et al., 2013
and references therein). These ratios are estimated by using the observed mean
P-normalized Mn quota (i.e., Mn:P; King et al., 2012; Twining et al., 2011,
Twining et al., 2013 and references therein) and the mean C:P ratio found in

the autotrophic picoplankton (Twining et al. 2011) and surface bulk particulate
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matter (King et al.,, 2012) in the equatorial and temperate Pacific Ocean,
respectively. The reported/estimated mean Mn:C for diatoms in the equatorial
and temperate regions of the Pacific Ocean and Pacific Ocean sector of the
Southern Ocean is relatively higher (compared to the picoplankton) and lie in
the range of 3.0-3.9 nmol mmol™? (King et al., 2012; Twining et al., 2004;
Twining et al., 2011; Twining et al., 2013 and references therein). Twining et
al. (2004) also observed that their estimated mean C:P ratio (104 mol mol™) for
diatoms in the Southern Ocean is about two-fold higher than that estimated by
Cullen et al. (2003) in the nearby region (66 mol mol™), where diatom
dominated the biomass. To have an upper estimate of Mn:C ratio for diatoms,
the mean Mn:P ratio (0.42 mmol mol™?) observed by Twining et al. (2004) in
the Southern Ocean was used and converted to Mn:C by using the C:P ratio (66
mol mol™) given by Cullen et al. (2003). This provided an upper estimate to
Mn:C for diatoms (6.4 nmol mmol™). To summarize, (Mn:C)pny is considered
(in Eq. 5.2) to be in the range of 1.6-2.5 nmol mmol? for the open waters
(picoplankton dominated) and 2.7-5.6 nmol mmol? in the coastal waters
(considering 80% diatom plus 20% picoplankton) of the Arabian Sea. The
mean annual POC vertical export flux (Fpoc) data for different regions in the
Arabian Sea (Fig. 5.6 and Table 5.3) was either taken from Lee et al. (1998) or
estimated by time-averaging the available seasonal POC export flux data

(Buesseler et al., 1998). Finally, the range of mean annual surface dMn

Mn

removal flux by biological assimilation (Rppy

) was evaluated by using the

constraints on (Mn:C)phy and Fpoc (for different regions stations) in Eq. (5.2).
The estimated annual removal flux for the open ocean and coastal regions
varies in the range of 4.2-23.3 nmol m? d* and 11.7-52.9 nmol m? d*,
respectively, including all the regions (stations; Table 5.3). These estimated
fluxes are significantly (~3-10 times) less than the lower estimate of the
atmospheric dMn input at the nearby region/zone (Fig. 5.6 and Table 5.3) and,
therefore, suggest that the bio-assimilation, and subsequent removal, exert

secondary control on the dMn removal out of the surface waters.

130|Page



Chapter 5: Dissolved Mn in the Arabian Sea

— 50m
100 m
T 250 m
} 500 m
750 m
- 1000 m
- 1250 m
1500 m
2000 m
2500 m
3000 m
3500 m
4000 m
4500 m
5000 m
5500 m

15°N

10°N

Ocean Data View

60°E 65°E 70°E

Fig. 5.6: Solid black (open ocean) and red (coastal region) symbols mark the locations
where surface dMn removal by active biological uptake is estimated. White circles
represent stations where surface dMn removal fluxes by both bio-assimilation, and
oxidation and passive scavenging of Mn are estimated. The dashed rectangles
represent different zones where the atmospheric input fluxes of dMn are calculated.

Removal of Mn from the water column by in situ oxidation and passive
adsorption results in the formation of reactive particulate Mn (i.e., amorphous
Mn-oxyhydroxides and adsorbed-Mn on the surfaces of particles, Landing and
Lewis, 1987; Sunda and Huntsman, 1988). The relative abundance of these
reactive phases have been estimated (Berger et al., 2008; Jensen et al., 2020;
Landing and Bruland, 1987; Lewis and Luther, 2000; Martin and Knauer,
1984; Sunda and Huntsman, 1988; Whitemore et al., 2019) by measuring the
weak acid (e.g., acetic acid, ascorbic acid) leachable fraction of the total
particulate Mn (weak acid leachable + refractory). The reported (Lewis and
Luther, 2000) reactive particulate Mn (pMng, i.e., acetic acid leachable
particulate Mn from the bulk suspended particulates) data in the surface waters
(~50 m) of the Arabian Sea is used as the measure of surface dMn removed to
particulate form via in situ oxidation and passive scavenging. Next, we

calculated the relative abundance of the pMnr with respect to particulate
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organic carbon (i.e., pMnr/POC; Table 5.4) using the POC data reported at the
same station, season and similar depth (Ducklow, 1997). Finally, the mean
annual surface dMn removal flux (RM2 ) was estimated by multiplying the
calculated pMngr/POC ratio with the annual mean of the vertical POC export
flux across the 100m depth (used as a measure of the POC export out of the
euphotic zone). Mathematically, it can be represented as

Ribio = PMng/POC .Fpoc (5.3)
The inherent assumptions in this calculation are that the pMnr/POC remains
the same throughout the year and POC export flux across the 100m is similar to
that across the shallower depth, i.e., 50m, where the pMngr/POC is determined.
The dMn removal flux is evaluated for the stations (Fig. 5.6) where the data on
all the required parameters, i.e., pMng, POC and POC export flux, are available
(Ducklow, 1997; Buesseler et al., 1998; Lewis and Luther, 2000; Lee et al.,
1998). The reference depth for the pMnr and POC data, and calculation of the
pMngr/POC ratio was taken as 50m because it is closest to the annual mixed
layer depths (36-45m) and where pMnr data is available. The estimated surface
dMn removal flux (using Eq. (5.3)) for all the stations are given in Table 5.4

and lie in the range of 51.9-276.0 nmol m? d' These removal flux

Table 5.4: Estimation of the cumulative dMn removal fluxes from the surface waters
at different locations (refer to Fig. 5.6) the Arabian Sea via heterogeneous and
biotically-mediated oxidation, and passive particle adsorption.

Range of atm.
Estimated dMn  dMn input flux

Station ,::nl\;l")R (PCI::) ( proT/R{: ﬁgn (m::)f::l'dzx d) removal Flux at the nearby
H H (nmol m2d?) zone
(nmol m2d?)
N4 0.093 5.92 0.0157 5.39 84.6
N6 0.064 3.99 0.0160 4.53 72.7 28.6-80.1
(zZone 3)
S11 0.061 3.15 0.0194 5.38 104.2 >6.1-182.7
(Zone 2)
S7 0.037 3.95 0.0094 5.54 51.9
S4 0.222 5.43 0.0409 6.75 276.0
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estimates for different stations are similar or within the estimated range of dMn
input flux from the atmospheric mineral dust deposition in the nearby zone
(Table 5.4), suggesting the dominant role of dMn removal by in situ Mn
oxidation and passive particle scavenging. It is also important to note that these
estimates do not distinguish between the Mn removal by biotically mediatied
oxidation or heterogeneous oxidation or passive particle scavenging; these are

cumulative removal flux estimates for all these removal mechanisms.

5.3.2 Sub-surface dMn distribution

5.3.2.1 Thermocline waters

Below the surface mixed layer (i.e., below ~20-50 m), dMn levels, in general,
show a steep decrease with depth in the upper thermocline waters (up to 150-
200m, Fig. 5.3b). The photo-inhibition effect on the biotically-mediated in situ
Mn oxidation subsides in the sub-surface waters due to the decrease in the total
incident solar radiation, and it becomes a prominent removal process for dMn
(Sunda and Huntsman, 1988). Moreover, the initial dissolution rate (upon
deposition) of atmospheric dust-associated Mn phases in seawater is
significantly faster (Mendez et al., 2010), which implies that the dMn input
flux from the atmospheric dust dissolution is much larger in the surface layer
and decrease in the sub-surface waters as the dust particles sink. Together, the
increased in situ Mn-oxidation rates due to biotical-mediation and decreased
dMn input flux from the dissolution of dust particles led to the steep decline in
the sub-surface dMn concentrations.

In the lower thermocline waters (between 500-800 m or oo ~ 27.1-27.3 kg m™3,
Fig. 5.3b), dMn maxima were observed along the zonal section towards the
western coast of India (station GI-06(B)/4 to GI-06(B)/6). The depths of the
dMn maxima, interestingly, lie in the observed potential density range of the
Red Sea Water (RSW) intrusion into the Arabian Sea (ce: 27.0-27.4, Shenoi et
al., 1993). Further west of the station GI-06(B)/6, along the zonal transect, the
observed dMn concentrations in similar depths decrease and become more
uniform (~0.5 nmol kg? at stations GI-06(B)/7 to GI-06(B)/10 and Gl-
06(B)/12); however, an anomalous increase in the dMn concentration is
observed at station GI-06(B)/11 (~0.9 nmol kg, Fig. 5.3b). Earlier studies
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(Lewis and Luther, 2000; Saager et al., 1989) have also reported dMn
anomalies associated with the RSW advection in the Arabian Sea. Combining
all the observed data (from this and the previous studies), a spatial pattern on
the magnitude of these anomalies could be inferred. The highest positive dMn
anomalies (~4-6 nmol kg™ with respect to the background level) are recorded
in the north and north-western Arabian Sea regions (Lewis and Luther, 2000;
Saager et al., 1989). Relatively moderate levels of dMn enrichment (~1-2 nmol
kg™; Lewis and Luther, 2000) are observed near the Oman coast in the western

Arabian Sea. The lowest dMn anomaly levels (~0.2-0.5 nmol kg™) are found in

dMn (nmol kg') dMn (nmol kg')
0 05 1.0 1.5 20 25 3.0 35 40 45 50 55 60 0.0 0.5 1.0 15 20 25 3.0 35 40 45 50 55 60
1 1

0 4

100 3
200 4
300 4
400 3
500
600 -
700 3
800
900 3

1000

1100

() GI-06(B)/16

100 3
200 3
300 4
400 3
500 -
600 -
700
800
900 3

1000

T T T T T 1100 T T T T T T T T

L I A N LA L L LR N LA R
LI B L I I N L A

0.

100 4
200 3
300 3
400 i
500
o00 ] o (c) GI-06(B)I18
700 3
800
900
1000
1100 — T T T T T T T T 1

Depth (m)

0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
DO (uM) DO (uM)

dMn (nmol kg™1)
00 05 10 15 20 25 3.0 3.5 40 45 50 55 6.0
1 i i i PR Y i i i i

—@— dMn at GI-06(B)/18
..... Q-+« dMn at ER-5

(Thi Dieu Vu and Sohrin, 2013)
——— DO

00 10 20 30 40 50 60
DO (uM)

Fig. 5.7: dMn variations in the oxygen deficit depths (dissolved O, <6uM) at the
stations sampled in the perennial denitrification zone of the Arabian Sea

the southern Arabian Sea region (along the zonal transect at 9°N in this study;
also refer to dMn data at stations M1 and S9 in Fig. 3 of Lewis and Luther,
2000). This pattern also hints at the probable source(s) of the observed
anomalies and the dispersal of the source signal in the Arabian Sea. Lewis and

Luther (2000) suggested the reductive dissolution of reactive Mn phases in the
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extremely reducing sediments (showing significant reduction of sulfate; Lewis
and Luther, 2000 and references therein) of the Pakistan Margin (at the
northern Arabian Sea boundary) and subsequent advective-diffusive transport
of reduced Mn, as the dominant mechanism resulting in high positive dMn
anomalies in the lower thermocline waters (o ~27.1-27.3 kg m) of the north-
northwestern Arabian Sea. dMn input flux from the Oman slope sediments in
the western Arabian Sea is considered to be moderate owing to a relatively
lower degree of sediment reduction (compared to the Pakistan Margin
sediments) and, therefore, probably lower enrichment of dMn in the pore water
(Lewis and Luther, 2000 and references therein). Elevated dMn concentrations
observed in the lower thermocline depths towards the coast along the zonal
transect in the southern Arabian Sea (this study) may also suggest the western
margin of India to be a dMn source; this possibility was pitched earlier (Lewis
and Luther, 2000) as well considering the high dMn input flux estimated from
the western Indian margin sediments (Yadav, 1996). The relative contribution
of each of the suggested margin sources to the observed dMn anomalies could
be evaluated once the estimates on dMn input flux from the reducing margin
sediments, scavenging and horizontal water advection rate become available.

Another highlight was the significant increase in dMn concentrations observed
over the thermocline waters depths in the intense oxygen depletion and
denitrification zone of the Arabian Sea (station GI-06(B)/16, 17 and 18, Fig.
5.3b and Fig. 5.7). The observed dMn enrichment in the oxygen minimum zone
(OMZ; ~150-1000 m, Dissolved Oxygen <5 pM) at station GI-06(B)/18
compares well with that reported at respective crossover stations (i.e., ER-5;
Vu and Sohrin, 2013; refer to Fig. 5.7c). It is interesting to note that the
maximum dMn concentrations are observed over the depths of highest DO
depletion (<0.5 uM) within the OMZ (Fig. 5.7; also refer to Fig. 3 and 4 of
Lewis and Luther, 2000). Also, dMn maxima reported earlier are found
correlated to the secondary nitrite maxima in the Arabian Sea OMZ (Lewis and
Luther, 2000; Saager et al., 1989). dMn maxima observed in this study also
correlates well with the depths of nitrite maxima found in the nearby (or
crossover) stations (Lewis and Luther, 2000; Thi Dieu Vu and Sohrin, 2013).
On the basis of these observations, studies have suggested the observed dMn

maxima in the OMZ to result from the (in situ) reductive dissolution of Mn
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oxyhydroxides in the extremely DO depleted, denitrification depths. This is
also supported by the observed correlated minima in the particulate Mn to
particulate Al ratio (and reactive particulate Mn concentration) with the dMn
maxima in the OMZ (Lewis and Luther, 2000), indicating the dissolution of
Mn oxyhydroxides in the water column. The in situ Mn oxyhydroxides
reduction is suggested to occur through the biotically mediated oxidation of
organic carbon, where oxidized Mn particulate phases may act as the terminal
electron-accepting species (Lewis and Luther, 2000 and references therein).
The assimilated Mn released from the remineralization of organic matter may
also contribute to the dMn input in the OMZ (Johnson et al., 1996). However,
our calculation of dMn removal flux from the surface waters suggested that the
proportion of dMn removed via biological assimilation is much smaller

compared to that via Mn-oxidation (see section 5.3.1.1).

5.3.2.2 dMn in the deeper waters (>1500m)

dMn concentrations in the deeper waters (below 1500m) are relatively low
(generally less than 0.3 nmol kg™ and reaching as low as 80 pmol kg?), in
agreement with the previously reported data (Lewis and Luther, 2000; Thi Dieu
Vu and Sohrin, 2013) and those observed in large part of the deep global ocean
(0.10-0.15 nM, van Hulten et al., 2017 and references therein). However, on a
closer look into the deep water dMn distribution, subtle changes could be
observed. West of 70°E along the zonal transect at 9°N (GI-06(B)/07 to Gl-
06(B)/14), a slight dMn increase within the 2000-3000 m (compared to the
background level) is observable (Fig. 5.8a). The probable mechanisms that may
result in the observed deep-water dMn maxima at these stations include (1)
advection of dMn-rich deep waters and (2) dMn input from the nearby
margin(s), over the similar isopycnal depths, due to partial dissolution of
resuspended, reactive Mn-rich sediments and/or diffusion of dMn-rich pore
waters (Middag et al., 2015). The deep-water dMn maxima levels observed at
stations GI-06(B)/7, 8, 9 (0.23-0.28 nmol kg, Fig. 5.8a) are similar to those
observed close to the Chagos-Laccadive Ridge (0.25-0.31 nmol kg™ at stations
GI-06(B)/5 and 6) throughout the deep-water depth range (2000-3000m; Fig.
5.3b and Fig. 5.8a). The advection of relatively dMn-rich deep-waters close to

the Chagos-Laccadive Ridge may, therefore, result in the observed deep-water
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dMn maxima at stations GI-06(B)/7, 8 and 9. However, moving further west, to
stations GI-06(B)/ 10, 11, 12 and 14, the dMn levels in the deep-water maxima
are significantly higher (0.34-0.37 nmol kg, Fig. 5.8a), which may not be
explained by the advection of deep-waters ambient to the Chagos-Laccadive

dMn (nmol kg™

0.1 0.2 0.3 0.4 0.5 0.

dMn (nmol kg™

1 0.2 0.3 0.4 0.5
1 1 1 1 1 1 1 1 1

1500 - 1500 -

2000 2000

2500 2500 -

w
(=3
o
o
1

3000

w
o
o
o
1

3500

4000 4000

—8— GI-06(B)/ 7

—— GI-06(B) /9

—— GI-06(B)/ 8
4500 - —— GI-06(B) /10 4500 —— GI-06(B) / 15
GI-06(B) / 11 —— GI-06(B) / 17
. —8— GI-06(B) /12 _ —— GI-06(B) / 16
a —@— GI-06(B) / 14 b —— GI-06(B)/ 18

5000 5000

Fig. 5.8: (a) Deep-water (>1500m) dMn distribution in the western part of the zonal
transect (GI-06(B)/7 to GI-06(B)/14) in the southern Arabian Sea. (b) Deep-water
dMn distribution in the central Arabian Sea (at stations GI1-06(B)/15, 16, 17 and 18)

Ridge. The Arabian Sea and the adjoining Gulf of Aden host active seafloor
spreading systems (The West and the East Sheba Ridge, the Carlsberg Ridge)
over which several active hydrothermal venting regions have been discovered
(Gamo et al., 2015; Jean-Baptiste et al., 1990; Murton et al., 2006; Ray et al.,
2012; Srinivasan et al., 2004). Based on the observation of strong anomalies in
chemical and physical properties (e.g., light transmission, 5*He, Mn, Fe, CHa),
previous studies (Gamo et al., 2015; Srinivasan et al., 2004) have recognized
the spread of deep-water hydrothermal plumes (1500-3000m) to the western
Arabian Sea region, sourced from the West Sheba Ridge in the Gulf of Aden.
In the western Arabian Sea, these deep hydrothermal plumes are observed to
spread at the core depth of ~2200-2500m (refer to Figure 5a and 5b of

Srinivasan et al., 2004), which is in general agreement with the depth range
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(2000-3000m) of observed dMn maxima along the central and western region
of the zonal transect (stations GI-06(B)/7 to GI-06(B)/14 at 9°N, Fig. 5.8a).
Deep-water dMn maximum concentration of ~3nM (at ~2200m) was observed
at the exit of the Gulf of Aden (~13°N, 49°E, Gamo et al., 2015). The
advection of these dMn-rich deep waters to the Arabian Sea could also explain
the dMn maxima (0.23-0.37 nmol kg™') observed along the zonal transect.
Relatively, high dMn anomalies at the western stations (GI-06(B)/10 to 14)
compared to that in the central region (GI-06(B)/7 to 9) also agrees with the
observed trend of the advective loss (due to water mass mixing) of plume
signal (as seen in the 5°He variations) towards the central Arabian Sea from the
Gulf of Aden (Srinivasan et al., 2004).

Deep-water dMn concentration maximum (0.45 nmol kg™), ~3 fold compared
to the background dMn levels (~0.16 nmol kg™), was observed (at 2100 m, Fig.
5.8b) at the station GI-06(B)/17, situated close to the Laxmi Ridge (Fig. 1).
This increase in dMn levels does not seem to originate from the advection of
the deep hydrothermal plume waters from southern to the central Arabian Sea
since no such dMn anomalies were observed at stations further south, i.e., GI-
06(B)/15 and 16 (Fig. 5.8b). Interestingly, the deep-water dMn maxima
observed at GI-06(B)/17 correlates to the deep-water (at 2000m) dissolved Al
maxima observed at a nearby station, GI-05/6, sampled during the Indian
Geotraces cruise, GI-05 (refer to Fig. 4.3 of Chapter 4). This correlated
increase in the dMn and dissolved Al concentrations strengthens the hypothesis
pitched earlier (see section 4.5.3 of Chapter 4) of deep-water dissolved trace
metal input from the margin sediments of the nearby Laxmi Ridge, which

advects to the adjacent deep-water column.

