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Abstract

The long-range atmospheric transport of mineral dust from the Middle East and South Asia to the
Arabian Sea (AS) is an important route for delivering key trace metals and nutrients. Despite being
surrounded by many deserts/land masses, it is not clear which dust source is most likely contributing
to mineral aerosols over the AS in the winter season. Substantial information related to dust source
emissions and transport pathways over the AS is, thus, needed for better constraining the
biogeochemical effects in the sunlit surface waters. Here, we investigated the radiogenic Sr and Nd
isotopic composition (87Sr/88Sr and [1na(0)), respectively) of dust samples collected over the AS during
a recent GEOTRACES winter expedition (GI-10: 13 January-10 February 2020). The &'Sr/®®Sr ratios
of dust samples from the AS varied between 0.70957 and 0.72495, whereas thel[][Ing(0) ranged
between -24.0 and -9.3. These proxies were further tagged with their source profiles of surrounding
land masses in the Middle East and India based on the origin of air mass back trajectories. We also
encountered two dust storm (DS) events, one on 27 January 2020 (DS1) and the second one on 10
February 2020 (DS2), which showed the distinct isotopic composition of both tracers over the Arabian
Sea. The DS1 is characterized by somewhat enriched **Nd ([Ing(0): -9.3) and depleted &Sr (87Sr/®6Sr:
0.70957), whereas as DS2 had relatively low [1ng(0)(-12.5) and high 8Sr/®Sr (0.7143). The DS1
indicated its origin in the Arabian Peninsula, and DS2 mostly evolved from Iran and the Indo-Gangetic
Plain (IGP) in northern India/Pakistan. Furthermore, the Sr and Nd isotope composition of DS1
resembles with the four dust samples collected over the pelagic waters in the Arabian Sea, thus,
signifies the importance of dust outbreaks from the Arabian Peninsula contributing mineral aerosol to
the central Arabian Sea in the winter season. Such documentation based on the Sr and Nd isotope
composition from this marine region is, hitherto, lacking in the literature and, thus, highlights the need
for more measurements.
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Introduction

Mineral dust is a well-known carrier of nutrients and trace metals to the marine atmosphere,
and subsequent deposition to the ocean surface significantly influences the biogeochemical cycles of
C and N through photosynthesis and N-fixation (Duce et al., 1991; Schulz et al., 2012; Mahowald et
al., 2017). As such, the dust cycle is rather complex due to the highly sporadic and episodic nature of
emissions from the deserts and their geographical extent and the atmospheric circulation pattern over
the dust source regions (Choobari et al., 2014; Jickells et al., 2014). Besides, the inherent variability
in the mineralogical composition associated with different continental sources further compounds the
modelling efforts of dust emissions. As a result, existing studies focusing on the dust impact on oceanic
biogeochemistry have, to date, relied mostly upon the chemical transport models (Keith Moore et al.,
2006).

Although debatable, there is some evidence that the dust deposition to surface waters that are
downwind of desert regions triggers the phytoplankton blooms (Shi et al., 2012; Banerjee and Prasanna
Kumar, 2014). For instance, Wang et al. (2012) have examined the role of Asian dust transported to
East China during the spring season in enhancing primary productivity based on the long-term, a
multiyear record of satellite observations of chlorophyll-a and aerosol (PMio) concentrations.
Likewise, the sediment trap records from the 3000 m water depth over the high dust-prone regions of
the North Atlantic gyre revealed significant enrichment in the particulate organic carbon fluxes
compared to the South Atlantic gyre, which is less affected by the dust deposition (Pabortsava et al.,
2017). Likewise, Basu et al. (2019) have shown that symbiotic bacteria associated with
Trichodesmium colonies maintain the pool of dissolved iron from the mineral dust in the surface waters
through the release of metal-binding organic compounds and subsequent photochemical reactions in
the aqueous media. Recently, Guieu et al. (2019) observed a significant increase in the standing stocks
of phytoplankton biomass in the surface waters of the Arabian Sea as a result of the response of the
biogeochemical model simulations coupled with atmospheric dust dissolution schemes. Ito et al.
(2016) have modelled the net effect of atmospheric processing of Asian dust in the continental outflow
to the western North Pacific, and subsequent deposition to the ocean surface could stimulate
phytoplankton primary productivity, which in turn has a consequence for expanding the oxygen
minimum zone (OMZ). All these studies have underscored the importance of aeolian dust in the
surface ocean biogeochemistry and, thereby, emphasized a need for better constraining their sources
and transport pathways. The present study is a step forward in this direction and deals mainly with the
provenance of atmospheric dust over the Arabian Sea. The Arabian Sea receives a substantial amount

of mineral dust from the deserts of the Arabian Peninsula, Irag, Iran, Pakistan, and India through the



shamal winds, mostly in the summer season (Pease et al., 1998; Tindale and Pease, 1999; Banerjee
and Kumar, 2016; Ramaswamy et al., 2017). For instance, Jickells et al. (2005) have estimated that
the deserts surrounding the Arabian Sea could contribute to ~50 g m yr'! of mineral dust load to the
surface waters. The mineral aerosol particles generated from these surrounding continental sources of
the Arabian Sea are rather diverse in terms of mineralogy as well as radiogenic Sr and Nd isotopic
composition (Sirocko, 1994; Kumar et al., 2020; Suresh et al., 2021). A conservative information
about source regions of aeolian dust can be obtained by determining the isotopic ratios of 8Sr/Sr and
144N d/**3Nd in the detrital silicate fraction of the aeolian dust (Goldstein et al., 1984). Therefore, our
goal here is to understand the probable source regions of mineral aerosols over the Arabian Sea using
the Sr and Nd isotope composition of dust samples collected during a winter cruise (SSD069: 13
January — 10 February 2020).

