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Abstract

One of the major pathways for dust supply to surface water of the Arabian Sea is via wet
deposition, which is significant during southwest Monsoon (June-September). Aeolian dust supplies
macro and micronutrients, which can impact on several marine biogeochemical processes. Here we
report, major elements and rare earth elements (REEs) content as well as mineralogical and Sr-Nd
isotopic composition of particulate collected from wet deposition (WDP) during the southwest
monsoon period over the Northeastern Arabian Sea (NEAS) (Goa; 15.4° N, 73.8° E) in 2013. The
collected WDP samples are classified into three categories based on changing wind regime, namely:
(1) beginning of monsoon (BM; June); (2) mid of monsoon (MM; July-August) and (3) end of
monsoon (EM; September). Our result highlights a significant temporal variability in REEs pattern
showing a decreasing trend of Lan/Ybn and relatively higher Eu*/Eu anomaly during mid of monsoon
compared to beginning and end of monsoon period. High palygorskite (P) with moderate smectite
(S) is observed for beginning of monsoon and majority of mid monsoon samples, however, high
smectite with moderate palygorskite and negligible palygorskite and smectite abundance is observed
for few of mid monsoon and end of monsoon samples, respectively, indicating change in dust
sources during the southwest monsoon period. We also observed temporal variability in 87Sr/26Sr
(0.7090-0.7193) and eng (-2.3 to -9.1) isotopic compositions wherein less radiogenic 8'Sr/®Sr and
relatively more positive eng is exhibited by mid of monsoon samples compared to those observed in
beginning and end of monsoon collections. The seasonal variability in geochemical tracers are
related to changes in the dust source areas which are identified as (1) the Arabian Peninsula
contributing significantly in beginning of monsoon and majority of mid monsoon samples; (2)
Northeastern Africa contributing to some of the mid monsoon samples and (3) Southwest Asia and
Thar Desert in end of monsoon samples. These source identification using geochemical tracers are
corroborated by the satellite images (CALIPSO and aerosol index maps) and back-trajectory
analyses.
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1.

Introduction

Long-range transport of atmospheric mineral dust and their deposition supplies essential
macro and micro-nutrients to continental as well as ocean ecosystem (Prospero, 1999; Jickells et al.,
2005; Yu et al., 2015; Mahowald et al., 2017; Anderson, 2020). Apart from its impact on surface
ocean biogeochemistry, mineral dust plays an important role in the Earth’s climate by modifying
radiation budget (Haywood et al., 2003; Kedia et al., 2018), cloud formation (Prenni et al., 2009;
Koehler et al., 2009; Tang et al., 2019) and general atmospheric circulations (Evan et al., 2011).
Also, dust storm episodes are considered as extreme events and can severely impact on human health
(Giannadaki et al., 2014; Sarkar et al., 2019) as well as supply large amount of dust to remote
locations (Aswini et al., 2020).

In the context of the Northern Indian Ocean (N1O), Arabian Peninsula (ARB) and Southwest
Asia (SWA) are considered as major dust sources (Pease et al., 1998; Goudie and Middleton, 2006;
Kumar et al., 2008; Badrinath et al., 2010; Ramaswamy et al., 2017; Aswini et al., 2020; Kumar et
al., 2020) with occasional contribution from the Northeastern Africa (NEA) (Ackerman and Cox,
1989; Léon and Legrand, 2003; El-Askary et al., 2006). The Arabian Sea, located in the northwestern
part of the NIO, receives a significant amount of mineral dust via wet and dry deposition processes
(113-154 Mtyrt) (Mahowald et. al., 2005 references there within; Singh et al., 2008; Ramaswamy et
al., 2017). The amount and nature of dust deposited over the Arabian Sea depends on regional
meteorology characterized by strong reversal of seasonal winds, i.e., southwest (SW) monsoon (June
to September) and northeast (NE) monsoon (October to January) (Nair, 2006; Glejin et al., 2012).
The airborne mineral dust from various source region can further impact on the intensity of monsoon
precipitation over India (Vinoj et al., 2014; Das et al., 2015). Among dry and wet deposition
processes, later one is dominant during the SW monsoon (Ramaswamy et al., 2017). During the SW
monsoon, atmospheric mineral dust is mainly transported at mid-tropospheric level (an altitude of 2-
5 km) (Das et al., 2015; Ramaswamy et al., 2017), which potentially can have an adverse effect on
the amount of precipitation and the rainwater chemistry (Ramaswamy et al., 2017). Tindale and
Pease, (1999), during Joint Global Ocean Flux studies (JGOFS) program, have reported low ambient
dust concentrations in the Arabian Sea, which essentially contribute to dry deposition, over the
Arabian Sea during the SW monsoon. Recently, Ramaswamy et al. (2017) have reported on the
significance of supply of mineral dust via wet deposition to the east coast of the Arabian Sea which
averages around 20 g m2 yr. This flux is comparable or relatively higher than those estimated from
sediment trap studies in the central and western Arabian Sea (Ramaswamy et al., 1991; Honjo et al.,
1999). Post deposition, the role of these mineral dust is crucial as they supply several trace metals
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and their isotopes along with the macro and micronutrients. The relative abundances of these trace
metals also depend on sources from where these mineral dust particles are derived (Kumar et al.,
2020). It is thus, important to characterize and identify the sources of long-range transported mineral
dust which is supplied to surface water of the Arabian Sea to assess their impact on the
biogeochemical processes.