5.4 Conclusion

Dissolved Mn data reported in this study enhances the limited full vertical
water column data in the Arabian Sea and improves our understandings of the
dMn cycling in the sea. The major findings of this study are listed below:

1) The relatively elevated surface dMn concentrations close to the western
Indian coast correlates with the increase in the atmospheric mineral dust

deposition towards the coast.
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2) The dMn input fluxes from the deposition of atmospheric mineral dust to the
surface waters are estimated, using the (earlier) observed aerosol-Mn
concentration data, across different regions of the Arabian Sea and found to lie
between 28.6-239.4 nmol m? d. These estimates compare well with earlier
(van Hulten et al., 2017) estimates based on the mineral dust deposition data of
the Interaction with Chemistry and Aerosols (INCA) model.

3) The residence time of surface dMn in the Arabian Sea is constrained using
the atmospheric dMn input and surface mixed layer dMn inventory, and
assuming steady-stade condition. The residence time is found to vary in the
range of 1.0-9.3 yr across the Arabian Sea.

3) Estimates on the dMn removal fluxes from the surface waters in the Arabian
Sea suggest that the dMn is predominantly removed via in situ Mn-oxidation
and passive particle scavenging, while removal by bio-assimilation plays a
secondary role.

4) Significantly elevated dMn concentrations are observed in the oxygen-
deficit thermocline depths in the denitrification zone of the Arabian Sea,
resulting from the Mn release from the reductive dissolution of Mn-
oxyhydroxides and/or remineralization of bio-assimilated Mn in the organic

matter.
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This thesis focuses on understanding the relative impact of diverse
biogeochemical processes on the distribution of dAl and dMn in the Indian
Ocean basins. Comprehensive understanding of the cycling of dAl and dMn in
the seawater is an essential prerequisite for establishing the sensitivity of their
distributions to different biogeochemical processes and thus, utilizing them as
proxies for these processes. Towards the same, trace metal clean seawater
sampling protocols and different analytical methodologies are established for
the precise and accurate measurements of dAl and dMn over full vertical water
column profiles along the GEOTRACES-India cruise transects in the northern
(i.e., the Bay of Bengal, the Andaman Sea and the Arabian Sea), equatorial and
subtropical gyre regions of the Indian Ocean. The major outcomes of all the

studies carried out are summarized in the following sections.
6.1 Establishment of dAl and dMn analytical systems

Flow injection analysis systems are established in-house for the measurements
of sub-nanomolar to nanomolar levels of dAl (Al-FIAS) and dMn (Mn-FIAS)
in seawater. These portable systems offer an opportunity to carry out rapid
onboard analysis of dAl and dMn and avoid the chances of sample
contamination associated with transport and storage. Shore-based
measurements of dMn (and other trace metals) were made using the seaFAST-
integrated HR-ICP-MS system. Seawater reference samples (SAFe-S and
GEOTRACES-GS and GD) were also analyzed for their dAl and dMn levels
using these analytical systems. Good agreement between the measured and
consensus values of dAl and dMn in these reference samples ensured the
analytical accuracy. Further, comparable results for dAl and dMn vertical
distributions at the crossover stations provided additional confidence in the

seawater sampling and processing protocols.
6.2 Dissolved Al cycling in the Indian Ocean basins
6.2.1 The Bay of Bengal and the Andaman Sea

Dissolved Al (dAl) distribution throughout the vertical water column in the
Bay of Bengal (BoB), particularly in the northern and central BoB, is
predominantly controlled by the huge lithogenic sedimentary input from fluvial

141 |Page



Chapter 6: Summary and future research perspectives

discharge and continental margins, followed by the subsequent release of labile
Al from the sediments as they sink through the water column. The fractional Al
solubility from the lithogenic sediment input in the BoB surface waters is
estimated to lie in the range of 1.1-4.7%. Using these solubility estimates, the
dAl input flux from the lithogenic sediment (atmospheric and fluvial) supply to
the BoB surface waters is calculated to be 7.0 x 108-3.0 x 10° moles yr, which
is at least an order of magnitude larger than that estimated from Ganga-
Brahmaputra freshwater supply. dAl input from the partial dissolution of
resuspended insular shelf sediments of the Nicobar Islands and the advection of
Indonesian Water from the Strait of Malacca control the dAl distribution in the
surface mixed layer and the upper thermocline waters in the southern Andaman
Sea. Near-uniform dAl distribution in the deeper waters (>1000m) at the center
of the southern Andaman Sea indicate rapid ventilation of and vertical mixing

in the deep waters compared to the scavenging removal of dAl.

6.2.2 The Arabian Sea

Surface water dAl distribution in the Arabian Sea (AS) exhibits significant
seasonal variability. A strong east-west surface dAl concentration gradient is
observed in the AS during the fall-intermonsoon sampling period. This
gradient results from the relative changes in atmospheric dust deposition and
primary production in the eastern and western AS during the transition from
the summer monsoon to the fall-intermonsoon season. During the winter
monsoon, the Northeast Monsoon Current is observed to transport the dAl-rich,
low-salinity BoB surface waters to the southwest AS.

A simple non-steady-state model is constructed to simulate seasonal variations
in surface dAl, for the first time, in a highly meteorological dynamic Arabian
Sea basin. The model involves balancing the (annual) periodic variations in
dAl input from the atmospheric Al deposition flux, estimated using the
observed data on Al concentration in the marine boundary layer, and removal
by passive scavenging, modeled considering first-order dAl removal. The
solutions from the model have been obtained under both constant and variable
(net primary production normalized) residence time (t) conditions and are

compared to the observed surface dAl distribution in the modeled region.
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Overall, the model solutions explained the general trend and order of
magnitude of the observed seasonal variations in the surface dAl
concentrations. Such a model could be utilized as a first-order tool to estimate
the seasonal variations in dust deposition flux using the surface dAl variations,

and vice-versa.

The intrusion of the Persian Gulf Water and the Arabian Sea High Salinity
Water is observed to influence the thermocline dAl distribution in the open AS
by transporting the dAl-rich signature of their formation regions. However, the
impact of these water masses is observed to be limited to the northern AS
region during the sampling season of fall-intermonsoon. The advective input of
dAl from the Arabian marginal seas (i.e., the Persian Gulf and the Red Sea) has
implications for the possible supply of other lithogenic elements, including
trace nutrients such as Fe and Mn, to the sub-surface depths of the AS and later
to the euphotic layers via upwelling or convective mixing during the monsoon
seasons. High-resolution sampling, both in space and time, in the marginal seas
and the thermocline depths of the AS (e.g., Fe, Mn) is needed to better quantify
the advective supply of dissolved Al and other lithogenic elements to the AS

and its possible impact on the primary production.
6.2.3 The equatorial and subtropical gyre regions of the Indian Ocean

Surface dAl distribution in the eastern and central equatorial Indian Ocean
region during the winter season is controlled by the advective mixing between
the dAl-rich BoB surface waters and, relatively, dAl-poor surface waters of the
southern Arabian Sea, under the influence of the strong Northeast Monsoon
Current. This result implies that the correction for advective dAl supply is
needed prior to exploiting the surface dAl distribution in these regions as the
proxy of atmospheric mineral dust deposition. Close to the western Equatorial
Indian Ocean boundary, a relative increase in the surface dAl levels suggests

localized input of atmospheric mineral dust, sourced from the Somali coast.

Elevated surface dAl concentrations observed at the north-western reaches of
the subtropical gyre are consistent with that reported earlier (Grand et al.,
2015a) and represent the impact of the deposition of atmospheric mineral dust

derived from the Australian continent. However, surface dAl enrichment
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observed in the present study (~14-18 nM) is about 1.5-2 times higher than that
found during the previous investigation (~9-12 nM; Grand et al., 2015a). The
apparent mismatch is suggested to arise due to inter-annual variation in the
atmospheric dust input from the Australian sources. This hypothesis is
supported by the estimated annual changes in dust storm event frequency over
the Australian continent (Mackie et al., 2008). The advection of Indonesian
Throughflow Water (ITW) is observed to bring dAl-rich waters (~5-10 nM) to
the upper thermocline (100-500 m) depths in the northern subtropical gyre
region. Such a pattern was also observed during the earlier studies (Grand et
al., 2015b; Obata et al., 2004). Moreover, a comparison between the dAl data
from the present and previous studies reveals an overall increasing trend in dAl
concentrations over the depths of ITW intrusion with progressing sampling
years. This trend is also consistent with the estimated overall increase in the
ITW mean annual discharge (by 1 Sverdrup per decade) to the northern

subtropical gyre region of the Indian Ocean.

The deep-water (>1500m) dAl concentrations in the Equatorial Indian Ocean
are generally low and more uniform (~2-3 nM). A one-dimensional vertical
advection-diffusion-scavenging model is used to constrain the deep-water dAl
residence time and found to lie between the range of 92-141 yr. These
estimates are comparable to those reported in the Pacific Ocean (50-200 yr;
Orians and Bruland, 1986). Residence time estimates are essential to
understand the relative role of different local or regional deep-water processes,
operating at varying timescales, in governing the dAl distribution. Particularly,
the interaction of deep waters with the margin sediments of different ridge
systems, including the Ninety East Ridge, the Central Indian Ridge and the
Carlsberg Ridge, in the equatorial and subtropical gyre regions of the Indian
Ocean, and subsequent advection of these deep waters, are observed to

influence the dAl distribution, at least, at the intra-basin scale.
6.3 Dissolved Mn cycling in the Arabian Sea

Dissolved Mn (dMn) concentrations are measured along the GEOTRACES-
India cruise transect, GI-06(Leg B), in the southern and central Arabian Sea to

understand the controls of different biogeochemical processes on dMn
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distribution. Surface dMn maxima are observed throughout the sampling
transect and the highest surface dMn levels are found close to the south-
western coast of India (3.8-4.2 nmol kg™) and in the low-salinity BoB surface
water plume, encountered in the south-eastern Arabian Sea (~3.2 nmol kg™).
Generally, dMn profiles show scavenged-type distribution, exhibiting a steep
decrease in concentrations below the surface mixed layer (~50-200 m) and
become low and more uniform (~0.1-0.3 nmol kg?) in the deeper waters
(>1500 m). Exceptional to this general trend, dMn maxima are observed in the
oxygen-deficit thermocline waters depths (~200-600 m) at the stations sampled
close to the Indian coastal margin and in the perennial denitrification zone of
the Arabian Sea. Diffusive dMn flux from the reducing sediments of the
western Indian continental margin (Yadav, 1996) may explain the elevated
dMn levels in the thermocline depths close to the margin. In the perennial
denitrification zone of the Arabian Sea, highly elevated dMn concentrations
(~3.2-5.0 nmol kg™) are found correlated with the depths of extreme dissolved
oxygen depletion (<0.5 pM) in the thermocline waters. These dMn
enrichments presumably result from the in situ reductive dissolution of Mn-
oxyhydroxides over the thermocline water column. However, the degradation
of biogenic matter in the thermocline waters may also contribute to the dMn
input through the remineralization of assimilated Mn. A thorough investigation
is needed to apportion the contributions from the reductive dissolution of Mn-

oxyhydroxides and organic matter degradation.

The annual dMn input flux to the surface waters across the Arabian Sea from
the dry deposition of atmospheric mineral dust is estimated to vary in the range
of 28.6-239.4 nmol m? d. Using these fluxes and integrated dMn inventory
in the surface mixed layer, and considering the steady-state condition, the
residence time of dMn in the surface waters of the Arabian Sea is estimated to
be ranging from 1.0-9.3 yr. Output fluxes for surface dMn in the Arabian Sea
are determined for different possible pathways, including removal via (1) bio-
assimilation and (2) heterogeneous and/or biotically-mediated Mn-oxidation.
The output fluxes calculations show that the removal through bio-assimilation

(4.4-24.3 nmol m? d?) plays a secondary role. The estimated removal fluxes
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for surface dMn via Mn-oxidation (51.9-276.0 nmol m2 d) are comparable to

the atmospheric input fluxes (28.6-239.4 nmol m2 d?).
6.4 Future research perspectives

In this thesis, extensive measurements and studies along some of the strategic
GEOTRACES-India sections have significantly improved the understanding of
the biogeochemical cycling of dissolved Al and Mn in the Indian Ocean basins.
The results from these studies have also brought out some interesting research

problems to be addressed in the future and the same are listed below:

1) The first-order balance between dAl input and removal fluxes in the
surface waters of the BoB indicates that the lithogenic sediment supply by the
G-B river system sets prominent control on the surface dAl distribution. In this
regard, dAl measurements across the G-B river system estuaries are needed to
better constrain the riverine fluxes and understand the role of estuarine
processes (solute-particle interaction, biological cycling) in controlling the dAl

distribution in the BoB water column.

2 In this thesis, a simple non-steady-state model was constructed to
simulate the seasonal changes in surface dAl concentrations over the western
Arabian Sea. The model solves for the seasonal variations in surface dAl by
computing the temporal changes in the rate of dAl input flux from the
atmospheric dust deposition and first-order output rate. With constraints on the
composition of Fe in aerosols over the Arabian Sea and the fractional solubility
of Fe from dust deposition, such a model could be utilized to estimate the
seasonal changes in atmospheric Fe input to the Arabian Sea. These estimates
are crucial to study the influence of natural variations in the supply of micro-

nutrients on primary production and its diversity.

3) dMn input from the riverine (freshwater and sediment) discharge and
diffusive Mn flux from the shelf sediments may play an essential role in
governing dMn distribution in the surface ocean (Aguilar-Islas and Bruland,
2006; Homoky et al., 2016). Poor constraints on riverine dMn fluxes at the
western Indian continental margin and the unavailability of dMn data over the
shallow shelf (water depth <100m) region restricts the evaluation of the
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relative contributions from fluvial discharge and shelf sediments to surface
dMn inventory in the Arabian Sea. Data on dMn concentrations across the
western Indian estuaries (particularly of the major rivers such as Indus, Krishna
and Tapi) and at the sediment-water interface over the shallow shelf region are

needed to explain the surface dMn budget in the Arabian Sea comprehensively.

4) A significant increase in the dMn levels over the oxygen-deficit and
denitrification thermocline depths is observed in the Arabian Sea. However,
quantitative estimates on the relative dMn supply from in situ degradation of
organic matter, reductive dissolution of Mn-oxyhydroxide particulate phases
and lateral advective input from the reducing shelf and slope sediments are
uncertain. Measurements of (1) particulate organic matter (carbon) export from
the euphotic zone to the thermocline depths, (2) particulate Mn levels over the
oxygen minimum depths and (3) dMn concentrations in the pore-waters of the
reducing slope sediments are essential to constraint the inputs from different

Sources.
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Table Al: dAl data observed at different sampling depths for all the stations occupied during
the GI-01, GI-05 and the GI-06(A)(A) cruises

Cruise Station Latitude (°N) Longitude (°E) Depth (m) dAl (nM)
Gl-01 1 16.53 83.57 2 26.0
GI-01 1 16.53 83.57 10 26.3
GI-01 1 16.53 83.57 25 15.5
Gl-01 1 16.53 83.57 50 14.7
GI-01 1 16.53 83.57 75 10.9
Gl-01 1 16.53 83.57 100 16.1
Gl-01 1 16.53 83.57 150 134
Gl-01 1 16.53 83.57 200 15.1
Gl-01 1 16.53 83.57 300 10.9
Gl-01 1 16.53 83.57 800 4.1
Gl-01 1 16.53 83.57 1200 3.8
Gl-01 1 16.53 83.57 1500 35
Gl-01 1 16.53 83.57 2000 10.4
Gl-01 2 19.94 87.30 2 47.1
GI-01 2 19.94 87.30 10 36.0
Gl-01 2 19.94 87.30 25 18.7
GI-01 2 19.94 87.30 50 223
GI-01 2 19.94 87.30 75 13.3
Gl-01 2 19.94 87.30 100 22.8
Gl-01 2 19.94 87.30 150 12.6
Gl-01 2 19.94 87.30 200 121
Gl-01 2 19.94 87.30 500 9.3
GI-01 2 19.94 87.30 800 4.2
Gl-01 2 19.94 87.30 1000 4.6
Gl-01 3 18.01 87.00 2 28.2
GI-01 3 18.01 87.00 25 19.8
GI-01 3 18.01 87.00 50 24.6
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GIl-01 16 -25.32 70.04 75 5.5
GIl-01 16 -25.32 70.04 100 8.1
GI-01 16 -25.32 70.04 150 4.7
GI-01 16 -25.32 70.04 200 5.8
Gl-01 16 -25.32 70.04 300 6.1
Gl-01 16 -25.32 70.04 500 5.2
Gl-01 16 -25.32 70.04 800 4.1
Gl-01 16 -25.32 70.04 1200 3.4
Gl-01 16 -25.32 70.04 1500 2.1
Gl-01 16 -25.32 70.04 2000 3.8
GI-01 16 -25.32 70.04 2260 53
Cruise Station Latitude (°N) Longitude (°E) Depth (m) dAl (nMm)
GI-06(A) 1 12.27 81.25 2 23.3
GI-06(A) 1 12.27 81.25 10 26.8
GI-06(A) 1 12.27 81.25 25 14.7
GI-06(A) 1 12.27 81.25 50 10.6
GI-06(A) 1 12.27 81.25 75 10.0
GI-06(A) 1 12.27 81.25 100 9.9
GI-06(A) 1 12.27 81.25 200 6.0
GI-06(A) 1 12.27 81.25 300 5.9
GI-06(A) 1 12.27 81.25 600 4.7
GI-06(A) 1 12.27 81.25 800 4.2
GI-06(A) 1 12.27 81.25 1000 3.5
GI-06(A) 1 12.27 81.25 1200 4.1
GI-06(A) 1 12.27 81.25 1500 5.6
GI-06(A) 1 12.27 81.25 2000 4.0
GI-06(A) 1 12.27 81.25 2400 5.9
GI-06(A) 1 12.27 81.25 2800 5.2
GI-06(A) 1 12.27 81.25 3200 5.8
GI-06(A) 2 10.48 83.50 2 14.6
GI-06(A) 2 10.48 83.50 10 14.2
GI-06(A) 2 10.48 83.50 20 14.0
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GI-06(A) 24 11.03 74.03 5 20.4
GI-06(A) 24 11.03 74.03 10 20.5
GI-06(A) 24 11.03 74.03 25 10.0
GI-06(A) 24 11.03 74.03 50 8.6
GI-06(A) 24 11.03 74.03 75 7.2
GI-06(A) 24 11.03 74.03 100 7.0
Gl-06(A) 24 11.03 74.03 150 6.0
GI-06(A) 24 11.03 74.03 200 4.8
GI-06(A) 24 11.03 74.03 300 5.2
GI-06(A) 24 11.03 74.03 500 4.4
GI-06(A) 24 11.03 74.03 600 5.4
GI-06(A) 24 11.03 74.03 800 3.6
GI-06(A) 24 11.03 74.03 1000 3.6
GI-06(A) 24 11.03 74.03 1200 3.5
GI-06(A) 24 11.03 74.03 1400 3.5
GI-06(A) 24 11.03 74.03 1600 3.5
GI-06(A) 24 11.03 74.03 1800 3.3
Cruise Station Longitude (°E) Latitude (°N) Depth (m) dAl (nM)
GI-05 1 73.10 15.43 5 13.0
20 9.9
35 9.4
50 7.5
65 10.0
80 28.1
GI-05 2 72.03 15.46 5 20.9
15 22.3
25 21.0
50 9.5
75 9.3
100 7.0
150 5.2
200 5.6
300 4.5
500 4.0
800 3.6
1000 33
1200 34
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1500 3.5
1900 3.7
GI-05 3 70.50 15.45 5 12.7
15 12.4
25 11.9
50 5.7
75 5.9
150 4.6
200 3.8
300 3.9
500 3.3
800 2.8
1000 34
1200 2.8
1500 2.7
1800 2.1
2000 2.2
2500 3.8
3000 2.6
3300 1.8
GI-05 4 69.00 17.30 5 6.9
15 6.1
25 5.6
50 9.2
60 5.2
75 6.1
100 4.9
125 4.4
150 4.7
200 5.0
300 4.2
500 4.5
800 2.5
1000 3.4
1200 3.6
1500 2.7
1800 2.7
2000 2.3
2500 2.6
3000 2.2
3300 1.8
GI-05 5 65.00 15.35 5 7.3
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GI-05
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2000 2.4
2500 3.0
GI-05 14 58.50 5.60 25 6.6
50 3.6
65 5.8
75 2.8
100 4.4
125 4.2
150 3.6
200 4.0
300 2.9
500 3.4
800 3.7
1000 4.9
1200 2.6
1500 2.9
1800 2.4
2000 2.4
2500 2.7
3000 2.7
3500 3.7
3800 4.3
GI-05 15 58.40 2.90 5 3.9
15 3.1
25 3.2
50 2.6
75 3.7
100 2.5
150 3.4
200 2.6
300 2.9
400 4.4
500 3.5
800 2.9
1000 2.5
1200 2.7
1500 2.8
1800 2.3
2000 2.0
2500 1.7
3000 2.3
3500 2.8
4000 2.6
4400 4.6
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Appendix B

The dAl distribution in the deep waters is modeled using steady-state, 1-D
scavenging- advection-diffusion model for a stable and non-conservative
(SNC) tracer, considering no in situ production (Craig, 1974). The model
equation is given as

0%C,
" 9z2

K202 y.c,=0 (B1)

which has a general solution
_( m— ) - A . A( m— )
C,={Cp X [exp%] X sinh (i) +C, X [exp%] X sinh [%]} X

{sinh [AZ—’"]}_l (B2)

2z

where, z*= K/ is the mixing parameter and A= [1 + 4z*(y/w)]"2.