Materials and methods
Site description

Arabian Sea (AS), the western limb of the northeastern Indian Ocean, is a biologically
productive marine basin (Madhupratap et al., 1996; Patra et al., 2007). Being surrounded by several
deserts, including the Gulf of Oman, Somalia, Arabian Peninsula, Iran, and the Thar regions, AS
receives ample dust perennially from these source regions (Duce et al., 1991; Jickells et al., 2005). In
addition, this marine basin is also influenced by the air pollutants and fine alluvium from the Indo-
Gangetic Plain in winter and spring seasons (Kumar et al., 2008; Bikkina and Sarin, 2012; Bikkina et
al., 2012; Aswini et al., 2020b). As a consequence, several researches have employed the chemical
composition of marine aerosols (Siefert et al., 1999; Tindale and Pease, 1999; Bikkina et al., 2020), in
situ hydrographic parameters (e.g., Chlorophyll-a, nutrients, primary productivity, salinity, and
temperature) (Patra et al., 2007), as well as satellite observations (Prospero et al., 2002; Badarinath et
al., 2010) to understand the overall impact of mineral dust on the surface waters of the AS (Banerjee
and Prasanna Kumar, 2014; Guieu et al., 2019; Suresh et al., 2021). But no such reports exist to date
for the source apportionment of mineral dust based on the Sr and Nd isotopic composition of marine

aerosols collected over the AS during the winter monsoon.
Methods

This study includes Sr and Nd isotopic composition data of dust samples collected onboard R/V Sindhu
Sadhana during the two GEOTRACES-India follow-up research expeditions in the Arabian Sea during
the Northeast monsoon. The cruise started from Mormugao, Goa in India, on 13 January 2020 and
reached back to this port on 10 February 2020 (Figure 1). Overall, we collected a total of thirteen bulk



total suspended particulate (TSP) samples on 8" x 10" Tissuquartz filters (PALL Life Sciences Inc.)
using the high-volume air sampler (Envirotech®™: flowrate: 1.13 m® min™). The air sampler was
installed onboard the front deck of the bridge of the R/V Sindhu Sadhana (SSD069/GI-10) and was
operated only when the ship was cruising at a speed of over 8-10 knots per hour. Immediately after
collection, all the dust samples were wrapped in prebaked Aluminum foils, sealed in airtight Ziploc
bags, and stored at -19 °C until analysis.

Briefly, ~200 cm? filter cut of the aerosol sample was first washed with ultra-pure deionized water
(Milli-Q®™. Specific resistivity = 18.2 MQ-cm) to remove sea salt and subsequently treated with 0.6
M HCI to remove the carbonate content of dust. Thereafter, the residual filter was washed with
ultrapure water to remove the acidity, and the residue was digested with supra pure HF, HNO3, and
HCI at 110 °C for 24 h in a trace metal-free clean lab facility, under the Class 100 working
environment, at the National Institute of Oceanography (N10), Goa. This step has been repeated two
to three times to ensure complete digestion. The solution was evaporated and redissolved in 4 ml of
HCI. Of these, 2 ml of digested aliquot was processed to extract pure Sr and REEs using AG50W-X8
resin (200-400 mesh). Pure Nd was extracted from REEs using a lanthanum specific resin (Eichrome
® LN resin (50-100 pum) following the protocols described in Singh et al. (2008). These purified
fractions of Sr and Nd were measured for their isotope composition using the multi-collector
inductively coupled plasma spectrometer (MC-ICPMS; NU Plasma I11) in static mode at CSIR-NIO,
Goa. Mass-dependent fractionations for Sr and Nd were corrected by normalizing 8Sr/%8Sr to 0.1194
and “°Nd/**Nd to 0.7219, respectively. In addition to dust samples from the SSD069 cruise, we also
analyzed SRM987 and JNdi-1 standard reference material for 8’Sr/%8Sr and 43Nd/***Nd, respectively,
to ensure the quality of the data presented in this study. 8’Sr/®Sr and “*Nd/***Nd measured in reference
standards SRM987 and JNdi-1 yielded 0.710264 + 0.000011; (1o, n = 5) and 0.512105 £ 0.000009
(1o, n = 6) respectively, agreeing well with the recommended values. An international rock standard
(BCR-2) was also measured along with the aerosol samples, yielding 8'Sr/®Sr and **Nd/***Nd values
of 0.705037 £ 0.000005 (1) and 0.512624 + 0.000010 (1o), which are consistent with certified
reference values and literature reports (Table S1). The isotopic composition of Nd is often expressed
as the deviation of **3Nd/***Nd in the dust samples relative to that of primitive chondrites and is

commonly denoted as end(0), which is defined as follows.

(143Nd /144Nd)Dust

(143Nd /144Nd)CHUR

eng(0) = —1|x%10000



Here, CHUR refers to the Chondritic uniform reservoir and has a value of 0.512638 for the 143Nd/**Nd
(Jacobsen and Wasserburg, 1980). The quartz filter substrates used for the collection of atmospheric
dust over the Arabian Sea are strongly affected by the inherent relatively high filter blanks (Kumar et
al., 2014). We, therefore, measured four quartz fibre filters (ca. 400 cm2) for ascertaining the blank
levels of Srand Nd (Table S2). However, the consistency in the isotopic composition and blank levels
has allowed us to correct for the measured isotopic composition of Srand Nd based on the mass balance
equations. Another two filter blanks were processed for concentration of Sr (3.0-3.2 ng.cm™) and Nd
(1.9-2.0 ng.cm?) as well as their isotopic ratios of 8/Sr/®Sr (0.7147-0.7149) and *3Nd/***Nd
(0.512433-0.512453). It is important to note that the Sr levels in the filter blanks are ~3 to 18% of the
maximum and minimum signal observed in the dust samples collected over the Arabian Sea. Because
of the rather low levels of Nd compared to Sr in dust samples, the measured signal of Nd in the filter
blanks are only about 1.15 to 2 times that of the maximum and minimum levels observed for dust
samples over the Arabian Sea during SSD069 cruise. Despite the high Nd levels in the blanks, the
end(0) of the quartz filter blanks are characterized by a more positive values (i.e., ~ —3.9%. more
radiogenic than most of the sedimentary archives contributing to dust). Therefore, the following mass
balance equations has been used to correct for procedural blanks and to assess the Sr and Nd isotopic
composition of mineral dust collected over the Arabian Sea during SSD069/GI1-10 expedition.