In the above equations, K denotes the vertical diffusivity; o represents the
vertical advection velocity; y is the scavenging rate; and C: is the dAl
concentration at the vertical depth °z’, taken positive towards the ocean
surface. Cm and Co, are the dAl concentrations at the model’s upper (z = zm)
and lower (z = zo) boundaries. The lower model boundary z = zo is also
considered as the point of reference, i.e.,, zo = 0. The value of the mixing
parameter, z*, is estimated by fitting the general solution of the steady-state, 1-
D advection-diffusion model for the stable and conservative (SC) tracer (Craig,
1974) to the salinity distribution in the deep waters. The general solution of the

steady-state, 1-D advection-diffusion model for the SC tracer is given as
z Zm -1
C,=C,+(Cp, —C,) X [exp;—l]x[exp;—l] (B3)

Next, we find the best fit for the dAl distribution in the deep waters to Eq. (B2)

with Cm, Co and y/m as free variables.
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Appendix C

Table C1: Data on Al concentration in the surface-level aerosols in the model space, compiled from

the previous studies.

Nominal Nominal Aerosol
Sampling Sampling Al
Sampling Season Data Source Study Sampling Day Latitude (°N) Longitude (°E)  (ug m3)
Late Winter:
1% Jan. to 10t

Feb. Tindale and Pease, 1999 22-01-1995 14.98 64.00 0.66
Tindale and Pease, 1999 23-01-1995 15.97 62.08 0.43

Tindale and Pease, 1999 24-01-1995 16.09 62.05 0.56

Tindale and Pease, 1999 25-01-1995 16.01 62.00 0.54

Tindale and Pease, 1999 27-01-1995 17.33 59.81 0.85

Tindale and Pease, 1999 30-01-1995 18.12 58.03 1.02

Tindale and Pease, 1999 10-02-1995 18.23 58.11 0.28

Spring:
11t Feb. to 31"

May Tindale and Pease, 1999 12-02-1995 16.93 60.50 0.9
Tindale and Pease, 1999 15-02-1995 15.22 63.49 0.61

Tindale and Pease, 1999 16-02-1995 14.88 64.11 0.85

Tindale and Pease, 1999 19-02-1995 17.53 59.16 0.98

Tindale and Pease, 1999 28-03-1995 15.23 63.44 1.06

Kumar et al., 2008 30-04-2006 14.00 64.77 0.21

Kumar et al., 2008 01-05-2006 14.00 59.23 0.69

Kumar et al., 2008 02-05-2006 16.32 58.85 0.65

Kumar et al., 2008 06-05-2006 16.01 64.68 0.58

Seifert et al., 1999 09-05-1995 16.30 65.00 0.27

Seifert et al., 1999 09-05-1995 16.70 65.00 0.19

Seifert et al., 1999 10-05-1995 18.00 65.00 0.29

Seifert et al., 1999 10-05-1995 18.00 65.00 0.28

Seifert et al., 1999 11-05-1995 18.00 65.00 0.28

Seifert et al., 1999 11-05-1995 18.10 65.00 0.48

Seifert et al., 1999 12-05-1995 18.10 65.00 0.54

Seifert et al., 1999 13-05-1995 18.10 65.00 0.83

Seifert et al., 1999 14-05-1995 18.10 65.00 0.77
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Summer:
1%t June to 24"

Aug.

Autumn:
25t Aug. to 31t
Oct.

Early Winter:
1%* Nov. to 31t

Dec.

Seifert et al., 1999
Seifert et al., 1999
Seifert et al., 1999
Seifert et al., 1999
Seifert et al., 1999

Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999

Tindale and Pease, 1999
Tindale and Pease, 1999

Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999
Tindale and Pease, 1999

15-05-1995
16-05-1995
17-05-1995
18-05-1995
19-05-1995

23-06-1995
27-06-1995
02-07-1995
04-07-1995
25-07-1995
27-07-1995
04-08-1995
06-08-1995

02-09-1995
25-09-1995

10-11-1995
15-11-1995
13-12-1995
16-12-1995
17-12-1995
19-12-1995
22-12-1995

18.10
18.10
18.10
16.90
14.30

19.91
17.99
15.82
16.39
15.56
15.03
16.33
17.09

16.19
18.01

14.50
18.50
14.59
14.98
15.85
17.21
18.15

65.00
65.00
65.00
65.00
65.00

59.71
60.35
64.37
61.04
64.79
64.31
61.57
60.12

61.66
59.56

65.00
57.26
65.06
64.00
62.34
59.77
58.16

0.94
1.12
0.82
0.54
0.61

0.08
0.02
0.04
0.01
0.04
0.06
0.02
0.04

0.29
0.47

0.68
1.42
0.72
0.78
0.66
0.44
0.20
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Table C2: Data on surface water Al concentration in the model space, compiled from this and

previous studies.

Sampling Month Data Source Study Latitude(°N) Longitude (°E) Al (nM)
January Measures and Vink, 1999 18.45 57.30 3.3
January Measures and Vink, 1999 18.08 58.00 3.2
January Measures and Vink, 1999 17.68 58.84 2.9
January Measures and Vink, 1999 17.20 59.77 5.0
January Measures and Vink, 1999 16.80 60.50 4.0
January Measures and Vink, 1999 16.02 62.01 5.3
January Measures and Vink, 1999 15.25 63.50 5.7
January Measures and Vink, 1999 14.45 65.00 4.9

March Measures and Vink, 1999 16.02 61.96 5.1
March Measures and Vink, 1999 14.01 64.89 7.4
April Measures and Vink, 1999 16.82 60.50 2.2
April Measures and Vink, 1999 16.43 61.25 4.2
April Measures and Vink, 1999 15.51 61.50 6.4
July Measures and Vink, 1999 14.45 65.00 7.8
July SchuBler et al., 2005 16.00 62.00 3.8
July Schipler et al., 2005 17.00 60.00 5.1
July Schipler et al., 2005 18.50 57.30 49
August Measures and Vink, 1999 18.50 57.30 7.5
August Measures and Vink, 1999 18.65 57.75 6.1
August Measures and Vink, 1999 18.77 58.17 6.4
August Measures and Vink, 1999 17.68 58.84 9.3
August Measures and Vink, 1999 19.00 59.00 7.0
August Measures and Vink, 1999 17.09 60.12 7.4
August Measures and Vink, 1999 16.80 60.50 8.0
August Measures and Vink, 1999 16.43 61.25 6.6
August Measures and Vink, 1999 15.53 61.50 7.9
August Measures and Vink, 1999 15.77 61.74 7.9
August Measures and Vink, 1999 16.03 62.00 7.4
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August
August

August

September
September
September
September
September
September
September
September
September
September
September
September

September

October

October

November
November
November
November
November
November

November

Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999

Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999

This study
This study

Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999
Measures and Vink, 1999

15.64
15.25
14.83

18.50
18.63
18.08
18.88
17.68
19.00
17.18
16.80
16.43
16.03
15.63
15.25
14.45

15.10
17.85

16.42
17.00
18.50
17.79
18.36
17.18
16.03

62.80
63.50
64.25

57.30
57.75
58.00
58.59
58.83
59.00
59.77
60.50
61.25
62.00
62.77
63.50
65.00

59.80
61.20

56.50
57.23
57.26
58.67
59.14
59.82
62.00

8.5
7.6
9.3

8.1
8.1
7.9
8.8
9.0
7.2
3.1
2.5
2.6
5.9
6.2
3.5
4.7

3.1
2.0

3.0
34
4.0
4.0
3.7
4.3
3.3
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Appendix D

The temporal variations in the atmospheric dAl input (estimated in terms of
seasonal variations; see section 4.4.1.1 and Fig. 4.8A of Chapter 4) over the
model space are considered to be annually periodic. With this assumption, the
estimated seasonal variations in the dAl input (refer to Fig. 4.8A of Chapter 4)
are fitted (approximated) with a truncated Fourier series, which can be
mathematically described as follows:

dALT () = ap + YL, a; cos (iwt) + YL, b;sin(iwt)  (D1)

where, n is the number of terms up to which the Fourier series approximation
is considered; i=1, 2, 3,..., n; ag,a; and b; are the estimated coefficients for
the truncated Fourier series approximation. Also, note that under the annual
periodicity assumption for the atmospheric dAl input function (i.e., dAl?,fg‘ut(t)

in Eq. (D1)), w becomes equal to 2n/365 d* (=0.0172 d?). Substituting Eq.
(D1) in Eq. (4.2) of Chapter 4, we get

d[:?l] = (ag + XiL;a;cos(iwt) + XiL, b; sin(iwt)) — g (D2)

Eq. (D2) is a first-order differential equation of the form

O 4 PO).y(®) = QD) (D3)

dt
where, y(t)=dAl (t) (i.e., surface dAl as a function of time); P(t)= % and Q(t) =
dAR™ (1)

input

For simplicity, let’s consider

dAR™  (t) = a, + b.sin(wt) (D4)

input
where, a, and b are arbitrary constants.
Substituting Eq. (D4) in Eq. (D3), we have

% + %= a, +b.sin(wt) (D5)
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The general solution of Eq. (D5) is given as
b.sin (wt—¢)

/W2+(1/‘[)2

where, ‘C’ is an integration constant and tan(¢@) = w. T

y=a,T+ + C.e %/t (D6)

With time, the solution in Eq. (D6) converges to the following stable form (as

C.e~Y" converges to zero)

b.sin (wt—¢)

Jw2+(1/1)2

y=a,T+ (D7)
The relative importance of the term C.e~"/* depends on the value of C, which
also gives a measure of the initial dAl levels (dAlo), i.e., the dAl concentration
at t=0. dAl, may be visualized as the dAl level before the model space was
subjected to temporal (here, periodic) changes in dAl input. The solution given
in Eq. (A6) converges to the stable form, i.e., to Eq. (A7) quickly, if dAl, is
comparable to the magnitude of periodic dAl variations (i.e., the second term in

the RHS of Eq. (A7)) solved against the periodic changes in dAl input.

Similarly, if we consider dAIR™ (t) = a, + b.sin(wt) +

input
a.cos(wt) and substitute it in Eq. (D3), the stable analytical solution is

given as

. b.sin(wt—¢) = a.cos(wt—¢q)
y= a, T+ s + NeeoL (D8)

Finally, if we consider the general form of dAIZ™ ' (t) given in Eq. (D1) and

input
substitute it in Eqg. (D3), it can easily be shown (using the forms of the
solutions derived in Eqg. (D7) and (D8)) that the stable analytical solution to Eq.
(D3) is given as

bj.sin(iwt—;) n aj-cos(iwt—ej)

_ n i TVWETR Qg —
Y(t) - aO'T-I_ Zl=1 (iw)2+(1/7)? i=1 (iw)2+(1/1)2

= dAl(t) (DY)

Note that the Eqg. (D3) was also solved numerically by considering an arbitrary

initial condition (i.e., y(0)=Yyo) and using the 4" order Runge-Kutta method.
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The numerical solution converges to the stable analytical solution given in Eq.
(D9).

The Eg. (D3) was also (numerically) solved considering the temporal variations
in surface dAl residence time, T. The temporally varying surface dAl residence
time, T, is estimated as follows

NPP,
0" NPP (1)

()= (D10)
where, Ty and NPP, are the annual mean of the residence time and net primary
productivity in the model space, respectively. The time-varying function,
NPP(t) is also considered as an annually periodic function and determined
using the SeaWiFS satellite data-based monthly averaged NPP estimates and
fitting these estimates using the truncated Fourier series, in a similar way used

for approximating the function dAl?;g‘ut (Eq. D1).

Appendix E

Table E1: Data on Mn concentration in the surface-level aerosols (Tindale, 1997)
over different zones.

Season Latitude Longitude Mn (ug m3)
Zone 1 LW 10.01 64.90 0.059
SP 10.02 64.87 0.018
SuU 9.98 64.90 0.00067
EW 10.13 64.97 0.02
EW 10.01 64.90 0.019
Zone 2 LW 14.98 64.00 0.0084
LW 14.49 65.03 0.2
SP 15.22 63.49 0.0064
SP 14.88 64.11 0.009
SP 15.23 63.44 0.013
SuU 15.03 64.31 0.0011
EW 14.50 65.00 0.029
EW 14.59 65.06 0.051
EW 14.98 64.00 0.012
Zone 3 LW 19.17 67.17 0.0049
SP 19.17 67.15 0.0052
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Zone 4

SU
EW

LW
SP
SU
EW

19.10
19.28

22.48
22.48
2251
22.50

67.23
67.22

61.19
61.17
61.17
61.17

0.0042
0.018

0.032
0.0045
0.021
0.034

Table E2: dMn distribution along the GEOTRACES-India cruise transect, GI-06(B).

Depth dMn
Cruise Station Latitude Longitude (m) (nmol kg?)
GI-06(B) 1 13.905 73.528 5 4.19
GI-06(B) 1 13.905 73.528 10 3.66
GI-06(B) 1 13.905 73.528 20 3.42
GI-06(B) 1 13.905 73.528 40 2.61
GI-06(B) 1 13.905 73.528 50 2.75
GI-06(B) 1 13.905 73.528 60 2.01
GI-06(B) 1 13.905 73.528 70 1.18
GI-06(B) 1 13.905 73.528 80 1.13
Gl-06(B) 2 11.500 74.780 5 3.74
GI-06(B) 2 11.500 74.780 10 5.22
GI-06(B) 2 11.500 74.780 20 3.33
GI-06(B) 2 11.500 74.780 60 1.73
GI-06(B) 2 11.500 74.780 80 1.17
GI-06(B) 3 9.000 75.501 5 2.21
GI-06(B) 3 9.000 75.501 10 2.05
GI-06(B) 3 9.000 75.501 25 2.23
GI-06(B) 3 9.000 75.501 50 1.55
GI-06(B) 3 9.000 75.501 75 1.02
GI-06(B) 3 9.000 75.501 150 0.63
GI-06(B) 3 9.000 75.501 250 0.94
GI-06(B) 3 9.000 75.501 350 0.51
GI-06(B) 4 9.000 74.017 8 3.19
GI-06(B) 4 9.000 74.017 25 2.72
GI-06(B) 4 9.000 74.017 40 3.21
GI-06(B) 4 9.000 74.017 75 1.45
GI-06(B) 4 9.000 74.017 100 0.74
GI-06(B) 4 9.000 74.017 160 0.54
GI-06(B) 4 9.000 74.017 220 0.54
GI-06(B) 4 9.000 74.017 380 0.58
GI-06(B) 4 9.000 74.017 550 0.72
GI-06(B) 4 9.000 74.017 800 0.56
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GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
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71.000
71.000
71.000
71.000
71.000
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1200
1500
1800
2100
2400
2600
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55
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200
330
550
800
1200
1500
2050
10
25
50
75
90
150
200
300
400
600
800
1000
1200
1500
1800
2000
2200
2600
3000
3400
3800

10
25
54
90

0.49
0.47
0.39
0.29
0.31
0.28
0.23
3.29
2.54
1.45
1.18
0.91
0.50
0.54
0.40
0.59
0.54
0.67
0.32
0.27
3.09
1.92
1.67
1.97
1.49
1.12
0.51
0.50
0.53
0.57
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0.48
0.42
0.34
0.28
0.31
0.27
0.25
0.25
0.29
0.20
1.72
1.87
1.83
1.81
1.76



Appendix

GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
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GI-06(B)
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GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
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GI-06(B)
GI-06(B)
GI-06(B)
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11
12
12
12
12
12
12
12
12
12
12
12
12
12
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14
14
14
14
14
14
14
14
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
16
16
16
16

9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
11.000
14.510
14.510
14.510
14.510

63.500
62.000
62.000
62.000
62.000
62.000
62.000
62.000
62.000
62.000
62.000
62.000
62.000
62.000
62.000
60.000
60.000
60.000
60.000
60.000
60.000
60.000
60.000
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
62.563
65.566
65.566
65.566
65.566

4470

10
25
50
280
600
1000
1200
1500
1800
2100
2500
3000
3500
1000
1200
1500
1800
2000
2500
3000
3350

10
25
50
80
100
150
400
600
800
1000
1200
1500
1800
2300
2800
3300
3800
4300

10
25
50

0.26
141
1.27
2.22
1.76
0.33
0.32
0.36
0.33
0.48
0.20
0.37
0.25
0.17
0.16
0.40
0.33
0.29
0.24
0.24
0.34
0.23
0.27
1.52
1.30
1.51
1.47
1.34
0.49
0.97
0.28
0.29
0.36
0.28
0.24
0.22
0.17
0.15
0.15
0.12
0.11
0.10
1.49
1.69
1.44
2.34
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GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
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GI-06(B)
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GI-06(B)
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16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
14.510
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380
17.380

65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
65.566
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955
67.955

75
100
120
160
220
250
300
350
400
450
500
550
600
650
700
800
900
1000
1200
1500
1800
2300
2800
3300
3800

15
30
50
75
150
200
300
400
500
600
700
800
1000
1200
1500
1800
2100
2500
3000
3400

1.78
1.65
0.96
2.35
3.27
0.85
0.77
0.64
0.71
0.68
0.58
1.15
0.61
0.70
0.60
0.63
0.84
0.47
0.11
0.22
0.26
0.20
0.21
0.19
0.17
2.74
2.20
2.05
2.05
2.09
2.26
2.28
4.08
3.82
3.75
2.62
2.83
1.48
0.52
0.46
0.41
0.15
0.45
0.23
0.14
0.18
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GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
GI-06(B)
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18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18

16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751
16.751

68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994
68.994

10
25
50
75
100
150
200
300
400
500
600
700
800
900
1200
1800
2500
3500

2.08
191
2.24
231
1.69
0.97
3.05
5.03
2.98
2.04
1.71
0.99
2.37
0.64
0.62
0.54
0.33
0.28
0.15
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Abstract

Dissolved aluminium (hereafter, dAl) concentrations have been determined on 34 full vertical water column profiles, sam-
pled along the two separate GEOTRACES-India transects (GI-01 and GI-06) to understand the biogeochemical controls on
dAl distribution in the northern (the Bay of Bengal, the Andaman Sea and the Arabian Sea), equatorial and subtropical gyre
region of the Indian Ocean. Al released due to the partial dissolution of and/or Al desorption from the suspended lithogenic
sediments, supplied in a huge amount to the Bay of Bengal (BoB) waters by the Ganga-Brahmaputra (G-B) river system,
Indian peninsular rivers and sediment resuspension from the continental shelf and slope, predominantly controls the dAl dis-
tribution in the BoB and results in an overall increase in the dAl concentrations throughout the water column towards the
northern BoB and the eastern coast of India. Considering the steady-state balance between the dAl input from the lithogenic
sediment flux in the upper water column and first-order scavenging removal of dAl, the fractional solubility of Al from the
lithogenic sediments in the BoB surface waters is estimated to be in the range of 1.1-4.7%. Advection of Indonesian Sea sur-
face waters through the Strait of Malacca and dAl input from the partial dissolution of resuspended terrigenous sediments,
sourced from the insular shelf of the Nicobar Islands, set major controls on the dAl distribution in the surface and upper
thermocline waters of the southern Andaman Sea and the southern BoB region near the Nicobar Islands. Rapid renewal
of and vertical mixing in the deeper waters (>1000 m) relative to scavenging removal of dAl results in near-uniform dAl con-
centrations (~3.7 nM) in the deeper waters at the center of the southern Andaman Sea. In the south-eastern Arabian Sea, the
continental outflow of mineral dust and advection of dAl enriched Bay of Bengal surface waters control the dAl distribution
in the surface water layer. dAl in the surface waters of the equatorial Indian Ocean, during the late winter sampling period of
the GI-06 cruise, is predominantly determined by the mixing between dAl-rich surface waters of the southern BoB and rel-
atively, dAl-depleted surface waters of the southern Arabian Sea under the influence of the Northeast Monsoon Current.
The scavenging residence time of dAl in the deep waters of the equatorial Indian Ocean is estimated using a 1-D
scavenging-advection—diffusion model and found to be in the range of 92-141 years. Deposition of Australian dust and advec-
tion of Indonesian Throughflow Water translates to the dAl enrichment in the upper water column (<500 m) at the northern
end of the Indian Subtropical Gyre. Sediment resuspension near the Central Indian Ridge probably enrich the dAl in the
ambient deep water depth (2000-3500 m) and this signal dampens as the deep waters progress north-westward in the Central
Indian Ocean Basin. The bottom water (>3500 m) advects across the Ninety East Ridge from the Western Australian Basin to
bring the dAl-rich waters to the northern end of the Central Indian Ocean Basin.
© 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Dissolved aluminium concentrations in the global ocean
have shown large inter-oceanic fractionation due to varying
nature and strength of its external sources and internal
cycling in different oceanic basins (Chou and Wollast,
1997; Grand et al., 2015b; Measures and Vink, 1999;
Middag et al., 2012; Orians and Bruland, 1986). Deposition
and partial dissolution of continental crust derived atmo-
spheric mineral dust is considered as the major source of
dAl to the surface ocean waters, particularly in remote
ocean regions (Grand et al., 2015b; Hydes, 1979;
Measures and Edmond, 1990). Al released from the resus-
pended sediments over continental margin and seafloor
may also act as an important source of dAl to the ambient
seawaters (Mackin and Aller, 1984, 1986; Middag et al.,
2009, 2015; Moran and Moore, 1991). However, the rela-
tive contribution of Al released from suspended particulate
matter (due to particle dissolution and/or Al desorption)
and diffusive Al flux from dAl enriched sediment pore
waters to the water column near sediment-water interface
is uncertain due to limited knowledge on particulate Al
levels of the resuspended sediments, dAl concentrations of
pore waters and diffusivity across the sediment-water inter-
face (Orians and Bruland, 1986). The extent of Al release
from sediments near ocean margins depends on the inten-
sity of water turbulence leading to sediment remobilization
and availability of reactive Al in the margin sediments
(Measures et al., 2015; Middag et al., 2015; Moran and
Moore, 1991). Concentration of dissolved silicic acid in
ambient ocean waters at sediment-water interface and bio-
genic silica accumulation rates in margin sediments are
observed to control the Al dissolution/desorption from
the resuspended sediments in the water column and dAl dif-
fusive flux from the sediment pore waters, respectively
(Koning et al., 2007, Mackin and Aller, 1984; Middag
et al., 2015; Van Beueskom et al., 1997). Stoichiometric
interaction of Al, released from resuspended sediments,
with ambient dissolved Si may result in the precipitation
of authigenic aluminosilicates and inhibits the build-up of
dAl in the dissolved Si-rich ambient seawater (Mackin
and Aller, 1984, 1986).

Al is also one of the most concentrated dissolved trace
metals in river waters (Gaillardet et al., 2014) but estuarine
processes filter out the majority of the dAl before river
water discharges to the ocean (Mackin and Aller, 1984).
Al released from the atmospheric mineral dust and/or
resuspended sediments in the formation regions and/or
along the advective pathways of water masses and their
subsequent movement to other oceanic regions may also
provide a significant share to the total dAl inventory in
the water column, at least at basin scale (Measures and
Edmond, 1988; Measures et al., 2015; Middag et al.,
2009, 2015). Elevated dAl signals in the deep water
hydrothermal plumes, emanating from hydrothermal vents
along the mid-oceanic ridges, have been reported in the
Atlantic (Lunel et al., 1990; Measures et al., 2015) and
the Pacific (Resing et al., 2015) Ocean. From these studies
it could be summarized that the magnitude of the dAl input
from the hydrothermal processes to the deep waters is lar-

gely controlled by the composition of hydrothermal fluids,
dAl content of the deep waters entrained by the hydrother-
mal plumes near the vents and topographical constraints
around the vents (Lunel et al., 1990; Measures et al.,
2015; Resing et al., 2015). The topography around the vents
is also observed to play a crucial role in controlling the dis-
persal of the dAl-rich hydrothermal plume (Measures et al.,
2015; Resing et al., 2015). However, in view of the limited
observations of dAl near active hydrothermal vents and
seafloor spreading sites, the relative contribution of
hydrothermal dAl input to the global deep waters dAl bud-
get is still debatable and is specifically neglected in simula-
tions by the modeling studies done to date (Gehlen et al.,
2003; van Hulten et al., 2013, 2014).

Dominant controls on output flux of dAl from the water
column are set by particle scavenging processes (Hydes,
1979; Orians and Bruland, 1985). Biogenic silica particles
are one of the main carrier phases of scavenged Al, given
the Al chemical affinity (to get adsorbed) towards high neg-
ative surface charge density of siliceous particles (Dixit and
Van Cappellen, 2002; Dymond et al., 1997; Moran and
Moore, 1988). Along with passive scavenging, active uptake
of Al by the living diatoms during biosynthesis of frustules
is also possible, which has been shown experimentally
(Gehlen et al., 2002). This has implications for export and
remineralization of biogenic silica (bSi) and its regeneration
since Al integration in the silicate framework has been
shown to reduce the solubility of bSi in the seawater
(Koning et al., 2007).

Previous studies (Grand et al., 2015a; Measures et al.,
2015; Measures et al., 2005; Measures and Vink, 2000) have
exploited the surface ocean dAl concentrations to estimate
the atmospheric mineral dust fluxes over different ocean
basins, considering the steady-state balance between Al
input from partial dissolution of mineral aerosols and out-
put via scavenging by particles and their subsequent
removal out of the surface. In general, the order of error
associated with this steady-state, 1-D approach is about a
factor of 3 due to the uncertainties in Al solubility from
mineral dust and dAl scavenging rates (Grand et al.,
2015a; Measures and Vink, 1999). Compared to this, the
estimates of dust deposition fluxes from atmospheric mod-
els have uncertainty on the order of a factor of 10
(Mahowald et al., 2005). Also, in the regions where advec-
tive processes and other sedimentary (e.g. continental mar-
gin sediments) sources/sinks of Al play a major role in
controlling the dAl concentrations, surface dAl-based
atmospheric dust fluxes may be over or underestimated
using the 1-D, steady-state model (Grand et al., 2015a).

Indian Ocean basins, having distinct biogeochemical
dynamics, offer a unique opportunity to understand the
controls of different ocean processes on dAl and other trace
metal cycling. In the north-eastern Indian Ocean (i.e. the
Bay of Bengal and the Andaman Sea), the huge fluvial
input, in the form of freshwater and suspended sediments
(Robinson et al., 2007; Sengupta et al., 2006), may influence
the biogeochemistry of the lithogenic trace metals through-
out the water column (Chinni et al., 2019; Nozaki and
Alibo, 2003; Nozaki and Yamamoto, 2001; Singh et al.,
2012), a process which is not accounted for by the modeling
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studies on dAl cycling (Gehlen et al., 2003; Han et al., 2008;
van Hulten et al., 2013, 2014). The Arabian Sea (north-
western Indian Ocean) is subjected to large spatio-
temporal variations in dust input and productivity, which
may impact the distribution and cycling of Al and other
trace elements in the surface and thermocline waters
(Measures and Vink, 1999; Vu and Sohrin, 2013). Under
the influence of summer and winter monsoon currents,
enormous exchange of surface and thermocline waters takes
place between the Arabian Sea and the BoB (Kumar et al.,
2004; Schott et al., 2009), where the equatorial Indian
Ocean region acts as a connecting pathway between the
two basins. In the equatorial Indian Ocean region, south
of Sri Lanka (~5 °N), mean transport in the upper water
column (~60-100m) of about 8 Sverdrup eastward
(towards the Bay of Bengal) and 12 Sverdrup westward
(towards the Arabian Sea) is estimated during the south-
west and the northeast monsoon period, respectively
(Schott et al., 2009 and references therein; also see Figs. 8§,
9, 10 and 11 in Schott et al., 2009). For this reason, the dAl
distribution in the surface and thermocline waters of the
equatorial Indian Ocean region will be indirectly influenced
by the Al cycling in the northern Indian Ocean basins.

In the Indian Ocean, relatively few measurements of dAl
have been reported and thus our understanding of Al
cycling in this ocean basin is quite limited. Grand et al.
(2015b,c) have recently reported high (spatial) resolution
dissolved Al concentrations data in the eastern Indian
Ocean and across the southern end of the Indian Subtrop-
ical Gyre but their measurements were restricted to the
upper water column (<1000 m). Studies reporting full verti-
cal water column profiles for dAl in the Indian Ocean are
sparse (Obata et al., 2004; Vu and Sohrin, 2013). In this
study we have measured 34 full vertical profiles of dAl in
the northern (the BoB, the Andaman Sea and the Arabian
Sea), equatorial and subtropical gyre region of the Indian
Ocean to constrain the probable sources, sinks and pro-
cesses that may control the dAl distribution in these
regions. This study greatly increases the spatial density of
Al measurements, especially in the deep waters of the
Indian Ocean.

2. MATERIAL AND METHODS
2.1. Sampling and storage

A total of 34 stations were sampled for seawater on two
separate GEOTRACES India cruises (GI-01 and GI-06)
onboard ORV Sagar Kanya, covering the Bay of Bengal
(BoB), the southern Andaman Sea, the central and eastern
equatorial Indian Ocean, the south-eastern Arabian Sea,
and the north to central Indian Subtropical Gyre region.
The GI-01 cruise (Fig. 1) was carried out during the
spring-intermonsoon period (26th March to 19th April) of
2014. During this cruise, samples were collected offshore
Vishakhapatnam (GI-01/1, Fig. 1) followed by a meridional
transect near 87°E (GI-01/2 to GI-01/9; Fig. 1) through the
BoB and the equatorial Indian Ocean. The cruise continued
southwest through the equatorial and Indian Subtropical
Gyre region for further sampling. The GI-06 cruise

(Fig. 1) took place during the late winter monsoon period
(29th January to 1st March) of 2017. Sampling during this
cruise was carried out across the central and southern BoB,
and the equatorial Indian Ocean (Fig. 1). Additional sta-
tions were sampled in the southern Andaman Sea and the
south-eastern Arabian Sea (Fig. 1).

An assembly of 24, 12 L Niskin—X bottles (Teflon
coated, level-action type, General Oceanics), mounted on
a rosette-based sampler with epoxy coated Al frame, were
deployed using a 8 km Kevlar hydrowire for the collection
of seawater from surface (~2-5m) to the ocean bottom
(~50-200 m above the sediment-water interface) at each
station. The seawater sampling rosette system was equipped
with a CTD sensor (SBE-911plus, Sea-Bird Scientific,
USA) for continuous measurements of conductivity, tem-
perature and pressure throughout the water column. An
ECO-NTU (WET Labs, Sea-Bird Scientific, USA), was
added to the package for continuous measurement of sea-
water turbidity during the GI-06 cruise. Immediately after
recovery from the ocean, Niskin—X bottles were transferred
to a clean room container for further sub-sampling. From
the 12 L Niskin bottles, ~1 L aliquots of seawater were col-
lected in acid-cleaned LDPE bottles (Tarsons Products Pvt.
Ltd.) after filtration using 0.2 um filter capsules (AcroPak™
500 with Supor® Membrane, PALL Life Sciences; rinse vol-
ume: 30 ml) under filtered and pressurized air. After filtra-
tion, all the aliquots were acidified to pH ~ 1.7 (0.024 M
HCI) using HCI (Optima™, Fisher Scientific) and stored
for later shore-based analysis of dissolved aluminium and
other trace elements. From these stored seawater samples,
~30ml aliquots were transferred to 60 mL wide-mouth
LDPE bottles (Tarsons Products Pvt. Ltd.) for dissolved
aluminium analysis using a flow injection system (described
in Section 2.2). Before use, the 60 mL wide-mouth bottles
were thoroughly and sequentially cleaned with 2% alkaline
solution (Extran® MA 01, Merck), 4 M HCl prepared using
concentrated  quartz  distilled (from 37%  HCI,
EMPARTA®, Merck) HCl and 1M ultrapure HNO;
(Optima™, Fisher Scientific). During acid cleaning, the bot-
tles were soaked for, at least, 1 day at 60 °C in a hot air
oven and between each cleaning step, the bottles were thor-
oughly rinsed 2-3 times with ultra-high pure water (resistiv-
ity: 18.2 MQ cm; hereafter, MQ water), which was prepared
using Millipore Milli-Q® Element System.

2.2. Analysis

dAl in the seawater samples was analyzed following the
automated inline flow injection analytical technique of
Brown and Bruland (2008) and is discussed here briefly.
The seawater samples were buffered offline to pH 5.5
4+ 0.2 using ammonium acetate buffer (2 M NHyAc, here-
after, sample buffer) prior to inline analysis of dAl. The
sample buffer was prepared using commercially available
25% high purity ammonia solution (Suprapur®, Merck)
and 99% high purity glacial acetic acid (Optima™, Fisher
Scientific) and the pH of the buffer was adjusted to 9.0
=+ 0.1 using 25% high purity ammonia solution. The cycle
of each sample analysis starts with the conditioning of pre-
concentration column, which was prepared by packing the
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Fig. 1. Map showing the stations occupied for clean seawater sampling during the GI-01 (black symbols) and GI-06 (red symbols) cruises.
Tracks of various major rivers flowing through India and Indo-Myanmar regions to the BoB and the Andaman Sea are shown. Sampling
locations for dAl and other ancillary data from earlier studies used during the discussions in the text are also plotted. This map was prepared
using ODV 4.7.9 software (Schlitzer, 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

iminodiacetic acid resin (TOYOPEARL® AF-Chelate—
650 M, Tosoh Bioscience) in a 2 cm mini-column with inter-
nal volume of 27 ul (Global FIA, USA), for 30 s using a
column conditioning solution (0.1 M NHjAc buffer;
pH ~ 5.5). The column conditioning solution was prepared
by diluting sample buffer with MQ water and adjusting the
pH with 99% high purity glacial acetic acid. Next, the buf-
fered sample was loaded onto the column for 120-300 s.
Generally, samples with (expected) dAl concentration
below 15 nM (open ocean samples) and >15nM (coastal
surface waters) were preconcentrated on the column for
300 s and 120-180 s, respectively. Thereafter, the column
was rinsed again with the column conditioning solution

for 30 s to remove the excess and interfering seawater salts.
The Al was then eluted from the column with 0.1 M HCI,
prepared using concentrated high purity HCl (32-35%,
Optima™, Fisher Scientific), for 600s. The eluent then
mixed with lumogallion reaction solution to form a fluores-
cent Al-lumogallion complex. The lumogallion reaction
solution is made by adding 2.5 ml of lumogallion stock
solution (4.8 mM; 50 mg lumogallion (>98.0%, TCI, Japan)
in 30 ml MQ water] to 250 ml of pH adjusted (to 6.3 & 0.1),
4 M NHjAc buffer solution, which was prepared with 25%
high purity ammonia solution and 99% high purity glacial
acetic acid. Complete mixing of the Al-lumogallion com-
plex in the reaction stream was achieved by passing it
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through a 10 m knitted coil (Selavka et al., 1987), kept com-
pletely submerged in a 2 L water bath (StableTemp, Cole-
Parmer) at 50 °C (£0.2 °C). Brij-35 solution (5% Brij®
L23 solution; Sigma-Aldrich) was then added to the reac-
tion stream and their mixture was passed through a 4 m
knitted reaction coil into the fluorescence detector (RF-
20A Shimadzu). The Brij-35 solution increases the total
intensity of fluorescence from the Al-lumogallion com-
plexes formed (Resing and Measures, 1994). Before every
batch of analysis (50-60 combined runs of samples, stan-
dards and blanks), the preconcentration column was thor-
oughly cleaned by passing ~0.5M high purity HCI
(Optima™, Fisher Scientific) through the column for several
hours.

For preparing external calibration standards and esti-
mation of procedural blank, a low-Al, column-cleaned sea-
water (CCSW) was made by passing buffered (pH ~ 5.5)
deep seawater sample (collected in bulk during GEO-
TRACES cruise, GI-02, in the Indian Ocean from
4450 m depth) through the preconcentration column simi-
lar to that used for the sample analysis. For each batch
of analysis, the standards for external calibration were
made using freshly prepared CCSW and spiking it with dif-
ferent proportions of primary standard (~240 nM), which
was prepared by serial dilution of commercially available,
single element, Al ICP standard (1000 mg/L, CertiPUR®,
Merck). Batches of analysis having different sample loading
time, as discussed earlier, were run with separate external
calibration curves determined for each batch. Procedural
blank estimation for the dAl analysis was made by running
the CCSW as a sample, generally 2-3 times in one batch of
analysis. The mean of signal counts recorded for all the
CCSW runs in one batch of analysis was set as the intercept
of the calibration curve for the batch. The blank of the
analysis was then estimated by dividing the mean signal
counts for CCSW runs with the slope of the calibration
curve. Mean blank determined in this study at different
days of analysis for 300s sample loading time was 0.4
4+ 0.1 nM (1SD, n=155). The detection limit, defined as
three times the standard deviation of the blank, was also
determined for different batches. The mean of the detection
limits observed at different days of measurements in this
study was 0.1 nM.

Table 1

During the GI-06 and GI-01 cruises, major nutrients
(H,Si0,4, PO3™ and NO3) in seawater samples were ana-
lyzed onboard based on colorimetric detection method
(Hansen and Koroleff, 1999) using an automated continu-
ous flow analyser (Skalar San**) and a UV-Vis spec-
trophotometer (UV-1800, Shimadzu), respectively. The
precision of H,SiO,, PO3~ and NO3 measurements, during
the GI-01 cruise, were +0.02 uM, +0.01 pM and +0.02 uM
respectively (Chinni et al., 2019). During the GI-06 cruise,
H,SiO4, PO3~ and NO; were measured with percentage
relative standard deviation (% RSD) better than 6%, 2%
and 5%, respectively, for repeat analysis.

2.3. Data quality check

A combined total of 585 samples were analyzed for the
dAl concentrations. SAFe and GEOTRACES reference
seawater samples were analyzed for their dAl concentra-
tions. The measured dAl concentrations for the North
Atlantic GEOTRACES reference standards (GS and GD)
showed very good agreement with their reported consensus
values (Table 1). However, the dAl values for the SAFe ref-
erence standards (SAFe D1 and D2) are ~1.5-2 times
higher than the reported consensus values (Table 1). The
values determined here are similar to the values recently
reported (Table 1) by Resing et al. (2015). We also carried
out multiple analyses of two in-house reference samples
(InStd-D: 22nM £ 5% (1SD), n=42 and InStd-T:
3.8 nM + 8% (1SD), n = 49) with batches of seawater sam-
ples. InStd-D and InStd-T were sub-samples of acidified,
bulk seawater samples (~20 L) collected from 4000 m and
200 m water depths, respectively, during a separate Indian
GEOTRACES cruise (GI-02) in the western equatorial
Indian Ocean region.

Japanese GEOTRACES station, ER-2, (Fig. 1, Vu and
Sohrin, 2013) in the BoB was reoccupied (as GI1-06/3) dur-
ing the GI-06 cruise. To directly compare the data sets, we
converted our dAl data from nM to nmol kg~' (concentra-
tion unit used by Vu and Sohrin (2013)) using the potential
density of the seawater samples. Though the broad distribu-
tion patterns are similar for GI-06/3 and ER-2, the absolute
values show slight differences in the thermocline and deep
waters (>100 m, i.e., y*>25kgm >, Fig. 2a) but mostly

Comparison of measured dAl concentrations (this study) and their consensus values in SAFe and GEOTRACES reference samples. Results

from Resing et al. (2015) for SAFe reference samples are also presented.