[ST]totar = [ST]erue + [ST]brank (1)

[Nd]total = [Nd]true + [Nd]blank (2)

87sr _ [Srltrue 87sr [ST]plank 87sr
(Sesr)total T [STltotal X (BGST)true + [ST)total X (Bésr)blank 3

[Nd]true [Nd]
(8Nd(0))total = : X (ENd(O))true + blank X (ENd(O))blank (4)
[Nd]total [Nd]total

2.3. Synoptic winds and air mass back trajectories

The prevailing regional meteorology over the deserts can provide hints on how the dust particles could
be transported from several potential dust source areas (PDA) to the Arabian Sea in the winter season.
For instance, earlier studies focusing on the synoptic winds over the Arabian Peninsula have suggested
that dust transport from the deserts in the Middle East, which occurs mainly through the northeasterly
winds (aka. Shamals; (Middleton, 1986; Pease et al., 1998; Aboobacker et al., 2021)). These Shamals
are efficient transporters of dust particles to the Arabian Sea in winter and are likely triggered by
southward movement of the persistent frontal depressions over alluvial basins between the Tigris -
Euphrates (Al Ameri et al., 2019). However, the high-altitude convective upward and easterly

progression of dust lofted from the Arabian Peninsula to the Arabian Sea in the winter season has also



been spotted by Tindale and Pease (1999). Considering these scenarios, we examined the synoptic
winds at different vertical pressure levels (1000 mb: at the mean sea level; 700 mb: ~3 km above the
mean sea level) to understand the dust transport to the Arabian Sea (Figure 2). Besides the wind
patterns, air mass back trajectories (AMBTS) provide insights into how dust particles arrive over a
receptor site. The AMBTSs usually computed for 7-10 days using the Hybrid Single Particle Lagrangian
Integrated Trajectory model (HYSPLIT, vers. 4.0; (Draxler, 2002; Stein et al., 2015)). Here, the
HYSPLIT model uses the grided climatology data generated from a collaborative project between
National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research

(NCAR) and is accessible from the web repository of the NOAA air resources laboratory (Figure 3).
2.4. Erodible dust fraction and dust optical properties

Dust emissions from the global land masses are a highly complex process and often depend on several
parameters, including the soil erodibility (i.e., terrain roughness and soil moisture), dust load, the grain
size of the dust (coarse or fine), and the columnar fraction of dust to total aerosols (Middleton, 1986;
Prospero et al., 2002). Towards this, Ginoux et al. (2012) have constructed a map of erodible dust
fraction per grid cell area based on the earlier soil erodibility related measurements from the PDA by
combining with the satellite observation-based dust optical parameters (Figure 3). As such, the mineral
aerosol load over a PDA can be obtained using the aerosol optical depth (AODugust: columnar loading
of dust particles) retrievals from the Moderate Resolution Imaging Spectro Radiometer (MODIS)
instrument, which is mounted onboard Aqua and Terra satellites (Hsu et al., 2004). Likewise, the
relative size of the dust particles within a PDA can be obtained from the Deep blue algorithm based
retrievals of dust angstrom exponent (AEqust) values from the MODIS instrument (Hsu et al., 2006).
We also estimated the mineral dust fraction (MDF), the ratio of dust aerosol extinction to total aerosol
extinction retrieved at 550 nm, over the Arabian Sea based on the Modern Era Retrospective Regional
Analysis (MERRAZ2) model (Gelaro et al., 2017; Veselovskii et al., 2018). Overall, we overlayed the
500 m AMBTSs on the map of erodible dust fraction (Figure 3a), Deep blue algorithm-based MODIS
retrievals of AOD and AE (Figure 3b, c), and the MERRA2 model based MDF (Figure 3d) over PDA

surrounding the Arabian Sea during SSD069 cruise.
3. Results and discussion
3.1. Spatial variability of 8Sr/%Sr and Ona(0)

87Sr/8Sr and eng(0) in the silicate fraction of mineral dust samples collected over the Arabian
Sea during winter cruise (SSD069)/GI-10 have exhibited a marked spatial variability (Figure 4a,b). In

particular, the dust samples collected over the west coast of India and the southern leg of the SSD069



track in the Arabian Sea were characterized by more radiogenic ®’Sr signal and, hence, had relatively
high 8/Sr/®8Sr ratios than those dust samples collected over the pelagic waters. In contrast, we observed
a more radiogenic **Nd signal and, hence, high enq(0) for the pelagic dust samples compared to those
collected alongside the coastal and southern Arabian Sea tracks of the SSD069 cruise. Several
researchers have previously observed an inverse trend of Sr and Nd isotopic composition for the dust
samples (Grousset and Biscaye, 2005; Turetta et al., 2016; Yan et al., 2020). Because the fact that Sr
and Nd isotopic composition of dust particles aloft from the PDA are mostly governed by the surface
lithology and are not affected by the weathering, long-range atmospheric transport, or biological
processes (Grousset et al., 1992; Grousset and Biscaye, 2005), these tracers can be effectively used for
the provenance studies. The source apportionment of dust particles over the Arabian Sea from this
study can be achieved by understanding the possible PDA and thereby comparing the observed
87Sr/88Sr and eng(0) signatures over this marine basin with the source profiles. One way to ascertain
which PDA are utmost active and likely to contribute mineral aerosols during the SSD069 cruise is by
examining the 7-day isentropic air mass back trajectories and synoptic wind patterns, which are
described in the below sections.