Reference Sample Batch No. Al Concentration*™
This Study Resing et al. (2015)** Consensus Value**
SAFe D1 D1 #242 1.28 £0.12 (1SD, n=4) 1.26 £ 0.11 (1SD, n = 32) 0.62 +£0.03 (1SD)
SAFe D2 D2 #361 1.63 £0.08 (1SD, n = 3) 1.63 £ 0.13 (1SD, n = 26) 1.03 £ 0.09 (1SD)
GEOTRACES GD GD #163 17.7+ 0.8 (1SD, n =4) - 17.7+ 0.2 (1SD)
GD #31 17.4+£0.2 (1SD, n=3)
GEOTRACES GS GS #101 28.6 £ 0.4 (1SD, n=4) - 27.54+0.2 (1SD)

* The consensus values for the SAFe and GEOTRACES reference samples are in nmol kg~! while their reported values in this study and

Resing et al. (2015) are in nM.

™ Given values represent the mean and one standard deviation of all the SAFe reference samples analyzed by Resing et al. (2015) and
consensus values (as of May 2013) with one standard deviation after inter-laboratory calibration of SAFe and GEOTRACES references

samples.



N.D. Singh et al./ Geochimica et Cosmochimica Acta 268 (2020) 160185 165
dAl (nmol kg-1) dAl (nM) dAl (nM)
2 4 6 8 10 12 14 0 4 8 12 16 20 24 2 4 6 8 10 12 14 16
21 | O T S VI | PN | N O/ | (| ! | ! 1 L | L 1 L [N N N [N N NN TN [N NN N N W | 21
: | O : e H (itel FeHE
22 + -1 H i 22
23 e teq ] b e d o o - 23
G 27 o™ . o - 2
E 251 o . o [ 25
X 26 HM a k] . oW blm - 26
c 1 E i
= 27 jMHH <1000 m —_ﬁ <1000 m Jg <1000 m [ 27
% 27.6 ¥ 27:6
J 1 > > -
,5‘:’ 17 ] hE >1000m| 1 & 1000 m 1000m|
T 27.8 W 1@ ) - 27.8
3 210 ] 18 l
é) 279 _*m i ¢ **q i 27.9
28.0 - Q — 28.0
28.1 ﬁ& o - b ﬁ m c - 28.1
[ J GI-06/3 (This Study) [ J GI-06/4 (This Study) ([ ] GI-06/12 (This Study)
A GI-01/7 (This Study) O PA-9 (Obata et al., 2004) O GI-01/8 (This Study)
o ER-2 (Vu and Sohrin, 2013) ——  Analytical uncertainty —  Analytical uncertainty
—  Analytical uncertainty

Fig. 2. Comparison of dAl vertical profiles at (a) GI-06/3 and the corresponding crossed over station, ER-2, of the Japanese GEOTRACES
cruise; the results from station GI-01/7 sampled close to the cross—over stations (GI-06/3 and ER-2) are also plotted, (b) stations GI-06/4
and PA-9 (Obata et al., 2004), apparently overlapping each other in space (see text and Fig. 1), and (c) nearby stations GI-01/8 and GI-06/12.
Analytical uncertainty estimates: (i) ER-2: precision achieved (~9%, 1SD; Vu and Sohrin, 2013) after repeat analysis of SAFe deep water
reference seawater, (ii) PA-9: precision achieved (2.7%, 1SD; Obata et al., 2004) at 2.0 nM and (iii) This study: precision achieved (5%, 1SD)
after repeat analysis of in-house reference seawater, InStd-D (see text).

overlap within 20% of the dAl observed at similar neutral
densities of the two stations. Such differences were also evi-
dent when the dissolved Fe data at ER-2 and nearby station
GI-01/7 (Fig. 1) were compared, particularly below 500 m
(refer Fig. 2C of Chinni et al., 2019). Given the long time
span (7 years) between occupations of the two stations,
these differences may result from interannual variations in
lithogenic sediment fluxes to the BoB (Unger et al., 2003),
which predominantly controls the dissolved Fe (Chinni
et al., 2019) and dAl (discussed later in Section 5.1.1 and
5.2.1) in the region. dAl concentrations in the deeper waters
(>1000 m) at stations GI-01/7 and GI-06/3, sampled within
130 km (Fig. 1), compare better (Fig. 2a). Station GI-06/4
(8.148°N, 89.148°) is within 25 km of station PA-9 (8.0°
N, 89.0°E, Fig. 1, Obata et al., 2004) with dAl below
1000 m being comparable or low relative to that at PA-9
(Fig. 2b). The dAl distributions at nearby stations GI-
01/8 and GI-06/12 also showed comparable results
(Fig. 2¢). In general, the dAl concentrations at crossover
or nearby stations show, relatively, large differences in the
upper water column (<1000 m, Fig. 2) presumably due to
smaller residence time of dAl compared to that in the dee-
per waters (Orians and Bruland, 1986), and therefore,
showing more sensitivity towards seasonal and interannual
variations in the dAl input from sources in the BoB.

3. GENERAL CIRCULATION AND WATER MASS
STRUCTURE

Several studies (Kumar and Li, 1996; Mantyla and Reid,
1995; Schott et al., 2009; Tomczak and Godfrey, 2003a,b;

You and Tomczak, 1993; You, 1997, 2000; Shetye et al.,
1994; Singh et al., 2012; Wyrtki, 1973) have discussed the
circulation and structure of the water masses present in
the Indian Ocean basins. Here, we shall describe the circu-
lation patterns and water-mass structure observed during
the study period, mostly restricting to the studied regions.
To facilitate data interpretation and discussion, the study
area has been sub-divided into different sub-basins in the
Indian Ocean: (1) Bay of Bengal (BoB; north of 5°N, 80—
92°E), (2) Andaman Sea (north of 5°N and 94-100°E), (3)
Arabian Sea (AS; north of 5°N, 51-73°E), (4) Equatorial
Indian Ocean (Eq.IO; 5°N-5°S) and (5) Indonesian
Throughflow and Indian Subtropical Gyre (ITF-ISG;
south of 5°S) region. Stations GI-06/11 and GI-06/12
(Fig. 1) were considered to be in the transitional region
from the southern BoB to the Eq.IO. Fig. 1 shows the sta-
tions occupied in different sub-basins (defined above) dur-
ing the GI-01 and GI-06 cruises in the Indian Ocean.

3.1. Surface and thermocline waters

The large annual river water influx from the Himalayan
rivers (the Ganga and the Brahmaputra), Indian peninsular
rivers (the Mahanadi, the Godavari and the Krishna) and
Indo-Myanmar rivers (the Irrawaddy and the Salween) to
the north-eastern Indian Ocean (i.e., the BoB and the
Andaman Sea) is manifested as low salinity, Bay of Bengal
Water (BBW) in the surface water layer of the region. The
thickness of the low salinity (<34) surface layer gets shal-
lower in the southern BoB (<50 m) and the Andaman Sea
compared to the northern and central BoB (50-100 m;
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Fig. 3a and 4a). Dominating the contributions from all the
rivers, the Ganga-Brahmaputra (G-B) river system annu-
ally discharges freshwater and suspended sediments on
the order of 10° km® and 10> Mt (1 Mt = 10° kg), respec-
tively, to the BoB (Galy and France-Lanord, 2001;
Sengupta et al., 2006, Singh et al. 2008). A comparable
freshwater flux and about half of the suspended sediment
flux from the G-B river system is discharged by the Irra-
waddy and Salween (I-S) river system to the Andaman
Sea (Damodararao et al., 2016; Robinson et al., 2007). Dur-
ing the late fall intermonsoon to the late winter monsoon
period (November to February), the low salinity BBW is
transported to the surface layers of the Arabian Sea by
the Northeast Monsoon Current (NMC, Fig. 5a), centered
along 5°N, and the East Indian Coastal Current (EICC),
flowing southward along the east coast of India (Kumar
et al., 2004; Schott et al., 2009; Wyrtki, 1973; Goswami
et al., 2014). The low surface salinity (33.53-34.18)
observed during the late winter period in the south-
eastern Arabian Sea (GI-06/21, 22 and 24; Fig. 4¢) suggests
the advection of the BBW to this region.

In general, the surface waters in the BoB showed an
anti-cyclonic motion during both the cruises (Fig. 5a). Over
this general circulation pattern, transits of strong anti-
cyclonic (warm-core) eddies at stations GI-01/3 and GI-
01/5 and cyclonic (cold-core) eddies at stations GI-06/2,
GI-06/10 and GI-01/7 were observed, which are marked
by deepening or shoaling of the neutral density (y"; kg
m~) isolines and salinity variations at these stations
(Figs. 3a, 4a and b).

In the southern Andaman Sea, advection of low salinity,
Indonesian Water from the Strait of Malacca (SoM) to the
Andaman Sea may also contribute to the surface waters
(Rizal et al., 2012). Further, the low salinity surface waters
of the southern Andaman Sea may advect to the southern
BoB as evident from the surface circulation patterns (refer
Fig. 5a for a schematic representation) and low surface
salinity levels (<34) at stations GI-06/8, 9, 11 and 12, and
GI-01/08 in the southern BoB. However, eddy pumping
of sub-surface waters to the surface layer erodes this low
salinity signal at station GI-06/10 (Fig. 4b).

Mixed layer salinity (Syyr) in the equatorial stations was
higher (33.80-35.33) compared to that in the BoB due to
decreasing contribution from BBW, and increased west-
ward (~34.63 at GI-06/13 to ~35.33 at GI-06/19,
Fig. 4b), presumably, due to the admixing of the equatorial
surface waters with high salinity surface waters of the
southern Arabian Sea under the influence of the NMC
(Fig. 5a). Sub-surface (75-100 m) salinity maxima observed
in the coastal Arabian Sea and equatorial stations west of
88°E (GI-06/12 to GI-06/20, GI-01/09 and GI-01/10;
Figs. 3a, 4b and c) indicate the presence of Arabian Sea
High Salinity Water.

Further south in the ITF-ISG region (south of 5°S), the
surface and thermocline waters (0-1000 m) at stations GI-
01/11 and GI-01/12 are impacted by the low salinity,
Indonesian Throughflow Water (ITW) carried by the
west-flowing South Equatorial Current (SEC) across the
latitude range: 8-15°S (Tomczak and Large, 1989;

Fig. 5a). This is evident from the low salinity surface waters
(Fig. 3a) and variations in T-S (potential temperature-
salinity) curve at these stations (refer to Fig. S1(d)] resulting
from mixing and interleaving between the ITW and the
Indian Central Water (ICW) (Tomczak and Godfrey,
2003a; Tomczak and Large, 1989). The ICW is formed in
the subtropical convergence zone (40-45°S) by subduction
of subtropical surface waters (You and Tomczak, 1993)
and represented by thermocline waters at station GI-
01/16, showing its typical T-S curve (0 ~ 9-15 °C, Fig. S1
(d)). The upper water column (<200 m) of station GI-
01/16 in the subtropics (Fig. 1) comes under the influence
of north-east flowing South Indian Counter Current (SICC,
Fig. 5a) which is fed by retroflection of Southeast Madagas-
car Current (SEMC) waters (Schott et al., 2009 and refer-
ences therein).

3.2. Deep and bottom waters (>2500 m)

Principle water-masses filling up the deep and bottom
water column depth (>2000 m) in the Indian Ocean are:
the Modified North Atlantic Deep Water (MNADW) and
the Antarctic Bottom Water (AABW) (Kumar and Li,
1996; Singh et al., 2012; Goswami et al., 2014; You,
2000). The MNADW is formed by mixing and entrainment
of the North Atlantic Deep Water into the Circumpolar
Deep Water (CDW) of the Indian Ocean Sector of the
Southern Ocean (Kumar and Li, 1996; You, 1999) and
occupies the depth range of 2000-3500 m (You, 1999).
The AABW fills the deepest depths (>3500 m) in the Indian
Ocean Basins (Tomczak and Godfrey, 2003a; You, 1999).
Fig. 5b depicts the general circulation scheme of the deep
(2000-3500 m) and bottom (>3500 m) waters in the Central
Indian Basin and BoB (Kumar and Li, 1996; Mantyla and
Reid, 1995; Toole and Warren, 1993; You, 2000). Deep
waters (2000-3500 m) are mainly derived from the South
Australian Basin into the Central Indian Basin and BoB
through the deep passage between the Broken Plateau
and the Southeast Indian Ridge and flow northwards
(Fig. 5b; You, 2000). On the other hand, bottom waters
in the Central Indian Basin are primarily derived from
the Western Australian Basin through the deep saddles at
~5°S and 10°S on the Ninety—East Ridge (NER, Fig. 5b;
Mantyla and Reid, 1995; Tomczak and Godfrey, 2003a;
Toole and Warren, 1993). In contrast to the northward
movement of deep waters above, the bottom waters, after
entering into the Central Indian Ocean Basin, turn and flow
southwards (Mantyla and Reid, 1995; Toole and Warren,
1993; refer Fig. 5b for a schematic representation).

4. RESULTS

4.1. dAl distribution in the surface mixed layer and upper
thermocline waters (0—300 m)

For better understanding and data interpretation, the
BoB region was further sub-divided into the northern (N.
BoB; >17°N), the central (C.BoB; 10-17°N) and the south-
ern BoB (S.BoB; 5-10°N). The mean dAl concentrations in
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Fig. 3. (a) Salinity of and (b) dAl concentrations in the water column sampled along the GI-01 cruise transect (shown in the inset map) during
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column below (>300 m).
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the surface mixed layer (dAly) observed in the BoB were
in the range of 9.2-48.3 nM, combining both the cruises
(refer Table S1 in the supplementary dataset). The merid-
ional section sampled in the BoB during the spring-—inter-
monsoon period (GI-01 cruise) showed a similar
latitudinal trend (Fig. 6) in the dAlyy variations as
reported earlier by Grand et al. (2015a), showing decreasing
dAly concentrations from the N.BoB to the S.BoB. Note
the general mismatch between the dAly observed for the
C.BoB stations in this study and topmost depth sampled
in the C.BoB by Grand et al. (2015a) (Fig. 6). The topmost
sampling depths of Grand et al. (2015a) in the C.BoB lie
below the surface mixed layer observed during their sam-
pling period (refer Figs. 2 and 3 of Grand et al. (2015a))
and therefore probably represent the dAl levels in the
strong chemocline (decreasing dAl concentrations) below
the surface mixed layer. Independently, this observed mis-
match in the C.BoB may also result due to the interannual
variations in dAl supply from the sources and/or influence
of eddies (given the 7 years of time gap between sampling
periods of this study and that of Grand et al., 2015b) on
the surface dAl. During the spring-intermonsoon period
(GI-01 cruise), highly enriched dAlyy value (~47 nM)
was observed in the northernmost station, GI-01/2, situated
closest to the mouths of the Ganga and Mahanadi rivers
(~200 km and ~70 km from the Hooghly river (the Ganga)
and the Mahanadi river mouth, respectively) and probably,
most influenced by the fluvial inputs (freshwater and sedi-
ments) of the G-B river system. South of the station GI-
01/2 at GI-01/1 and from stations GI-01/3 to GI-01/5 in
the C.BoB, dAlyp showed near-uniform values (mean
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Fig. 6. Latitudinal variations of dAlyy (grey squares) observed
along the GI-01 cruise track and dAl concentrations measured at
the topmost water depth (black and grey diamonds) sampled along
the U.S. CLIVAR CO2 Repeat Hydrography 109N cruise in the
Indian Ocean. The grey diamonds distinguish the stations where
the topmost depth analyzed for dAl concentrations was below the
observed mixed layer depth during the U.S. CLIVAR CO2 Repeat
Hydrography 109N cruise (Grand et al., 2015a).
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dAly =27.3+£0.9nM, Fig. 7) with significant variation
in Sy (31.802-33.386). Thereafter, from station GI-01/5,
towards the S.BoB, dAly decreased linearly (R?=10.90,
Fig. 7) with increasing Sy . During the late winter period
(GI-06 cruise), dAl enrichment together with decreasing
salinity in the surface waters (<50 m) was observed towards
the southeast coast of India (GI-06/1) and the region
around the Nicobar Islands (GI-06/5, 6, 7, 8 and 9;
Fig. 4a, b, d and e). dAlyy concentrations at GI-06/7 and
8 (~43-48 nM; Fig. 4e and Table S1) near the Nicobar
Islands were one of the highest observed during this study.
It is interesting to note that at stations GI-01/7 and GI-
06/10 in the S.BoB (Fig. 1), where transit of cold-core
eddies were observed, a sudden decrease in dAly concen-
trations (Figs. 3b and 4e) accompanied with a steep increase
in Syq, relative to the adjacent stations (Figs. 3a and 4b),
was observed.

During the spring-intermonsoon period (GI-01 cruise),
sub-surface maxima were observed in the dAl profiles of
the BoB around 100-150 m (Fig. S2). The strength of these
sub-surface maxima in the dAl profiles decreased from the
northern (~22.8 nM at station GI-01/2) to the southern
BoB (~10.7 nM at station GI-01/8). Among the Eq.IO sta-
tions, highest dAlyy levels (13.4-15.4 nM) were observed at
the stations transitional to the S.BoB and the Eq.IO (GI-
06/11 and 12), which gradually decreased towards the west-
ern equatorial region during the late winter period of sam-
pling (Fig. 4e). A tight correlation (R? = 0.94, Fig. 8) is also
observed between the Sy and dAlyp in the equatorial
waters.
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Fig. 7. dAly plotted against Sy for the stations sampled in the
BoB during the GI-01 cruise. The station sampled at the
northernmost point in the BoB (GI-01/2; grey circle) showed
highly enriched dAlyy level. The red dashed line represents the
mean dAly, for stations GI-01/1, 3, 4 and 5 (see text). The green
dashed line represents the apparent mixing line between the C.BoB
and the S.BoB waters estimated by a least-square linear fit to the
dAly; data at stations GI-01/5, 6, 7 and 8 (refer to Fig. 1 for
station locations). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. dAly variation with Sy for the equatorial stations (GI-
06/11 to GI-06/20) sampled during the GI-06 cruise. The plot
shows a tight linear correlation between the two parameters
suggesting admixing of dAl-rich, low salinity surface waters of the
S.BoB and the southern Andaman Sea with relatively dAl-poor,
high salinity surface waters of the southern Arabian Sea (see text).
Data point for station ER-8 occupied in the southern Arabian Sea
during the Japanese GEOTRACES cruise (Vu and Sohrin, 2013) is
also plotted for comparison.

Highly enriched dAly,; concentration (~18 nM) at GI-
01/12 (~14.5°S) and relatively elevated dAl (>4 nM)
throughout the upper thermocline waters (<500 m) are
the most noteworthy observations in the ITF-ISG region
(Fig. 3b). High resolution sampling for dAl measurement
by Grand et al. (2015b) in the subtropical Indian Ocean,
further east along the 95°E, also showed a similar pattern
of elevated dAl concentrations (~8.5-11.7 nM) in the sur-
face waters (<25 m) at the central and northern reaches of
the subtropical gyre (12.5-23.5°S; Fig. 2c of Grand et al.,
2015b). However, it should also be noted that the observed
enrichment of dAl in the surface waters at ~8.5°S and
~14.5°S (GI-01/11 and 12) in this study (Fig. 6) is about
1.5-2 times higher than those observed by Grand et al.
(2015b) over a similar latitudinal range (12.5-23.5°S) east-
ward at 95°E, which is possibly impacted by dust deposition
(Grand et al., 2015a.,b). Further south at the central ISG
region (GI-01/16: ~25.3°S, 70°E), dAly concentration
(8.6 nM) decrease relative to that observed (~14-18 nM)
in the northern reaches of the gyre.