3.3. Aeolian transport of dust, particle size, and absorption characteristics

The observed variations in the 8Sr/%®Sr and end(0) of ambient aerosols collected over the
Arabian Sea during the SSD069 cruise are mainly due to the differences in the provenance of mineral
dust particles from which they have originated. To trace the probable source regions of mineral dust
aerosols and associated transport pathways to the Arabian Sea from the neighboring land masses, we
computed AMBTS at an arrival height of 500 m (i.e., close enough to typical boundary layer height in
winter over South Asia) at the midpoints of the sampling tracks, similar to earlier studies (Siefert et
al., 1999; Tindale and Pease, 1999; Kumar et al., 2020). The AMBT analysis has clearly hinted us the
probable influence of mineral dust originating from the deserts in the Saudi Arabia, Iran, and India
(Figure 3). Besides the AMBTS, the synoptic wind patterns at the mean sea level and at the height of
~3 km have clearly revealed that the northeasterly trade winds significantly influence the air over the
Arabian Sea (Figure 2) (Badarinath et al., 2010; Aswini et al., 2020c). Several studies over the Indian
Ocean during the winter season have successfully demonstrated the impact of atmospheric pollutants
and fine alluvium from the Indo-Gangetic Plain over the Arabian Sea (Johansen and Hoffmann, 2004;
Bikkina et al., 2012; Kumar et al., 2012; Aswini et al., 2020b; Bikkina et al., 2020). Therefore, we
inferred that the dust samples collected over the Arabian Sea likely originated from northern India and

the Middle East (i.e., Arabian Peninsula and Iran).



When we combine the Ginoux et al. (2012) data containing the fractional area of erodible dust
per grid cell with AMBTSs on a geographical map, this exercise has provided information about the
relative significance of important dust source regions. These include four major locations (i) Saudi
Arabia, (ii) Sistan basin and Lut Desert in Iran, (iii) alluvium from the IGP in northern India and
Pakistan, and (iv) Peninsular India. Likewise, the satellite data on columnar loading of aerosols (AOD)
at 550 nm revealed higher values over the IGP (i.e., ~0.6-1.0) and somewhat intermediate humbers
observed over the desert regions in the Arabian Peninsula, Iran, Pakistan, and India (AOD: 0.4 — 0.6).
This disparity is mainly because of the relatively high anthropogenic emissions (e.g., biomass/biofuel
burning, vehicular exhaust, coal-fired thermal power plants) over the IGP together with the persistence
of shallow atmospheric boundary layer in the winter season (i.e., vertical mixing of pollutants is, in
general, confined to a certain height from the ground because of the insolation; ~700 m; (Nair et al.,
2007)). Additionally, the aeolian transport of these trapped pollutants from the IGP sweeps out to the
Arabian Sea through the prevailing NE monsoonal winds in winter. As a result, high AOD values were
observed for the aerosol samples collected along the coastal track in the Arabian Sea of SSD069 cruise
compared to those obtained over the pelagic waters due to the influence of continental transport from
IGP (Figure 3b). Another important insight about the dust particle size over the different dust source
regions can be traced from the angstrom exponent (AE) retrievals of dust based on the deep-blue
algorithm (Hsu et al., 2006; Ginoux et al., 2012). The MODIS deep-blue product of dust AE values
are lower over the desert regions of the Arabian Peninsula compared to other deserts in the Middle
East and India during the SSDO069 cruise. This result implies that the mineral dust particles over the
deserts of the Arabian Peninsula are much coarser than those originating from Iran, Pakistan, and India
during the study period (Figure 3c). Likewise, we can also understand the relative importance of dust
emissions among different source regions, given the influence of long-range transport of other
particulate components in the air using the estimated mineral dust fraction (MDF). Here, MDF (as
explained in methods) refers to light extinction caused by the dust particles normalized to that of total
particles suspended in the ambient air column at 550 nm (Francis et al., 2022; Gkikas et al., 2022).
This MDF is computed based on the spatial maps of AODgust and AODxotal, Obtained from the MERRA-
2 datasets. By and large, we observed higher MDF values over the Arabian Peninsula compared to
other deserts of Iran, Pakistan, and India (Figure 3d). This means dust emissions from the Arabian
Peninsula are more likely to influence the Arabian Sea compared to other dust source regions in the
Middle East and India.



3.4. Dust Storms — influence from Saudi Arabia and Iran

Based on the satellite remote sensing products, for instance, aerosol index data from the Total Ozone
Mapping Spectrometer (TOMS), Prospero and other peers have pointed out that the intensity of dust
emissions usually peaks during summer months and dust transport to the AS is mainly occur through
the high-altitude transport (Middleton, 1986; Prospero et al., 2002; Rashki et al., 2021). This is because
of the strong SW monsoonal surface winds that blew off alongside the Somali, and Oman coast towards
the Indian subcontinent (i.e., a phenomenon commonly referred as "Somali jet or Findlater Jet")
prevents the intrusion of dust particles at the ground level from Arabian Peninsula to the Arabian Sea.
Nevertheless, Middleton (1986) had argued that dust outbreaks from the horn of Africa (Somali coast)
to the Arabian Sea mostly contribute to the aeolian dust during summer (June-September), inferred
from the dust frequency and associated distribution/visibility data maps (storms <1km; blowing dust:
<11 km),). Likewise, recent studies have highlighted that the Sistan basin in southeastern Iran is also
an active PDA, contributing immensely to the dispersal of aeolian dust over the northern Arabian Sea
during summer season (June-September) ((Kaskaoutis et al., 2014; Rashki et al., 2021;
Mohammadpour et al., 2022). Contrary to conventional vision, the dust storms triggered by Levar and
Shamal winds are not only specific to summer months but also frequently occur during other seasons.
The National Aeronautics and Space Administration (NASA) has initiated the tracking of dust plumes
over the Indian Ocean using the Earth-orbiting satellites, and the related snapshot imagery of dust
storm outbreaks over the Arabian Sea was archived in public databases of Earth Observing System
Data and Information System (EOSDIS; Ramapriyan et al., 2010).

To illustrate the importance of dust outbreaks from the Arabian Peninsula and Iran region,
some of the EOSDIS were randomly picked and provided in the supplementary information (Figure
S1). These EOSDIS archived repository images have highlighted the influence of dust outbreaks from
the Iran in December 2004, January 2012, February 2016, and January 2022. Using the EOSDIS
database, we also looked for any such occurrence of dust storm events and the subsequent impact on
the Arabian Sea during the SSD069 cruise. A close analysis of the dust storm images obtained from

the MODIS archived datasets (https://worldview.earthdata.nasa.gov/) have hinted us the possible

influence of two such events during SSD069 cruise. One dust storm originated from Saudi Arabia by
Shamal winds on 27 January 2020 (Figure 5a), and another originated from Iran by Levar winds on 10
February 2020 (Figure 5b). However, no such dust storms were observed from the horn of Africa. This
means, the observed Sr and Nd isotopic composition of mineral dust on 27 January 2020 over the
Arabian Sea is likely a source-specific signature of Shamal wind-fuelled dust event. In contrast, the

87Sr/85Sr and ena(0) of DS2 is somewhat in close resemblance with the mineral aerosol emissions from
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Iran region. Recently, Kumar et al. (2020) have documented the impact of dust plumes from Iran in
summer months based on the Sr and Nd isotopic composition of ambient aerosols from a coastal urban
site, Goa (India). However, such emphasis on wintertime dust storms over the Arabian Sea is still
lacking in the literature. Therefore, the DS2 image from 10™ February 2020 (i.e., the Suomi National
Polar-orbiting Partnership Visible Infrared Imaging Radiometer Suite (NPP-VIIRS) true colour image
of the dust storm event obtained from the EOSDIS web repository, Figure 5b) together with the
AMBTSs further revealed an influence from the Iran region. Subsequently, we have tagged the 87Sr/%Sr
and end(0) of DS1 and DS2 with their probable source regions and compared these isotopic tracer data
with the source profile data documented in the literature (Blanchet, 2019; Jewell et al., 2021; Robinson
et al., 2021; Kunkelova et al., 2022).

3.5. Difference(s) in the lithology of the dust source

The lithology of Saudi Arabia and the neighbouring deserts differ greatly from the arid soils
present in Iran, Afghanistan, Pakistan, and India (Pease et al., 1998; Tindale and Pease, 1999).
Consequently, the geographical variability in the source-specific Sr and Nd isotopic composition of
these soils are intricately coupled with their formation history. For instance, dust originating from the
older rocks (e.g., Australia; (Delmonte et al., 2004; Revel-Rolland et al., 2006)) are characterized by
more 8/Sr/%Sr (>0.715) and less eng(0) (-11 to -21) than the juvenile bedrock lithology of island arcs
of Indonesia (i.e., containing relatively low 8’Sr/2éSr ratios (~0.709) and more eng(0) (Whitford, 1975;
Vroon et al., 1993). Likewise, the mineral dust originating from the Thar Desert in Rajasthan (Yadav
and Rajamani, 2004) are characterized by higher and lower values of & Sr/2Sr and ena(0), respectively
compared to those documented for the Arabian Peninsula and Iran (Robinson et al., 2021; Kunkelova
et al., 2022). However, the Sr and Nd isotopic composition of Thar dust is in sharp contrast to those
observed for the fine alluvium of the Indo-Gangetic Plain and other nearby arid regions of Middle East
(YYadav and Rajamani, 2004; Tripathi et al., 2013; Kumar et al., 2020). Taken together, therefore, dust
particles originating from these PDA of different lithology could contribute to significant variability
in the observed Sr and Nd isotopic signatures. As such understanding, the differences in the lithology
of the deserts bordering the Arabian Sea could provide some hint on the persisting variability of Sr and
Nd isotopic composition of the different provenance(s). Therefore, the 500m AMBTSs were overlapped
on the simplified geology map (Figure 6) compiled by the Canadian GIS group (Chorlton, 2007).
Furthermore, we also compared spatial variability data of 8Sr/%Sr and ena(0) with those signatures of

PDA on a geographical map containing the AMBTSs (Figure 7).



3.5. Source apportionment

The Sr-Nd isotopic composition of mineral aerosols collected over the Arabian Sea is highly dependent
on the contributing dust particles from the surrounding deserts/alluvial plains in the Middle East and
South Asia (Jewell et al., 2021; Kunkelova et al., 2022). Despite having a large variability in the
87Sr/%8Sr and end(0) of these surface soils (Goldstein et al., 1984; Goldstein and Jacobsen, 1988;
Grousset and Biscaye, 2005; Liégeois and Stern, 2010; Mubhs et al., 2014; Robinson et al., 2021), the
overlying dust in the ambient air carries more or less similar signature specific to these potential dust-
source areas (PDA)(Goldstein and Jacobsen, 1988). The PDA bordering the Arabian Sea include the
arid/semiarid regions in Somalia, Yemen, Oman, Saudi Arabia (e.g., Rub-Al-Khali, An-Nefud,
Dahna), Iraq, Iran (Sistan basin), Afghanistan, Pakistan, and India (Thar). Furthermore, the back
trajectories of most of the west coast sampling locations and the south-eastern Arabian Sea traverse
over southern Peninsular India, influenced by the terrain lithology of the Peninsular Gneissic Complex
(PGC). All these geographical domains are characterized by a distinct pair of Sr-Nd isotopic
composition mainly because of their lithology, which depends on the formation history of the
respective basin (Muhs et al., 2014; Jewell et al., 2021; Robinson et al., 2021; Suresh et al., 2021;
Kunkelova et al., 2022).

Numerous studies have shown distinct 8Sr/%¢Sr and ena(0) values for the PDA in the Middle
East and South Asia (Sirocko, 1994; Jewell et al., 2021; Suresh et al., 2021; Kunkelova et al., 2022)).
Earlier Sirocko (1994) had reported a 8’Sr/®Sr and enq(0) values of 0.7091 and -6, respectively for the
aeolian dust transported to the Arabian Sea. Likewise, the updated compilation of Kunkelova et al.
(2022) has shown that aeolian dust from the Arabian Peninsula is characterized by a distinct pair of
87Sr/8Sr (0.7115+0.0012) and eng(0) (-6.4+1.8) values, which are in sharp contrast to those observed
for the soils of eastern Sahara (8Sr/®Sr :0.7059+0.0017 and eng(0) (-1.1%2.7), Jewell et al. (2021)).
Kumar et al. (2020) have characterized aeolian dust signatures of 8 Sr/8Sr (0.7109-0.7135) and end(0)
(-7.8 to -5.4) from Iran (mostly originated from Sistan basin and Makran coast) to the Arabian Sea.
Furthermore, Singh et al. (2008) have shown that alluvial soils of the Indo-Gangetic Plain are
characterized by higher 87Sr/8Sr ratios (0.7527-0.7893) and lower eng(0) (-18.6 to -15.7) than those
reported for the deserts in the Middle East (Kumar et al., 2020; Jewell et al., 2021; Kunkelova et al.,
2022) and Thar (3"Sr/®Sr:  0.7290-0.390; eng(0): -15.9 to -12.6; (Yadav and Rajamani, 2004)).
Therefore, we have compared our Sr and Nd isotopic composition data of the SSD069 cruise in the

Arabian Sea with the available data from these PDAs (Figure 8).