4.2. dAl distribution in the lower thermocline and deeper
waters (>300 m)

During the spring intermonsoon period (GI-01 cruise),
highest dAl levels in the deeper waters (>500 m) were
observed in the BoB region, reaching up to ~14-15nM in
the bottom waters of the N.BoB and the C.BoB (Fig. 3b).
Increasing dAl concentrations were observed towards the
seafloor (>2000 m) for all the BoB stations during the GI-
01 cruise, more profoundly in the N.BoB and the C.BoB
stations (Fig. 3b). Similar dAl distribution pattern was also
evident near the eastern coast of India (GI-06/1, Fig. 4d)
during the late winter period (GI-06 cruise), showing ele-
vated dAl concentrations in the intermediate and deep
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waters (>500 m) compared to that at the open ocean sta-

tions (GI-06/2, 3 and 4).

At the center of the southern Andaman Sea (GI-06/6),
dAl concentrations in the intermediate waters (500-
1500 m) showed a similar distribution compared to that
observed in the nearby stations in the S.BoB (GI-06/5
and 8; Fig. 4d and e). While dAIl levels decreased (to
~2.5-2.7nM) in the deeper waters below 1500 m (1800—
2500 m) at the nearby S.BoB stations (GI-06/5 and 8),
dAl concentrations at GI-06/6 showed remarkably uniform
distribution (~3.7 nM) in the similar depth range (Figs. 4d
and S3). Similar uniformities in the deep water profiles for
various other physical and chemical tracers (e.g. '*C, REE,
29Th and major nutrients) are also reported in the Anda-
man Sea (Dutta et al., 2007; Nozaki and Alibo, 2003;
Okubo et al., 2004). On the other hand at GI-06/7 station,
sampled very close to the Nicobar Islands, dAl concentra-
tions showed increment below 500 m towards the margin

of Andaman-Nicobar Ridge (Fig. S3).

In the Arabian Sea region, the dAl concentrations in the
lower thermocline and deeper waters (>1000 m) of stations
GI1-06/21 and 22 (2.4-3.0 nM; Figs. 4f and S4) were similar
to recently reported dAl levels (2.2-2.5 nM; Fig. S4) by Vu
and Sohrin (2013) at nearby station ER-7 (Fig. 1). How-
ever, close to the southeast margin of the Arabian Sea
(GI-10/24), relatively, elevated dAl concentrations (3.3
3.6 nM; Figs. 4f and S4) were observed at similar deeper
depths. Also, a discrete dAl maximum was observed in
the thermocline waters at 600 m close to the margin of

the Sea (GI-06/24; Fig. S4).

During the GI-06 cruise, dAl concentrations observed in
the deeper waters (>500 m) of the Eq.IO were low (<5 nM)
relative to the N.BoB and the C.BoB but comparable to the
S.BoB (Figs. 3b, 4d and 4e). In the same cruise, a continu-
ous increase in dAl values in the bottom waters (>3500 m)
towards the seafloor were observed in the eastern equatorial
region (GI-06/11, 12, 13 and 14; Fig. 4e). Further south in
the Eq.IO region at station GI-01/9 (~2°S), dAl maximum
(~5 nM) around 3000 m was observed (Fig. 3b).
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In the Indonesian Throughflow and Indian Subtropical
Gyre (ITF-ISG) region, important variations in the dAl
concentrations were observed in the deep and bottom
waters (>2000 m; Fig. 3b). Combining the previously
reported data in the region by Vu and Sohrin (2013) (ER-
10: 20.00°S, 72.55°E; Fig. 1), we examined the patterns in
the distribution of dAl for the deep (2000-3500 m) and bot-
tom waters (>3500 m) in the ITF-ISG region. Average dAl
concentration in the bottom waters is relatively elevated
(3.9nM) at the northernmost station of the region, GI-
01/11, (~8.5°S, 80.8°E) where dAl maximum at 4000 m
was also observed (Fig. 9b). At this station, a large propor-
tion of the bottom waters presumably comes from the
colder bottom waters of the Western Australian Basin,
advected across the deep saddles in the Ninety—East Ridge
(NER; Fig. 5b) to the Central Indian Ocean, which was also
evident from the lower potential temperatures observed in
the bottom waters at this station (Fig. 9a). Moving further
southwest, overall, the dAl level in the bottom waters first
decreased at GI-01/12 and then increased again close to
the Central Indian Ridge (CIR) at ER-10 (Fig. 9b). On
the other hand, average dAl concentration in the deep
waters showed a continuous increase from the north
(2.6 nM at GI-01/11) towards the southwest and showed
highest dAl levels near the CIR (5.3nM at GI-01/16,
Fig. 9b). At GI-01/16, the dAl concentration gradually
increased in the deeper waters (>1500 m; Fig. 9b) reaching
to the maximum value (5.3 nM) at the deepest sampled
depth (2260 m) which coincided with the anomalously high
water turbidity values around 2250 m (Fig. 9c).

5. DISCUSSION

5.1. Controls on dAl distribution in the surface mixed layer
and upper thermocline waters (<300 m)

In the surface mixed layer, deposition of atmospheric
mineral dust and its subsequent partial dissolution is the
key process regulating the dAl distribution. However, as
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Fig. 9. Vertical profiles of (a) potential temperature (8) and (b) dAl in the deep and bottom waters of stations sampled in the ITF-ISG region.
The solid brown line below each dAl profile in (b) indicates the water depth of respective sampling station. Fig. (c) shows variations in water
turbidity in the deep waters of station GI-01/16; the turbidity maximum (at ~2250 m) observed in the plot marks the presence of a
hydrothermal plume. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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noted in the introductory remarks, the huge input of fluvial
derived lithogenic sediments in the north-eastern Indian
Ocean (the BoB and the Andaman Sea), either in the form
of suspended sediments in the surface water layer and/or
resuspended after deposition over the shelf, may impact
the surface dAl concentrations in these regions. Moreover,
the surface and upper thermocline waters in the northern
and equatorial Indian Ocean are influenced by seasonally
reversing monsoonal current (Wyrtki, 1973; Schott and
McCreary Jr, 2001), which may play an important role in
transporting the dAl signals from one sub-basin to another.
In addition to the aforementioned processes, the intrusion
of Pacific waters through the Indonesian seas to the upper
water column (primarily above 400 m, Schott et al., 2009)
of the tropical Indian Ocean with the Indonesian Through-
flow (ITF) may impact the dAl distribution.

In the following Sections 5.1.1-5.1.3, to have first-order
estimates of the dAl input to the surface mixed layer, sup-
ported by the lithogenic sediments flux from atmospheric
dust deposition and/or fluvial sediment discharge to the
BoB, the equatorial Indian Ocean and the Arabian Sea,
we used a 1-D box-model equation, which is a rearranged
MADCOW model equation (Grand et al., 20152a) and given
as follows:

G x MRT x ff:ld x Sol.

Al = Ay x MLD
wt C

x 10° (1)

where G is the lithogenic sediment flux (in g m~2 yr—!), Sol.
is the fractional solubility of Al from the lithogenic sedi-
ments, Ay is the atomic weight of Al (in g mol™!), MRT
represents the mean residence time (in years) of dAl in
the surface mixed layer, 5 is the fraction of Al in the sed-
iments, dAly, is the estimated lithogenic sediments sup-
ported dAl concentration (in nM) in the surface mixed
layer, MLDc is the annual average of mixed layer depth
estimated using monthly climatological mixed layer depth
data (density threshold-based; Holte et al., 2017) reported
closest to the sampling locations, and 10° is the factor to
account for conversions of units.

Grand et al. (2015a) estimated the Al fractional solubil-
ity from atmospheric mineral dust deposited in the eastern
Indian Ocean to be 3.6% using the observed Al solubility
data from the dust deposition over the Atlantic and the
Pacific surface ocean (Buck et al., 2010, 2013). The ratio-
nale behind this exercise was that the air masses carrying
the mineral dust over the eastern Indian Ocean have mixed
characteristics of air masses over the Atlantic (influenced by
natural and anthropogenic dust) and the Pacific (from
remote regions) Ocean. In the Arabian Sea, Schiilller
et al. (2005) used an Al solubility of 3% with their observed
surface dAl to estimate mineral dust deposition fluxes and
found good agreement with the dust fluxes estimated from
the direct measurements of mineral dust concentration in
the ambient aerosols. Balancing the observed dAl inventory
in the surface mixed layer and estimates of Al dissolution
from mineral dust, Grand et al. (2015a) calculated the mean
residence time of dAl in the surface mixed layer to be
1.1 years in the north-eastern Indian Ocean (north of 5°
S). In the south-eastern Arabian Sea, similar estimates of
the residence times, ranging from 0.5-2 years, are given

by the biogeochemical modeling studies on surface dAl
(Gehlen et al., 2003; Han et al., 2008).

In the following sub-sections, for consistency, we used
the same Al fractional solubility and mean residence time,
i.e. 3.6% and 1.1 years, respectively, to estimate the dust
supported surface dAl in the BoB, the equatorial Indian
Ocean and the south-eastern Arabian Sea region. Also,
the fraction of Al in the atmospheric mineral dust deposited
(£ is assumed to be 8% (McLennan, 2001), considering
the mineral dust to be originating from the upper crust.

5.1.1. The Bay of Bengal (BoB) and the Andaman Sea
Near uniform dAlyy concentrations with significant
variation in the surface water salinity in the C.BoB (GI-
01/1, 3, 4 and 5; Fig. 7) and highly enriched dAlyy at the
N.BoB (47.1 nM at GI-01/2) with comparable Sy (to that
observed in the C.BoB; Fig. 7) suggests that dAl input from
the huge freshwater influx of rivers play a secondary role in
controlling the dAl distribution in the surface waters of the
N.BoB and the C.BoB. Apart from the dissolved Al inputs
from the rivers in the BoB, Al release from partial dissolu-
tion of and Al desorption from the lithogenic particulate
matter supplied by the rivers, resuspension of sediments
from continental margins (shelf and slope) and atmospheric
mineral dust deposition, may also exert major controls on
the dAIl distribution in the upper water column of the
BoB. Relative contributions of dissolved Al from river
water and Al release from lithogenic sediments (atmo-
spheric and fluvial derived) to the surface water layer of
BoB may be determined if data on Al concentration in
the sediments, sediment flux across surface water layer,
fractional solubility of Al from the sediments, dissolved
Al levels at the mouth of rivers discharging into the BoB
and their water discharge are available. Al concentration
in the sediments is considered to be 8% by weight, which
is similar to the Al composition in the suspended sediments
of Brahmaputra river [(7.9 £ 0.8)% (1SD), n = 13; Singh
and France-Lanord, 2002) and the upper continental crust
(8.04%; McLennan, 2001) but lower than that in the fine
(<4 um) silicate fraction of the Ganga bank sediments
[(11.8 £ 0.6)% (1SD), n = 4; Singh et al., 2008).
First-order estimates for the Al fractional solubility
from the sediments were obtained using the shallow depth
lithogenic sediment flux data (Unger et al., 2003) in the
BoB as representative of sediment input (both, from atmo-
spheric dust deposition and fluvial sediment discharge) to
the surface and considering the observed dAly; concentra-
tions to be in steady-state with respect to the sediment
derived Al input (i.e. dAlyy, in Eq. (1) equals to the
observed dAly) and first-order removal of Al by particle
scavenging processes (Eq. (1)). In the N.BoB and the C.
BoB, lithogenic sediment flux data (Unger et al., 2003) from
sediment trap locations NBBT-N (flux: 14.5gm 2 yr
refer Fig. 1 for the location) and NBBT-S (flux: 8.7 gm™> -
yr~'; refer Fig. 1 for the location) and dAly; concentra-
tions from stations GI-01/3 (28.2nM) and GI-01/4
(26.9 nM) sampled closest to these trap locations (Fig. 1),
respectively, were considered. In the S.BoB, lithogenic sed-
iment flux data from sediment trap location SBBT (flux:
43 gm 2 yr~!, Unger et al., 2003; Fig. 1) and dAly con-
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centrations from stations GI-01/8 (19.0 nM) and GI-06/12
(15.4 nM) close to this trap location (Fig. 1) were used.
MLD, estimated for the stations GI-01/3, GI-01/4, GI-
01/8 and GI-06/12 are 19 m, 26 m, 35 m and 35 m, respec-
tively. Using these values of parameters in Eq. (1), the frac-
tional release of Al from the lithogenic sedimentary input in
the N.BoB, C.BoB and S.BoB is estimated as 1.1%, 2.4%
and 3.8-4.7%, respectively. In the S.BoB, the estimated Al
fractional solubility range of 3.8-4.7% is relatively high
compared to that in the N.BoB and the C.BoB (1.1-
2.4%). Additional dAIl input from the advection of dAl-
rich, low salinity surface waters from the southern Anda-
man Sea to the S.BoB with the NMC (Fig. 5a) may have
lead to, relatively, overestimation of Al fractional solubility
in the S.BoB (i.e. at GI-01/8 and GI-06/12) and therefore
represent the upper limit in this region. This is also evident
from relatively low surface salinity (<34) and high dAl con-
centrations (15.4-19.0 nM) observed at GI-01/8 and GI-
06/12 (Figs. 3a, b and 4b, e).

dAl concentration measured at the mouth (salinity
~29.4) of the Hooghly (the Ganga) estuary, during the
summer monsoon of 2013, was of the order of ~57 nM
and is taken as the average dAl concentration of the G-B
river system to the BoB after passing through the estuary.
Considering the water discharge of 10°km?yr™!
(Sengupta et al., 2006 and references therein), the estimated
dissolved Al flux from the G-B river system to the BoB is
~5.7 x 10" moles yr!. To estimate the average flux of
lithogenic sediments across the surface water layer of the
BoB, we calculated the mean lithogenic sediment flux
(~9.7+4.3 (1SD) gm 2 yr!) over 2.2 x 102 m? area of
the BoB using the shallow depth sediment traps data of
Unger et al. (2003) at different sites in the BoB (Fig. 1).
Using our estimates of Al fractional solubility (1.1-4.7%)
and mean lithogenic sediment flux (9.7 gm Zyr '), Al
release in the surface waters of the BoB from the sediments
is estimated to be in the range: 7.0 x 108-3.0 x 10° -
moles yr’l. This estimated Al release in the BoB is, at least,
an order of magnitude larger than that estimated for the
dissolved Al flux from the G-B river system (5.7 x 107 -
moles yr~!) and highlights the dominance of dAl input
from the large sediment flux, predominantly derived from
the discharge of the Himalayan and peninsular rivers, in
the BoB.

Srinivas and Sarin (2013) reported the Al flux of 0.8
+0.5mgm 2d~! with dry deposition of the mineral dust
over the BoB and observed an overall decrease in fluxes
from the northern to the southern BoB during the spring—
intermonsoon period (March-April). In the same study,
the aerosol Al concentrations over different regions of the
BoB during the winter period (January) were observed to
be similar to that observed during the spring-
intermonsoon period (March-April). The continental out-
flow of dust from the Indo-Gangetic Plain and south-east
Asia to the BoB is only feasible during the late winter to
spring intermonsoon period (January—April) as the wind
patterns during remaining of the year restricts the transport
of dust over the BoB from the continental sources (Srinivas
and Sarin, 2013). Therefore, it had been argued that the
deposition fluxes of trace metals with the dust deposition

observed during these four months nearly accounts for all
the annual trace metal input to the BoB from the major
sources of dust, i.e. the Indo-Gangetic Plains and south-
east Asia, to the region (Srinivas and Sarin, 2013). Upper
(1.3mgm~2d ") and lower (0.3 mgm™2d™") limits of the
reported Al dry deposition flux over the BoB (Srinivas
and Sarin, 2013) are considered to be representative of Al
flux in the N.BoB and the S.BoB, respectively, during
January-April. To have lower and upper limits on the
annual Al deposition fluxes over the BoB, we assumed the
deposition fluxes for the rest of the year to be ranging from
negligible (i.e. zero) to values similar to that during the con-
tinental outflow period (January-April). This translates to
Al annual fluxes from dust deposition in the ranges of
156.0-474.5mgm 2 yr~" and 36.0-109.5mgm2yr~' for
the N.BoB and the S.BoB, respectively. Using these esti-
mated ranges of Al annual fluxes and estimated MLD, val-
ues in the N.BoB (~20 m) and the S.BoB (~30 m) in Eq.
(1), the steady-state estimates of dust input supported dAl
in the N.BoB and the S.BoB are found to be ~11.5-
35.0nM and ~2.0-5.5nM, respectively. These estimates
are lower than the observed dAly. concentrations in the
respective regions (47.1 nM at northernmost station GI-
01/2 and 11.9-19.0 nM in the S.BoB) and suggest signifi-
cant dAl input from the fluvial sources in the BoB, partic-
ularly through Al release from the large lithogenic
sediments discharged by the rivers. If we consider the min-
eral dust deposition during the continental outflow period
(January-April) to be a more representative estimate of
the net annual atmospheric mineral dust input to the BoB
surface waters (Srinivas and Sarin, 2013), the correspond-
ing estimates of the dust derived surface dAl in the N.
BoB (~11.5nM) and the S.BoB (~2.0 nM) accounts for
only 24% and 11-17% of the total observed dAl in the sur-
face waters of the N.BoB and the S.BoB, respectively. This
would suggest that the Al release from the sediments, sup-
plied by the fluvial discharge, is a dominant process con-
trolling the surface dAl in the BoB. Singh et al. (2012)
also highlighted the need for excess Nd released from the
fluvial and/or continental margin derived lithogenic parti-
cles to account for the Nd balance in the surface waters
of BoB. Al input to the surface ocean via wet deposition
may also play an important role in governing the dAlyg
distribution (Hand et al., 2004; Jickells, 1995; Jickells
et al., 2005; Vink and Measures, 2001). However, due to
the unavailability of data on wet deposition fluxes of Al
and insignificant contribution of wet deposition during
the continental outflow period (January to April; Srinivas
and Sarin, 2013) over the BoB and the Eq.IO, we neglected
the impact of wet deposition in the above (and similar cal-
culations in Section 5.1.3 for the Eq.IO) calculations.

The plausible sources and processes that may induce the
increase in dAl levels in the sub-surface water depths
observed during the GI-O1 cruise in the BoB (Fig. S2),
include, (1) remineralization of biogenic Al-carrier phases
releasing adsorbed or incorporated Al from the surface
waters, (2) resuspension of continental margin sediments
and subsequent release of Al from partial dissolution of
or Al desorption from the sediments and/or (3) release of
dAl-rich pore waters, which could be induced by sediment
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resuspension. If we assume Al removal by the biogenic par-
ticles in the surface waters and subsequent remineralization
of these particles to be the source of the dAl increase in the
sub-surface waters, positive correlation between the inor-
ganic major nutrients (H,SiO,, NO3, PO3™) and dAl could
be expected throughout the thermocline depths (100-
800 m), where remineralization of biogenic debris leads to
the consumption of DO and the release of assimilated nutri-
ents (Anand et al., 2017). Contrary to that, dAl concentra-
tions showed an overall decrease with increasing nutrients
in the thermocline waters (Fig. S5), indicating particle scav-
enging of dAl to be dominating in the thermocline waters.
Together, the absence of correlated increase of dAl and
nutrients in the thermocline waters and observation of the
strongest dAl influx in the sub-surface waters close to the
coast (Figs. 3b and S2) suggest dAl supply from the conti-
nental margin, which fades southward due to advective
mixing and scavenging.

Elevated dAl levels in the surface waters (0-50 m) near
the southeast coast of India (GI-06/1, Fig. 4d) may indicate
dAl input from the dissolved and/or suspended particulate
phase of peninsular rivers discharging to the Indian east
coast. Resuspension of lithogenic shelf sediments, derived
from and deposited by the rivers, and subsequent Al release
in the surface waters may also be a source. A steep decrease
in dAlyy concentration from GI-06/1 (23.4 nM) to GI-06/2
(14.3 nM) with similar surface salinity levels at the two sta-
tions (~33.1, Fig. 4a) suggests that the land runoff plays an
insignificant role in providing dAl to the coastal seawaters.
Also, the increase in mineral dust deposition flux close to
the continent (Srinivas and Sarin, 2013) may lead to an
increase in surface dAl levels. In conclusion, the combined
increase in sedimentary input close to the coast resulted in
dAl concentration gradients from the open BoB to the
southeast Indian coastal region.

Near the Nicobar Islands in the S.BoB (GI-06/5 and 8)
and the Andaman Sea (GI-06/6 and 7), probable contribu-
tors of dAl to the surface waters include (1) freshwater and
suspended sediments from the I-S and G-B river system, (2)
resuspended sediments from the shelf of the Islands, which
may also induce diffusion of Al from dAl enriched pore
waters to ambient seawater, and (3) advection of Indone-
sian Water to the S.BoB and the southern Andaman Sea
(Section 3). Surface circulation patterns (refer to Fig. Sa
for a schematic representation) during the GI-06 cruise also
show the freshwater influx from the I-S and G-B river sys-
tem to the southern Andaman Sea and the S.BoB surface
waters. Atmospheric Al deposition fluxes are low near
and over the Andaman Sea (Srinivas and Sarin, 2013)
and consequently could not support for the elevated dAl
values in the surface waters. Comparatively, very high
dAly. concentrations were observed at station GI-06/7
and 8 (~43-48 nM; Fig. 4e). Interestingly, silicic acid con-
centration in surface mixed layer also increased significantly
at these stations (1.03—-1.21 uM at GI-06/7 and 8) compared
to the adjacent stations in S.BoB (0.18-0.78 uM at GI-06/4,
5 and 9) during the same period. During the winter period
(December-February), the Indonesian Water makes its way
to the Andaman Sea from the Strait of Malacca (SoM),

which is also evident in the surface circulation pattern (refer
Fig. 5a for a schematic representation) and discussed by
Rizal et al. (2012). Indonesian Water outflow from the
SoM to the southern Andaman Sea during the winter has
a significant contribution from the southeast South China
Sea surface waters (Rizal et al., 2012). There is no available
dAl data in the surface waters flowing through the SoM to
the Andaman Sea. However, extremely elevated 228Ra
activities (625-725 dpm m~3; Nozaki and Yamamoto,
2001), in the SoM demonstrate a significant interaction
between the surface waters and the local sediments. Limited
available dAl data in the surface waters at the center of the
South China Sea (~33.7 nM; PA-11, Obata et al., 2004), the
Sulu Sea (16.7 nM; PA-1, Obata et al., 2004) and the sur-
face ITW entering to the Indian Ocean from the south of
Java and the Timor Sea (~11-12nM, PA-2 and PA-7,
Obata et al., 2004) seems inadequate to account for highly
enriched dAl levels (~43-48 nM at GI-10/7 and 8) near the
Nicobar Islands. This could also be inferred from the
dAlyr. concentration observed at the centre of the southern
Andaman Sea (24.2 nM at GI-06/6), which is much lower
than dAl value at GI-06/7 and 8, even though station GI-
06/6 also receives waters outflowing from the SoM to the
Andaman Sea before it turns south towards the S.BoB
and the Eq.IO (Fig. 5a for a schematic representation and
Rizal et al. (2012)). Consequently, in addition to dAl contri-
bution from the fluvial sources and the outflow of Indone-
sian Water, localized and correlated increase in dAl and
silicic acid at GI-06/7 and 8 suggest the dAl and dissolved
Si input from the dissolution of and/or Al desorption from
resuspended terrigenous sediments from the insular shelf of
the Nicobar Islands. The increase in the upper water col-
umn turbidity around the Nicobar Islands (Fig. 10) pro-
vides further evidence for the resuspension of the shelf
sediments. Recent studies (Fripiat et al., 2011; Jeandel
et al., 2011; Tréguer and De La Rocha, 2013) have also
shown and suggested the release of Si from the terrigenous
margin sediments as an important source of dissolved Si to
the ambient seawater.

dAl concentration observed in the surface waters
(17.2 nM; PA-10, Fig. 1, Obata et al., 2004) further north
(~10°N) at the center of the Andaman Sea, during the same
period, was apparently lower than at GI-06/6 southward
(24.2 nM; ~7.5°N) and therefore, suggest some additional
contribution from the Indonesian Sea surface waters out-
flowing from SoM to the Andaman Sea, apart from the flu-
vial inputs of the I-S and G-B river systems from the north.

5.1.2. The Arabian Sea (AS)

Advection of low salinity BBW waters to the surface
water layer of the south-eastern Arabian Sea (see Section 3)
may carry the dAl-rich signature of the BoB surface waters
to this region. It is apparent with, relatively, higher dAl
levels and lower salinity observed in the upper 25 m at sta-
tion GI-06/21 (22.0-23.2 nM) compared to the other sta-
tions, GI-06/22 and GI-06/24 (10.0-20.5nM), in this
region (also refer to Table S1). Additionally, high atmo-
spheric mineral dust deposition fluxes at the south-eastern
Arabian Sea (Kumar et al., 2012; Measures and Vink,
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Fig. 10. Variation of seawater turbidity in the upper water column (0-300 m) and waters below 300 m along the sub-transects sampled during
the GI-06 cruise. Refer to Fig. 4g to identify the sub-transects along the full transect of the GI-06 cruise.

1999) may also contribute to the elevated dAly values
compared to that observed in the north-western, central
and southern Arabian Sea during the same season in the ear-
lier studies (Measures and Vink, 1999; Vu and Sohrin,
2013). Deposition of mineral dust, particularly, in the south-
ern Arabian Sea is more dominant during the winter
(December-February) and the spring-intermonsoon
(April-May) period compared to the rest of the year
(Kumar et al., 2008; Tindale and Pease, 1999). During the
winters (December, 2007), Kumar et al. (2012) observed
highest Al concentrations (2.27 + 0.98 pg m ™) in aerosols
collected from the atmospheric boundary layer near the
eastern boundary of the Arabian Sea compared to any other
season (Kumar et al., 2008; Schiilller et al., 2005 and refer-
ences therein), which they attributed to: (1) transport of a
large amount of mineral aerosols (13.3-50.7 pgm™2)
through continental outflow, under the influence of north-
easterlies winds, transacting a large area over the Indian
subcontinent, and (2) closeness with the continent. During
the spring-intermonsoon period (April-May), the mean Al
concentration in aerosol from atmospheric boundary layer
in the southern Arabian Sea (8-12°N) is observed to be
1.13 pgm™> (Kumar et al., 2008). Considering the above
(mean) Al concentration in aerosol during the winter
(December-February: 227 pgm™) and the spring-
intermonsoon (April-May: 1.13 pg m~?), annual mean Al
concentration over the southern Arabian Sea is assumed
to be in the range: 1.13-2.27 pg m~>. This translates to Al
dry deposition flux of 0.32-0.64 g m~2 yr~! using dry depo-
sition velocity of 0.9 cm s™' (Kumar et al., 2008). Using this
range of Al flux and MLD, estimate (~25 m) near stations
(GI-06/21, 22 and 24) in the south-eastern Arabian Sea in
Eq. (1), a steady-state dAl concentration of ~ 19-38 nM is
estimated in the mixed layer. This is comparable to the
observed dAlyy (18.6-22.7 nM) and shows that the dust
derived Al is a prominent source for the surface dAl near
the south-eastern Arabian Sea. The dominant impact of
dust dissolution on the surface water chemistry of dissolved
Nd near the eastern coast of AS was also highlighted by
Goswami et al., (2014).

5.1.3. The Equatorial Indian Ocean

Significantly correlated variation (Fig. 8) between Sy
and dAlyy in the equatorial waters suggests that the dAlyy
distribution in the Eq.IO is primarily controlled by the
advective mixing of the dAl-rich, low salinity surface waters
of the S.BoB and the Andaman Sea with relatively dAl-
poor, high salinity waters of the southern Arabian Sea,
under the influence of the NMC. This argument is consis-
tent with the observed dAly (Vu and Sohrin, 2013) in
the southern Arabian Sea during the winters (December
2009), which apparently bound the lower end of the linear
dAly variations with Sy in the Eq.IO region (Fig. 8).

The observed atmospheric dry deposition Al flux in the
Eq.IO region during the winter and spring intermonsoon
period was ~0.3 mgm~2d~(Srinivas and Sarin, 2013). In
the Eq.IO region, atmospheric models (composite model:
Jickells et al., 2005; Mahowald et al., 2005 and DEAD
model: Zender et al., 2003) estimate total mineral dust depo-
sition flux on the order of 20 mgm 2d~! which is about
1.5mgm 2 d~! of Al flux with the assumption of 8% Al in
the mineral dust. This is relatively large compared to the
observed Al flux (~0.3 mg m~2d~!) during the winter and
spring intermonsoon period (January—April, Srinivas and
Sarin, 2013). However, assuming a constant 8% Al in the
deposited mineral dust throughout the surface dAl residence
timescale of ~1 year (Grand et al., 2015a) in the region
would result in overestimation of Al flux given that conti-
nental outflow is only prominent during the winter and
the spring intermonsoon period (Srinivas and Sarin, 2013)
and for the rest of the year winds sourced from marine envi-
ronment would be richer in sea salts. Assuming Al flux of
0.3mgm 2d~! (Srinivas and Sarin, 2013) and MLDy in
the range: 30-35m (Holte et al., 2017), contribution of
dAl to the surface mixed of the Eq.10 region from the atmo-
spheric dust deposition will lie in the range: 4.6-5.3 nM.
These dust supported (and steady-state) dAl estimates are
lower than those observed in the eastern equatorial region
(8.3-15.4 nM at GI-06/11, 12 and 13; Fig. 4¢) and again sug-
gest additional dAl input from advection of dAl-rich, low
salinity surface waters of the S.BoB and the southern Anda-



176 N.D. Singh et al./ Geochimica et Cosmochimica Acta 268 (2020) 160185

man Sea. However, mixed layer dAl observed towards the
western equatorial region and the southern Arabian Sea
(2.7-4.3 nM at GI-06/19, GI-06/20 and ER-8) are relatively
lower than the dust derived dAl estimates (4.6-5.3 nM). This
mismatch may result from overestimation of Al dust fluxes
in the residence time scale of dAl (~1 year), particularly in
the southern Arabian Sea where the seasonal variations in
Al concentrations of dust are large, showing order of mag-
nitude lesser Al concentrations during the southwest mon-
soon season compared to that in northwest monsoon and
spring intermonsoon period due to changes in dust source
regions with changing wind patterns (Schii3ler et al., 2005;
Tindale and Pease, 1999).

5.1.4. The Indonesian Throughflow and Indian Subtropical
Gyre Region

As discussed earlier, the distinct increase of dAl in the
upper water column of stations GI-01/11 and 12, situated
in the northern reaches of the Indian Subtropical Gyre
(ISG), are consistent with the pattern observed in the earlier
study (Grand et al., 2015b) in the similar latitudinal range
further east at 95°E. In the previous study, this dAl incre-
ment in the surface waters at the northern end of the ISG
was primarily attributed to the deposition and subsequent
dissolution of mineral dust, which is emitted from the Aus-
tralian continent and mostly deposited east of 90°E (Grand
et al., 2015a; Mahowald et al., 2005). Here, we argue that
under the prevailing westward SEC flow (Fig. 5a), the
dAl enriched surface waters may be advected from the zone
of high dust deposition at east to our sampling sites at GI-
01/11 and 12 westward and therefore imparting the high
dAly signal in this region. However, the significantly
higher (1.5-2 times) dAl enrichment observed in the surface
waters of the northern subtropical gyre in this study (GI-
01/11 and 12) compared to that in the previous results
(Grand et al., 2015b) may thus suggest inter-annual varia-
tions in the dust load, emanating from the Australian dust
source regions and which finally reaches to the northern
ISG, if atmospheric mineral dust deposition and its partial
dissolution is considered the primary source of Al to the
surface waters. Atmospheric dust emission events from
the Australian sources are very episodic in nature compared
to the Northern Hemisphere source regions, which emit
more regularly (Mackie et al., 2008 and references therein).
Mackie et al. (2008) computed the Dust Storm Index (DSI),
using the dust storm frequency and visibility data, as a mea-
sure of annual dust activity and reported its variation for
46 years (1960-2005) in Australia. They found that high
dust events correlate with the periods of intense drought
years in the continent. After the record rainfall in most of
the Australian basins with the onset of the La-Nina condi-
tions in the Pacific Ocean during the period of 2010-12, arid
conditions again started building up in Australia from 2013
(Australian Annual Climate Summary 2010, 2011, 2012 and
2013; Available at: http://www.bom.gov.au/climate/cur-
rent). Such a situation may lead to an increase in dust influx
from Australia to the ISG before the sampling period in the
subtropics (April 2014), but this still remains a speculation.

In the northern reaches of the ISG (8-15°S), advection of
Indonesian Throughflow Water (ITW) may also play a

major role in governing the surface dAl concentrations
and more importantly in the depths below the surface mixed
layer, where the Al release from the settling mineral dust
particles is deemed negligible (Grand et al., 2015b; Maring
and Duce, 1987; Measures et al., 2010). Elevated ***Ra
activities (>100 dpm m~>; Nozaki and Yamamoto, 2001)
observed in the surface waters at ~10°S, 103°E (PA-7,
Fig. 1) and ~13°S, 117°E (PA-2, Fig. 1), from where the
ITW enters to the tropical Indian Ocean, suggest strong
interactions of the surface waters with the sediments of con-
tinental shelf surrounding the Indonesian Seas. Such a pro-
cess may also result in Al release from the shelf sediment to
the surface waters, therefore enriching the dAl values in
these waters. dAl concentration in the ITW entering the
eastern Indian Ocean should then be a function of the extent
of its interaction with sediments and discharge, which may
vary seasonally and inter-annually (Tomczak and
Godfrey, 2003b; Liu et al., 2015; Potemra and Schneider,
2007). In their observations at the eastern Indian Ocean
(~95°E), Grand et al. (2015b) also highlighted the signifi-
cant contribution of dAl from the advection of ITW to the
upper thermocline water depths (200-400 m) of the northern
ISG region. Fig. 11 shows the comparison of dAl profiles,
observed in the upper 500 m, between GI-01/12 (this study),
receiving prominent input from the ITW, and I09N-113
(~14.6°S) sampled at similar latitude at 95°E transect of
Grand et al. (2015b). Similar pattern and magnitude of
dAl distribution in the upper thermocline (Fig. 11;
y*>23kgm ™, ie., >100-500 m) observed in this study
supports the earlier inference of dAl input to the tropical
Indian Ocean with the inflow of ITF waters and spreads fur-
ther westward along the advective pathway. However, due
to advective mixing and scavenging along the SEC carrying
the ITW, relatively lower dAl concentration should be
expected towards the west (at GI-01/12) compared to that
at I09N-113, if the ITW are considered the source of dAl
in the thermocline depths. Moreover, both GI-01/12 and
I09N-113 (Grand et al., 2015b) showed dAl levels in the
thermocline waters much larger than that observed at sta-
tion PA-2 (Fig. 11), sampled by Obata et al. (2004) in the
year of 1997 (17 years before this study and 7 years before
the study by Grand et al. (2015b)), further east near the
Timor Sea (Fig. 1) from where the ITF waters are sourced
to the tropical Indian Ocean. These observations may sug-
gest interannual variation in dAl input with the ITW advec-
tion. Earlier studies (Liu et al., 2015; Potemra and
Schneider, 2007) have confirmed that large interannual vari-
ations occur in the Indonesian Throughflow (ITF) discharge
to the tropical Indian Ocean. Liu et al. (2015), using expend-
able bathythermograph data, showed that the mean annual
ITF transport monotonously increased during 30 years of
their study period, from 1984-2013, at the rate of 1 Sverdrup
per 10 years. These results, therefore, underscore the need of
time-series studies in the future to understand the impact of
ITF discharge on dAl and other trace elements distribution.

At the center of the subtropical gyre (GI-01/16), relative
decrease (to 8.6 nM) in surface dAl compared to the north-
ern gyre region (~14-18 nM) correlates with the decline in
mineral dust deposition flux (Grand et al., 2015a;
Mahowald et al., 2005).
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Fig. 11. Comparison between dAl distribution observed in the upper 500 m water column at GI-01/12, I09N-113 (Grand et al., 2015b) and
PA-2 (Obata et al., 2004) sampled along the South Equatorial Current carrying the Indonesian Throughflow Water. Due to large distances
between the stations, the dAl data is plotted against the neutral density. dAl observed at 100 m for each station is also highlighted to indicate
the relative difference in neutral density at this depth for different stations. Analytical uncertainties indicated for the GI-01/12 and PA-2 data
were that observed (5%, 1SD) after repeat analysis of in-house reference seawater, InStd-D, in this study and at 2.0 nM by Obata et al. (2004),
respectively. Precision for dAl analysis for I0ON cruise samples was not indicated by Grand et al. (2015b) and therefore, considered as 5% here

for comparison.

5.2. Controls on dAl distribution in the lower thermocline and
deeper waters (>300 m)

In the open ocean, most of the dissolvable Al from the
mineral dust deposited on the ocean surface is released in
the surface mixed layer with no significant dissolution
below the mixed layer (Maring and Duce, 1987; Measures
et al., 2010). Also, residence time estimates (Orians and
Bruland, 1986) for dAl in the open ocean surface waters
are short (4 weeks—4 years) vis-a-vis deep water residence
time, which is an order of magnitude higher (50-200 years).
Given the above conditions, the dAl distribution in the
intermediate and deep water depths of open ocean waters
is largely controlled by the water advection and reversible
scavenging of Al adsorbed on the particulate phases as they
sink through the water column below the surface layer.
Though, this assertion may break in the regions close to
the ocean boundaries (continental margins and seafloor)
due to external dAl contributions from partial dissolution
of and/or Al desorption from the fluvial derived and resus-
pended boundary sediments, and diffusion of pore waters
rich in dAl (Grand et al., 2015b; Caschetto and Wollast,
1979; Van Beueskom et al., 1997). In the next sections, we
will describe the dAl distribution observed in the intermedi-
ate, deep and bottom waters of different regions sampled in
the Indian Ocean and discuss the probable sources and pro-
cesses leading to the observed distribution.

5.2.1. The Bay of Bengal (BoB) and the Andaman Sea
The sediment trap data of Unger et al. (2003) in the BoB
showed higher mean lithogenic particle flux (6.0—
19.5gm2yr~') for the deep sediment traps (~2000—
3000 m) compared to the lithogenic sediment flux (4.3—
14.5gm 2 yr~!) across the shallow traps (700—1500 m).
This indicates that the resuspension of sediments from the

continental slope supplies additional lithogenic matter to
the deeper waters of the BoB together with the fluvial and
shelf derived particulate lithogenic matter. During the GI-
01 cruise, the general increase in dAl levels close to the con-
tinental slope and seafloor (Fig. 3b) suggest that the resus-
pension of the slope and benthic sediments along with
probable influx of dAl enriched pore waters, upon sediment
resuspension, act as sources of dAl in the deep and bottom
waters of the BoB. Also, note that dAl maxima near sea-
floor showed a decrease in magnitude from the N.BoB to
the S.BoB (Fig. 3b). This may result from a decrease in
the fraction of lithogenic sediments settling through the
BoB water column (Unger et al., 2003), providing the nec-
essary reactive mineral phases in the form of aluminosili-
cates and clay minerals to the margin sediments, from
which Al could be released to the water column upon their
resuspension. Singh et al. (2012) estimated the particulate
matter derived excess dissolved Nd (Nd,s) needed, in addi-
tion to the dissolved Nd contribution resulting from the
mixing of water masses, to balance the total mass of dis-
solved Nd observed in the BoB. Their results showed the
hotspots of Nd,, in the deep and bottom waters of BoB
apparently, focused near the continental slope and rise.
This result also suggests resuspension of sediments from
the continental margin and their subsequent partial dissolu-
tion as a process of trace metal supply to the deep and bot-
tom waters. During the late winter period (GI-06 cruise),
the increase in dAl levels observed in the intermediate and
deep waters (>500 m) towards the eastern coast of India
(GI-06/1, Fig. 4d) suggests that sediment resuspension is
a ubiquitous process along the continental margins of
BoB, providing additional dAl input to the deeper waters
of the region.