Studies focussing on the relative significance of mineral aerosol emissions from different
PDA to the Arabian Sea based on &Sr/%Sr and eng(0) have been so far conducted from a coastal urban
site (Goa) in southwestern India (Kumar et al., 2020; Suresh et al., 2021). More specifically, these
studies have tagged different dust events, mostly from summer months (June-September; (Kumar et
al., 2020); plotted in in Figure 8) and few dust samples from before and after the onset of SW monsoon
(Suresh et al., 2021). In contrast, our data on 8Sr/®Sr and end(0) is based on the atmospheric dust
samples collected over the Arabian Sea in winter season. We have, therefore compared these two data
sets to gain insights on seasonal differences in the provenance of mineral dust and their aeolian routes
to the Arabian Sea (Figure 8).

Among all, the dust samples collected from the MABL alongside the west coast of peninsular
India are characterized by higher 8/Sr/®Sr ratios and lower eng(0) values than those from open ocean
waters of the Arabian Sea. These data are consistent with the 8Sr/%Sr ratios reported for Thar soils,
however, are not overlapping with the reported ranges for ena(0). AMBT analysis shows that southern
Peninsular India, partly the Lesser Himalaya (LH) and the IGP could also be possible contributors of
mineral aerosols over the Arabian Sea in the winter season. Ahmad et al. (2000) have reported that the
lithology of the Lesser Himalaya is characterized by a broad range for &Sr/Sr (0.7158-1.1765) and
end(0) values (-27.7 to -15.0). Likewise, numerous studies have documented that fluvial sediments and
source rocks of the IGP are highly radiogenic for Sr (87Sr/®Sr: 0.72 — 0.83; (Singh et al., 2008; Tripathy
et al., 2011; Tripathi et al., 2013; Awasthi et al., 2018)). In contrast, the soil particles of PGC are
characterized by both relatively low 8/Sr/®Sr (0.71507 — 0.72176) and low ena(0) values (-40.8 to -
32.6; (Goswami et al., 2012)). However, subsequent studies have reported a rather diverse range of Sr
and Nd isotopic composition with mean values of 0.7344 for 8Sr/®Sr and eng(0) (-23.6) for the PGC
dataset (Yu et al., 2019)). The impact of PGC dust in terms of high Mn supply has been projected
recently for both aerosols originating from southern India (Aswini et al., 2020a) and for the surface
seawater data (Singh et al., 2023). In contrast, the tracer pair of Sr and Nd signals for the remaining
dust samples collected over the pelagic waters of the Arabian Sea were remarkably overlapped with
the recent source profile data from the Arabian Peninsula/Iran (Palchan et al., 2013; Robinson et al.,
2021; Kunkelova et al., 2022). Therefore, we have pinpointed the probable source region(s) of aeolian
dust over the Arabian Sea are the Arabian Peninsula/Iran versus the IGP/PGC by comparing their Sr
and Nd isotope composition (Figure 8). Furthermore, 8Sr/%Sr and eng(0) of dust samples reported
from Goa (Kumar et al., 2020) are compared with this study in Figure 8 to highlight the seasonal

differences in the source regions of mineral dust (if any).



Kumar et al. (2020) have characterized three different types of dust particles collected over
Goa using 8'Sr/®Sr and ena(0), and traced back their origin from Arabian Peninsula (ARBS: 0.7125-
0.7142; -7.8 to -7.3), Iran (SWAS: 0.7143-0.7206; -20.1 to -7.4), and Thar (SWAW:0.7052-0.7148; -
12.8 to -8.3) using the AMBTSs. Interestingly, the 87Sr/2®Sr ratios of dust sampled over the open ocean
waters during SSD069 cruise are consistent with those reported for ARBS, source-emissions from
Arabian Peninsula (0.7115, (Kunkelova et al., 2022); 0.709, (Sirocko, 1994)). However, end(0) values
for pelagic dust samples collected over the Arabian Sea during SSD069 cruise (-13.7 to -9.3) were

lower than those documented over Goa by (ARBS: -7.8 to -7.3; Kumar et al., 2020) and the source

emissions (-6.4+1.8, (Kunkelova et al., 2022); -6, (Sirocko, 1994)). This means observed signatures

over the pelagic waters of the Arabian Sea during our winter cruise could likely be due to the mixture
of dust particles from the Arabian Peninsula with other dust source-emissions in South Asia, which
contain lower end(0) and higher 87Sr/88Sr ratios (viz., Thar, PGC, IGP; Table 2).

Of these, dust particles from the Thar are characterized by slightly higher &Sr/2Sr ratios and
lower end(0) values (0.7289-0.7390 and -15.9 to -12.6, respectively) than those reported for the deserts
in the Middle East (Table 2, Tripathi et al., 2013). In contrast, the PGC and IGP end members are
characterized by somewhat higher 8’Sr/®%Sr ratios (~0.72 and 0.73-0.80) and lower eng(0) values ((-25
to -20; -20 to -15, ((Singh et al., 2008; Tripathi et al., 2013; Awasthi et al., 2018; Yu et al., 2019)). As
apparent from the Sr-Nd isotopic signatures of these end members, we suggest that dust samples

collected over the open ocean waters are mostly derived from Arabian Peninsula and Thar since the
MABL during the SSD069 cruise is strongly influenced by the prevailing NE monsoonal winds. We,
therefore, used a two-end member mixing of source emissions to constrain the overall relative
contribution of mineral dust from each provenance (Arabian Peninsula or AP: ~80-90%; Thar: ~10-
20%).

8757,. 87Sr
(875T> _ faust-ap X [ST]ap X (@)dust-AP + (1 = faust-ap) X [ST]rhar X (W)dust—Thar
86ST) faust-ap X [ST]ap + (1 = faust-ap) X [ST]rnar
_ fdust—AP X [Nd]AP X (gNd(O))dust—AP + (1 - fdust—AP) X [Nd]Thar X (gNd(O))dust—Thar
(gNd(O))mix -

faust-ap X [Nd]ap + (1 = fause—ap) X [Nd]rhar

Here, we adopted the concentrations and isotopic composition of Sr (AP: 0.708; Thar: 0.735) and Nd

(AP: -7; Thar: -13.5) for the source-emissions from (Kumar et al., 2020). Similar to these above

calculations, the remaining dust samples collected along the west coast of India could be explained by
two-end member mixing of the source emissions from the PGC (80-90%) and Arabian Peninsula (~10-
20%).



It is important to reiterate the possible bias in the source estimation which could arise from the
grain size sorting effect during long-range atmospheric transport while using the observed isotope
composition of Sr and Nd of dust particles over the Arabian Sea with the source-emissions in the
Middle East and South Asia. Several studies have shown that end(0) signatures of detrital silicates in

the distal locations remain similar to that of source-emissions from PDA ((Goldstein et al., 1984;

Grousset et al., 1988; Kanayama et al., 2005; Meyer et al., 2011). However, grain size sorting, (i.e.,

due to relative increase in contribution of clay fraction which contains more radiogenic Sr character
compared to sand/silt fraction) might influence the observed &’Sr/8®Sr ratios during transport (Blum
and Erel, 2003; Meyer et al., 2011). However, the associated variability (increase) of 87Sr/%®Sr ratios

with a decrease in particle size within the source emissions of PDA in the Middle East is not obvious

from the recent compilation of Kunkelova et al. (2022). A large data set will be required to constrain

such secondary effects during transport which is beyond the scope of this study. Moreover, Duce et
al., 1991 have pointed out that only particles smaller than 10 um are usually involved in long-range
transport away from the dust source regions. Consequently, the measured isotopic composition of Sr
and Nd of dust particles collected over the Arabian Sea is likely because of small-size silt and clay
particles. Considering the inferences from the available field data that the Nd-isotopic composition
could serve as a robust proxy for source apportionment of mineral dust, we, therefore, used the large
variabilities observed in end(0) values that are coherent with 8/Sr/®Sr to characterize the influence of
different dust source regions. We could observe a clear distinction of end(0) between the open ocean

dust samples (Dust#08-13) compared to those collected alongside the East coast of the Arabian Sea.

As mentioned earlier, we encountered two dust storms over the Arabian Sea, DS1 was from
Arabian Peninsula on 27 January 2020 and DS2 was from Iran on 10 February 2020. The 8'Sr/®Sr and
end(0) values during DS1 (i.e., Dust#08) and DS2 were not only consistent with the other four dust
samples (Dust#09-12) collected over the open ocean waters of the Arabian Sea but also compared well
with the source profile of mineral aerosols from Saudi Arabia (Figure 8). Furthermore, as indicated
earlier, the AMBTSs for all these six dust samples (including the DS1, 2) have origins from the Middle
East deserts. This observation is perhaps related to the source-specific dust influence of dust storms
originating from the Saudi Arabia and other nearby deserts in the Middle East during winter season.
Besides, the 87Sr/®Sr and ena(0) signatures for the dust samples collected along west coast of India are
rather diverse and possibly could be from a mixture of source emissions in Iran, Afghanistan, Pakistan,
and India. Overall, our results clearly emphasized the importance of dust supply from Saudi Arabia
and Iran regions to the Arabian Sea during the winter season.



4. Conclusions

This study first time attempts to examine the ship-borne collection of dust samples over the
Arabian Sea during a winter cruise to characterize the provenance(s) based on the 87Sr/2éSr and ena(0).
We also used AMBTS, wind patterns, and earth-orbiting satellite (EOS) based retrievals of dust optical
properties to further understand the nature of dust particles (coarse vs. fine nature) transported to the
Arabian Sea and which potential dust source areas are more likely to contribute in terms of emissions
during the winter season. Our results based on the Sr and Nd isotopic composition of detrital silicate
fraction of ambient aerosols have shed light on the importance of dust outbreaks from the Arabian
Peninsula and Iran during winter cruise, otherwise not conceived in terms of general synoptic scale
transport impact of haze pollution from South Asia. Sr-Nd isotope signatures along with AMBTSs of
the dust particles suggest the Arabian Peninsula/Iran as the major source of dust to the open ocean of
the Arabian Sea whereas the eastern Arabian Sea receives mineral dust mostly from the Peninsular
India and the Indo-Gangetic Plain in winter months.
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Figure 1. The track used for the dust sample collection in the Arabian Sea during SSD69 cruise (13

January — 10 February 2020).
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Figure 2. Wind fields over the Arabian Sea at 1000 mb (surface level) and 700 mb (~3 km) during
SSDO069 cruise (13 January — 10 February 2020).
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Figure 3. Geographical map containing the Hybrid Single Particle Lagrangian Integrated Trajectory
model (HYSPLIT, vers. 4.0) based 7-day isentropic air mass backward trajectories (AMBTS) at an
arrival height of 500 m alongside (a) erodible dust fraction, (b) MODIS aerosol optical depth (AOD at
550 nm: combined retrievals of deep blue and dark target algorithms; best suited for dust and other
aerosols), (c) MODIS deep blue algorithm based angstrom exponent (AE, 0.412-0.470 um), and (d)
mineral dust fraction (MDF) estimate, the dust to total aerosol optical depth (AODgust/ AODrotal) during
SSDO069 cruise.
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Figure 4. Spatial variability of 87Sr/%Sr and (b) end(0) of dust samples collected onboard ORV Sindhu
Sadhana during SSD069 cruise (13 January — 10 February 2020).