One of the striking observations in the deeper waters of
the southern Andaman Sea (at GI-06/6) is the near-uniform



178 N.D. Singh et al./ Geochimica et Cosmochimica Acta 268 (2020) 160185

dAl (~3.7 nM) below 1000 m (1500-2400 m, Figs. 4d and
S3) in contrast to the nearby S.BoB stations (GI-06/5 and
8, Fig. 4d and e), which show about 1 nM lower dAl levels
in the similar depth range (~2.5-2.7 nM at 1800-2500 m;
Fig. 4d and e). Also, the uniform dAl composition in the
deeper waters at GI-06/6 was similar to that observed in
the lower thermocline depth (~1200 m) at the nearby S.
BoB stations (GI-06/5 and 8, Fig. 4d and e). The deeper
waters of Andaman Sea (>1000m) are predominantly
derived from the lower thermocline waters of the BoB,
entering through the Ten degree channel and the Great Pas-
sage, as the shallow sills of the Andaman—Nicobar Ridge
isolates the deep basin of Andaman Sea from that of the
BoB below ~1800 m (Dutta et al., 2007 and references
therein). Apparently, rapid renewal of the deep waters
(within 6 years, Okubo et al., 2004) in the Andaman Sea
compared to the scavenging residence time of dAl, ensures
similar dAl composition in the deep and lower thermocline
waters (~1200 m) of the Andaman Sea and the BoB,
respectively. Moreover, rapid vertical mixing of the Anda-
man deep waters (timescale: <5 years, Dutta et al., 2007)
leads to near-uniform dAl concentrations.

Dutta et al. (2007) suggested that internal solitary waves
induced by the tidal currents over rough topography of the
Andaman Sea could cause rapid vertical mixing in the deep
waters. This process may also induce sediment resuspension
from the sea margins, which is supported by higher water
turbidity observed within the deeper (>1000 m) waters of
the sea compared to the surrounding waters in the BoB
(Fig. 10). The relative increase in dAl concentrations
observed below 500 m close to the Andaman-Nicobar
Ridge (GI-06/7, Figs. 4e and S3) may, therefore, suggest
additional dAl input from the resuspended sediments due
to water turbulence over the ridge within the sea.

5.2.2. The Arabian Sea (AS)

In the deeper waters (>1000 m) of the Arabian Sea, the
observed increase in dAl towards the continental margin (at
station GI-06/24, refer Figs. 4f and S4) suggests for an
additional external source of dAl. The increase in the litho-
genic sediment flux from the central Arabian Sea to the
eastern Arabian Sea is evident from the deep (~3000 m)
sediment trap data (Ramaswamy and Nair, 1994). This
increment in lithogenic flux results from the supply of flu-
vial sediments from the Indus, Narmada and Tapi rivers
discharging to the eastern Arabian Sea (Ramaswamy and
Nair, 1994). Further, the observed discrete maximum in
the thermocline waters of station GI-06/24 at 600 m depth
(Figs. 4f and S4) suggest for Al input either due to the
resuspension of margin sediments or diffusion of dAl
enriched pore waters. In either of the cases, lithogenic sed-
iments settling over the continental margin must play an
important role in the supply of reactive Al mineral phases.
It is important to note that the enrichment in the dAl levels
observed in the deep waters near the coast of the Arabian
Sea were much lower compared to that observed near the
coastal region of the BoB presumably due to much smaller
fluvial (and associated sediment) discharge in the eastern
Arabian Sea compared to the coastal BoB (Ramaswamy
and Nair, 1994; Unger et al, 2003).

5.2.3. The Equatorial Indian Ocean

The dAl maximum observed at station GI-01/9 around
3000 m correlates with the increase in dissolved Fe (dFe)
concentrations in similar deep waters depths at the same
station (refer to Fig. 11(I) of Chinni et al., 2019). Chinni
et al. (2019) proposed this increase in the dFe to be resulting
from the advection of dFe-rich deeper waters (>2500 m)
close to the Java Trench, which constitutes the subduction
zone between the Indian and the Indonesian plate. The
interaction of re-circulated seawater (through the faults)
with poly-metallic modules is suggested to be the source
of dFe-rich deeper waters near the trench. In the absence
of dAl data near the trench, it is unclear if such a process
may also lead to the enrichment of dAl concentrations in
the deeper water. Alternatively, here, we argue that the
deep and bottom waters flowing as the western boundary
currents along the eastern boundary of the NER
(Tomczak and Godfrey, 2003a; You, 1999) may produce
sufficient turbulence over the NER to resuspend the margin
sediments, which may subsequently act as the source of dFe
and dAl to the deep and bottom waters. This could be
inferred from the elevated dAl concentrations and the tur-
bidity values observed in the deep and bottom waters of
the S.BoB close to the eastern margin of the NER at station
GI-06/9 (Figs. 4e and 10). These dAl rich deep waters
(2000-3500 m) are subsequently advected from the east of
the NER to the Central Indian Ocean Basin at GI-01/9
(Fig. 5b) and result in the observed dAl maximum. Such
an enrichment in dAl was not observed in the bottom
waters (below 3500 m, Fig. 3b) at GI-01/9 due to the topo-
graphical barrier for the advection of bottom waters
(>3500 m) to the region near station GI-01/9 from the east
of the NER (Fig. 5b).

The increase in dAl towards the seafloor in the bottom
waters (>3500 m) observed at the eastern Eq.IO stations
(GI-06/11, 12, 13 and 14, Fig. 4e) during the GI-06 cruise
imply dAl flux from the bottom sediments in these regions.

5.2.3.1. Residence time of the dissolved Al in the deep waters
of Equatorial Indian Ocean. We estimated the residence time
of dAl against removal by particle scavenging in the deep
waters (2000-3500 m) of the Eq.IO using the one-
dimensional (1-D) scavenging-advection-diffusion model
(Craig, 1974). This model has two inherent assumptions:
(1) horizontal concentration gradients in the distribution
of the modeled dissolved constituent in the region of appli-
cation are negligible and (2) vertical mixing is the dominant
process with absence of any significant horizontal advection
of a distinct water mass in the model layer. As recognized
by previous studies (Mantyla and Reid, 1995; You, 1999;
You, 2000), the Indian deep waters represent the modified
Circumpolar Deep Water (CDW) and occupy the depth
range 2000-3500 m. Due to significant vertical upwelling
and dianeutral mixing, the northern Indian deep waters
(north of 30°S) show remarkable linearity in the potential
temperature-salinity plot (Fig. S1) and, therefore, could
be treated as a ‘z-diffusive layer’ where the 1-D advection-
diffusion model is applicable (Craig, 1969). The water col-
umn below 3500 m is majorly filled by the AABW as a dis-
tinct water mass (Tomczak and Godfrey, 2003a; You, 1999)
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and hence dAl below 3500 is not considered for the fitting
using the 1-D scavenging-advection-diffusion model. Also,
we restricted the model application to the Eq.IO stations
sampled during the GI-06 cruise as important horizontal
dAl concentration gradients were observed for the deep
waters of the northern Indian Ocean (the BoB, the Anda-
man Sea and the Arabian Sea; Sections 5.2.1 and 5.2.2),
the southern end of the Eq.IO region (station GI-01/9;
refer Section 5.2.3) and the ITW-ISG region (refer Sec-
tion 5.2.4). Fig. 12 shows the best model fits (black solid
lines) to the deep water dAl profiles of the Eq.IO stations
sampled during the GI-06 cruise, considering the conserva-
tive mixing due to vertical advection-diffusion of dAl and
setting the boundary dAl concentrations to be free variables
(refer to Eq. (3) and its description in the Appendix A). At
stations GI-06/11, 14 and 17, significant and discrete posi-
tive dAl deviations (>5%) from the conservative mixing line
(denoted by arrows in Fig. 12) within the deep water layer
boundaries suggest the additional, non—uniform dAl input
in between the model boundaries. This additional input
may be produced due to horizontal advection or net
in situ Al release from the particulate matter within the deep
waters. It is particularly evident for the GI-06/11 where the
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transport of dAl-rich deep waters from region near the
NER (GI-06/10 and 9) could be seen (Fig. 4e). In any of
the two cases, the deep water dAl profiles at these stations
could not be convincingly simulated with a 1-D scavenging-
advection-diffusion model used in this study. Therefore, we
applied the model to the deep water dAl profiles of stations
GI-06/12, 13 and 19 (blue lines) to constrain the deep water
residence time of dAl in the region. Other stations (GI-
06/18 and GI-06/20) are not examined due to lack of
enough data points in the deep waters (<3) compared to
the number of free variables (3, i.e., Cp,, C, and Y/w; refer
to Eq. (2) of Appendix A) in the model.

The best fits for the 1-D scavenging-advection-diffusion
model (refer to Eq. (2) of Appendix A) to the deep water
dAl at GI-06/12, 13 and 19 (blue lines, Fig. 12) gives the
ratio of the dAl scavenging rate to the vertical advection
velocity (i.e, Wlw; refer to Table 2 for estimated values).
From these y/o estimates, the scavenging residence time
(t = 1) could be estimated if data on o is available.

Srinivasan et al. (2000) estimated the mean upwelling
velocity, o, north of 30°S across the lower deep water layer
boundary (~3500m) to be 10 myr~! upward using the
adjusted '¥C concentration profiles (‘corrected for the

dAl (nM)
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Fig. 12. Deep water (2000-3500 m) dAl distribution at the selected Eq.IO stations (see text) overlain by best model fits (in least square sense)
to the distribution using 1-D advection-diffusion, i.e. vertical conservative mixing, model (black solid lines; also refer to Eq. (3) and its
description in the Appendix A) and 1-D scavenging-advection-diffusion model (blue solid lines; also refer Eq. (2) and its description in the
Appendix A). Horizontal bars represent the precision of analysis (~5%, see text) achieved at similar dAl concentrations. Arrows in the graph
point to the dAl values within the deep water layers showing significant dAl excess with respect to the conservative mixing line (black solid
lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Results estimated for y/o and 7t by fitting the 1-D scavenging-
advection-diffusion model to the deep water dAl profiles at the Eq.
10 stations GI-06/12, 13 and 19. z* values are estimated by fitting
the 1-D advection-diffusion model to the deep water salinity
distribution in the respective stations.

Station ID z* (km) /o (km™h) o' (km/yr) T (yr)
GI-10/12 1.04 0.78 0.010 128
0.014 92
GI-10/13 0.95 0.71 0.010 141
0.014 101
GI-10/19 0.78 0.51 0.010 196
0.014 140

! Data sources: Robbins and Toole (1997), Srinivasan et al.
(2000) and Warren (1981).

effects of addition of particulate radiocarbon to the deep
waters’; Srinivasan et al., 2000). This is relatively smaller
than the upwelling velocity of ~12.5myr~! given by
Warren (1981) across ~2000 m at ~ 18°S and the basin-
mean upwelling velocity of ~14myr~! across ~2000 m
north of 32°S determined by Robbins and Toole (1997)
by considering, together, the hydrographic data and advec-
tive flux of the dissolved silica. Assuming o to be varying in
the range of 10-14 m yr™!, the variations in the scavenging
residence time of the dAl in the deep waters of the Eq.IO
are reported here (Table 2). The estimated residence time
of dAl against scavenging in the deep waters lies in the
range: 92-196 yrs (Table 2). However, the model fit to the
deep water profile at GI-06/19 was comparatively poor
(R*=0.44, Fig. 12) and may suggest horizontal dAl input,
probably, from relatively dAl enriched deep and bottom
waters near the margin of Chagos-Laccadive Ridge as also
visible in the slight increase in dAl ~ 1800 m at GI-06/20
and 21 (Fig. 4f). Accordingly, neglecting the residence time
estimates from GI-06/19, the inferred range of 92-141 yrs,
using dAl profiles of stations GI-06/12 and 13, is considered
to be more representative. This range of residence time is
similar to that observed in the deep Pacific Ocean (50-200
yrs, Orians and Bruland, 1985, 1986). It is, however, rela-
tively larger than the basin-averaged deep water dAl
replacement time (50 &+ 10 yrs) calculated in the North
Atlantic (Hayes et al., 2018b). Replacement time is a mea-
sure of the time needed to replace the trace element inven-
tory, for a given volume of seawater, by the source(s)
considered for the element. The replacement time is equal
to the removal residence time only if the distribution of
the element, in the region of interest, is in a steady-state.
Considering the deep water dAl distribution in the North
Atlantic to be in a steady-state, the smaller estimate of deep
water dAl replacement time presumably results due to more
intense scavenging of dAl by the particulate matter, partic-
ularly by diatoms associated with the North Atlantic spring
bloom (Malviya et al., 2016). Deep water scavenging of dAl
near the ocean margins is also indicated by significant
depletion (compared to that in the African dust and Bulk
Continental Crust) of Ti:Al ratio in the fine particulate mat-
ter and, in general, continuous increase in the particulate Al
levels in the deeper waters (>500 m) of the North Atlantic
(Hayes et al., 2018a and supporting information therein;

Ohnemus and Lam, 2015), more significant near the conti-
nental margins.

5.2.4. Indonesian Throughflow and Indian Subtropical Gyre
Our sampling station GI-01/16, lies very close to the
Kairei vent field discovered (Gamo et al., 2001) over the
Central Indian Ridge (CIR) and is just north of the Rodri-
gues Triple Junction (RTJ). At this station, we observed
anomalously high deep water turbidity values in the narrow
depth range of ~2150-2300 m with turbidity maximum
around 2250 m depth (Fig. 9¢c). Coinciding with this high
turbidity signal, was the deep water dAl maximum (at
2250 m; Fig. 9b and c). At the same station and identical
depth (2250 m), Chinni et al. (2019) also observed highly
enriched dissolved Fe concentration (20.86 nM), about 28
times higher than the background deep water dissolved Fe
level (~0.75 nM) and suggested it to be of hydrothermal ori-
gin. Various earlier studies have also reported the active
hydrothermal venting in vicinity of the RTJ and over the
CIR, either through indirect clues from hydrothermal plume
signals of prominent suspended sediment and chemical
anomalies (Gamo et al., 1996; Jean-Baptiste et al., 1992;
Vu and Sohrin, 2013) or direct observation of hydrothermal
venting sites over the CIR (Gallant and Von Damm, 2006;
Gamo et al., 2001). Therefore, dAl maximum coinciding
with the turbidity and dissolved Fe maxima, may suggest
that the dAl input is sourced from the dAl-enriched
hydrothermal fluids emanating from the active vents over
the CIR. However, the gradual increase in dAl concentra-
tions to the dAl maximum close to the seafloor at GI-
01/16 (Fig. 9b) may also, in principle, result from the dAl
flux due to the sediment resuspension and/or diffusion of
dAl-rich pore water from the sea bottom as the primary
source(s). Further north at ER-10, Vu and Sohrin (2013)
also reported the dAl enrichment in the deep water
hydrothermal plume encountered during their study
(around 3000 m, Fig. 9b) and, based on the relationship
between *He, dAl and other trace metal data, suggested that
the observed enrichment at ER-10 is probably due to resus-
pended sediments. To better constrain the source(s) of dAl,
higher resolution sampling, both vertical and lateral, of deep
waters in this region is needed for the measurement of dAl
and other chemical constituents of hydrothermal origin.
The trend in the dAl distribution for bottom water
depths in the Central Indian Ocean Basin (Fig. 9b) indicates
advection of dAl-rich bottom waters at GI-01/11 across the
NER from the Western Australian Basin. This is also sup-
ported by the dAl maximum in the bottom waters of station
GI-01/11, which is observed much above the seafloor
(~1200 m above the seafloor at 4000 m; Fig. 9b) and there-
fore, discards the possibility that bottom sediments were the
primary source of dAl increase in the bottom waters. Again,
as suggested for the southern equatorial region (station GI-
01/9; see Section 5.2.3), interaction of the bottom waters,
flowing as the western boundary current along the eastern
NER, with the sediments over the ridge may enrich the
dAl concentrations in the bottom waters. More studies on
dAl distribution in the deep and bottom waters along the
eastern margin of NER are needed to confirm this hypoth-
esis. Further, the dAl levels in the bottom waters decrease
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as they turn and move southward at GI-01/12 (Fig. 9b), pre-
sumably, due to mixing and scavenging loss. The mean dAl
concentration in the bottom waters again increased close to
the CIR at ER-10 (Fig. 9b), however, here, the dAl profile
showed sudden increase close to the seafloor, suggestive of
external dAl input from the bottom sediments.

6. CONCLUSION

A comprehensive study on the cycling of dAl in the
water columns of the northern, equatorial and subtropical
gyre region of the Indian Ocean has been carried out and
forms the first extensive evaluation of sources, sinks and
internal cycling of dAl in the deep and bottom waters of
the BoB and the equatorial Indian Ocean. The dAl distribu-
tion throughout the water column of the BoB is predomi-
nantly influenced by the lithogenic sedimentary input,
from fluvial and continental margin sources, enriched in
reactive clay minerals. Using the estimated range of the
Al fractional solubility from the lithogenic sediments in
the BoB surface waters, the dAl flux to the surface waters
of BoB from the dissolution of / Al desorption from the
lithogenic sediments is calculated to be at least an order
of magnitude higher than that supplied by the G-B river
system waters. This suggests that the Al release from the
sediments is a dominant process controlling the surface
dAl distribution in the BoB. In the southern Andaman
Sea, partial dissolution of resuspended local shelf sediments
from the Nicobar Islands and advection of Indonesian
Water from the SoM results in elevated dAl levels in the
surface mixed layer and the upper thermocline waters.
Rapid ventilation of and vertical mixing in the deep waters
of the Andaman Sea and, apparently, the lower scavenging
removal rate of dAl result in near-uniform distribution of
dAl in the deeper waters at the center of the southern Anda-
man Sea.

Overall, dAl concentrations in the surface and upper
thermocline waters of the equatorial Indian Ocean region
were controlled by the advective mixing of the low salinity,
dAl-rich waters of the S.BoB and the Andaman Sea with
the high salinity, dAl-poor waters of the southern Arabian
Sea under the influence of NMC. Using the 1-D
scavenging-advection—diffusion model, the scavenging resi-
dence time of dAl in the deep waters of the Eq.IO region
is estimated to lie in the range: 92-141 years.

During the winter monsoon, continental outflow, pre-
dominantly from the Indian subcontinent, leads to the high
atmospheric deposition of mineral aerosols close to the
south-eastern boundary of the Arabian Sea; this, in turn,
translates to the elevated dAl levels in the surface mixed
layer. In the deeper waters of Arabian Sea, the relative
increase in the dAl levels close to the continental margin
hints at the net Al release from the boundary sediments.

At the northern reaches of the subtropical gyre region,
significant enrichment of dAl throughout the upper water
column (<500 m) agrees with the dAl distribution pattern
observed in the similar depth range further east at ~95°E
(Grand et al., 2015b) and is primarily attributed to the
atmospheric dust flux from the Australian continent, which
is the major dust source to the ISG region, and the advec-

tion of the ITW. However, higher (compared to the previ-
ous study) dAl levels in the surface mixed layer were
observed in this study and, presumably, reflects the inter-
annual variations in the dust deposition flux to the ISG
region. The increase in dAl concentrations in the deep
waters (2000-3500 m) over the eastern flank of the CIR
seems to result from bottom sediment resuspension close
to the ridge. This enrichment in the deep water dAl levels
dies out due to water-mass mixing and scavenging along
the advective pathway of deep waters towards the north
in the subtropical gyre region. The advection of the dAl
enriched AABW (below 3500 m) from the Western Aus-
tralian Basin to the northern Central Indian Basin across
the deep saddles of the NER is observed.
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APPENDIX A

The dAl distribution in the deep waters is modeled using
steady-state, 1-D scavenging-advection-diffusion model for
a stable and non-conservative (SNC) tracer, considering
no in situ production (Craig, 1974). The model equation
is given as

2
K. 0°C, oC

072 oz VG =0 (M)
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where z* = Kl/® is the mixing parameter and A =[1 + 4z*
(W),

In the above equations, K denotes the vertical diffusivity;
o represents the vertical advection velocity; \ is the scav-
enging rate; and C, is the dAl concentration at the vertical
depth ‘z’, taken positive towards the ocean surface. Cy, and
C, are the dAl concentrations at the model’s upper (z = z,,)
and lower (z = z,) boundaries. The lower model boundary
z=1, is also considered as the point of reference, i.e.,
z, = 0. The value of the mixing parameter, z*, is estimated
by fitting the general solution of the steady-state, 1-D
advection-diffusion model for a stable and conservative
(SC) tracer (Craig, 1974) to the salinity distribution in the
deep waters. The general solution of the steady-state, 1-D
advection-diffusion model for a SC tracer is given as

C, = Co + (Cp — Co) X [expzéf 1}
X [expzz—r;1 — 1}(71) (3)

Next, we find the best fit for the dAl distribution in the
deep waters to Eq. (2) with Cp,, C, and Ylo as free
variables.

APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2019.09.028.
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