Figure 5. The images of MODIS NPP VIIRS retrieved dust storm events during SSD069 expedition.
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Figure 6. Air mass back trajectories computed using HYSPLIT-4 model at an arrival height of 500 m
superimposed upon the simplified geology map according to their ages during SSD069 cruise. The
numbers at the midpoint alongside the cruise track correspond to dust samples collected over the
Arabian Sea.
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Figure 7. A comparison of 87Sr/%®Sr (left panel) and ena(0) (right panel) of the silicate fraction of dust
particles collected over the Arabian Sea during SSD069 cruise with those reported for potential dust-
source areas (PDA) surrounding this marine basin.
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Figure 8. Source apportionment of mineral dust over the Arabian Sea during a winter cruise (SSD069)
using the 8/Sr/®Sr and eng(0) of the silicate fraction of marine aerosols by comparing with the
contributing source profiles (Lightfoot et al., 1990; Tripathi et al., 2013; Kumar et al., 2020; Jewell et
al., 2021; Robinson et al., 2021; Kunkelova et al., 2022).




Table 1. Radiogenic isotopic composition of Sr and Nd in the silicate fraction of dust samples collected over the Arabian Sea during
SSD069 cruise (10 Jaunary-13 February 2020).

Av. Av. Vol.of air [Sr] [Nd]

id Sampling dates Lat Lon (m3) (ng/m3)  (ng/m3)  (]7Sr/%Sr)uue  €nd(0)wrue O%7Sr type

Dust1  13-13/01/2020 13.40488 73.55026 793.8 7.18 0.53 0.721385 -18.1 17.2 IGP, LH, PGC
Dust2  13-14/01/2020 12.41089 74.17953 840 9.47 0.75 0.724953 -22.7 22.2 IGP, LH, PGC
Dust3  14-14/01/2020 10.53557 75.05226 708 13.88 1.11 0.718144 -21.1 12.6 IGP, LH, PGC
Dust4  14-16/01/2020 9.262292 74.6719 810 9.41 0.72 0.719168 -24.0 14.1 IGP, LH, PGC
Dust5  18-22/01/2020 8.998432 69.43466 1152 5.99 0.10 0.711996 -29.8* 3.9 n.a.

Dust6  22-25/01/2020 9.00342 66.3821 996 6.82 0.40 0.718239 -22.9 12.7 IGP, LH, PGC
Dust7  25-27/01/2020 8.996064 63.44491 1200 7.25 0.32 0.716615 -21.8 10.5 IGP, LH, PGC
Dust8 27-29/01/2020 8.971341 60.95897 1056 43.40 1.02 0.709573 9.3 0.5 Arabian Peninsula, Iran
Dust 9 29-31/01/2020 8.225261 59.88377 612 1554 0.51 0.710501 -12.5 1.8 Arabian Peninsula, Iran
Dust 10 02-04/02/2020 12.75361 64.07361 1590 5.02 0.43 0.713772 -11.6 6.4  Arabian Peninsula, Iran
Dust 11 05-06/02/2020 15.53082 66.41979 978 8.27 0.49 0.711454 -13.0 3.2 Arabian Peninsula, Iran
Dust 12 07-09/02/2020 17.03374 68.52549 420 24.95 1.87 0.715403 -13.7 8.7 Arabian Peninsula, Iran
Dust 13 10-10/02/2020 16.17179 71.19205 696 13.26 1.18 0.714736 -12.5 7.8 Arabian Peninsula, Iran

Note: end(0) = (Rsample/Rcrur -1) x 10000; R = 3Nd/***Nd.; Here, CHUR' = Chondritic Uniform Reservoir and has value of 0.512638

((Jacobsen and Wasserburg, 1980); Probable source is based on the origin of seven day isentropic backward air mass trajectories

computed from the HYSPLIT-5 model. Here, # blank correction is more than 50% of the signal detected for this sample and therefore
not considered for source apportionment. 88'Sr = (Rsample/Rseawater -1)x1000; R = 87Sr/86Sr. A A value of 0.7092 has been used for

Rseawater ((Spooner, 1976)). The acronyms IGP, LH and PGC refer to the Indo-Gangetic Plain, Lesser Himalaya and Peninsular Gneissic

Complex, respectively.



Table 2. Representative end member signatures of Sr and Nd isotopic composition from potential

dust-source areas surrounding the Arabian Sea.

(Egypt, N. Sudan)

0.7058+0.0014

-1.34+2.46

PDA 87Sr/88Sr end(0) Reference
Singh et al., 2008;
Indo-Gangetic Plain | 0.74-0.80 -23- 10 -18 Tripathy et al., 2013;
Awasthi et al., 2020
Thar Desert 0.7289-0.7390 -15.9 t0.-12.6 | Yadav et al., 2004
Sistan-Lut Desert Kunkelova et al., 2022;
0.7098+0.0005 -7.6x0.7
(Iran) Kumar et al., 2020
Makran coast (Iran) Kumar et al., 2020
Arabian Peninsula 0.7115+0.0012 -6.4+1.8 Kunkelova et al., 2022
Kunkelova et al., 2022;
Mesopotamia (Iraq. | 4 7097.0 0017 -3.5+1.8 Kumar et al., 2020;
Kuwait, Syria)
Henderson et al., 2020
South Levant 0.7116+0.0011 -6.8+0.7 Kunkelova et al., 2022
Horn of Africa 6.59 Jung et al., 2004,
_ 0.7166, 0.7098-0.7099 8-3 ’ 65 _
(Somalia) -8.3 10 -6. Sirocko, 1994
Western Sahara 0.7279+0.0052 -14.79+2.16 Jewell et al., 2021
Central Sahara 0.7186+0.0052 -9.96+3.85 Jewell et al., 2021
0.705-0.724, -12.410 -10.0, | Kunkelova et al., 2022;
Eastern Sahara 0.7059+0.0017
: =Y. -1.1+2.7 Scheuvens et al., 2013

Jewell et al., 2021