Several studies have been attempted (Kumar et al., 2008; Kumar and Sarin, 2009; Kumar et
al., 2012) to characterize the aerosols and their sources over the Arabian Sea. However, most of these
studies have used elemental compositions as a tracer to identify its sources. In recent years, various
studies have used naturally occurring radiogenic Sr and Nd isotopes as a robust tracer for
identification of dust sources (Grousset and Biscaye, 2005; Meyer et al., 2011; 2013; Skonieczny et
al. 2011; 2013; Abouchami et al. 2013; Kumar et al., 2015; 2018). Very recently, Kumar et al. (2020)
have used radiogenic (Sr and Nd) isotopic ratios along with clay mineralogy and trace metal
composition to characterize dust over the NEAS during dry period (October-May) and found their
sources from the Arabian Peninsula, Southwest Asia, and the Thar Desert. They have also shown the
transport pathways of mineral dust derived from different sources towards the Arabian Sea. In this
study, we have measured Sr and Nd isotopic compositions, clay mineralogy, rare earth elements
(REEs), and elemental composition of mineral dust collected from wet deposition at a coastal site
located in the NEAS during the SW monsoon season of 2013. Our main objectives are (i)
geochemical characterization of the wet deposited aeolian mineral dust over the NEAS as well as
identify their sources and (ii) to assess temporal variability in sources of wet deposited mineral dust
during the SW monsoon season. We have discussed about sampling site and analytical protocol in
section 2. Results of geochemical and isotopic composition as well as varying air mass
backtrajectories along with aerosol index maps and CALIPSO profile, during this study, is reported
in section 3. Discussion on temporal variability in dust characteristics and identification of their
possible sources using mixing models are detailed in section 4. The highlight of this study is
summarized in last section with related implication of this study.

Sampling and analytical methods
2.1 Site description and samples collection

The wet deposition samples were collected on the terrace of a building located at the CSIR-
National Institute of Oceanography (CSIR-NIO), Goa, (15° 45’ N, 73° 80" E) during the SW
monsoon (June to September) season of 2013 (Fig. 1). The major wind systems prevailing in this
region during study period are the SW monsoon winds, which flow from the Indian Ocean over the



elevated East African coast and intensifies into Low Level Jet (LLJ) or Findlater Jet (Schott and
McCarry, 2000). A strong northwesterly winds are typical feature over the Arabian Peninsula, also
known as Summer Shamal (Yu. et. al., 2016), which is active from mid-May to mid-August as well
as the Levar winds, which are mostly active from mid-May to mid-September, that flow from the
central Asia towards the northern Arabian Sea through the active dust sources in the SW Asia (Sistan
Basin, Makran coast and other deserts in the SW Asia (Ramaswamy et al., 2017). These major wind
systems are active during SW monsoon period, (marked in magenta fonts in Fig. 1) which are
responsible for dust outflow over the Arabian Sea. The sampling site is located at an altitude of 30 m
from the sea level, and about 500 m away from the Arabian Sea coast (Fig 1; More detail on
sampling site can be found in Kumar et al., (2020). To collect particulate matter from wet deposition,
rainwater was collected using pre-cleaned (with Milli-Q water having resistivity = 18.2 MQ cm)
plastic trays during the study period. Rainwater was collected for 12-24 hours, depending on the
intensity of precipitation on a particular sampling day. The wet deposition particulates (WDP) were
extracted by filtering the collected rainwater samples using polycarbonate filters of 0.2 um pore size.
The filtered WDP was allowed to dry (at room temperature) to remove water content, and
subsequently used for processing and analyses of geochemical tracers. The detail of sample
collection dates are mentioned in Table 1. The collected WDP samples (dominated by aeolian dust)
were used to identify their sources using their clay mineralogy, REES, major element composition,

and Sr-Nd isotopic ratios.
2.2 Mineralogy of the wet deposition particulates

Oriented glass slides for X-Ray diffraction (XRD) of 16 WDP samples were prepared by
taking an aliquot of the samples collected on polycarbonate filters (during filtration), to which H20>
was added to remove the organic matter present in it. The deposited particles were made into a thick
slurry and directly pipetted onto glass slides. The bulk mineralogy were done using Rigaku® Ultima
IV XRD with Cu Ka radiation at 40kV and 20mA between 3° - 30° 26 at 0.02° 26/s. Semi-
quantitative determination of mineral percentages was focused mainly on the clay minerals present in
the samples. lllite, smectite, kaolinite, chlorite, and palygorskite were the major minerals identified.
Peak areas were quantified by considering the area of a particular mineral above appropriate baseline
using the Rigaku Integral analysis 6.0 software. The relative mineral percentages were evaluated

using correction factors provided by Biscaye [1965].



2.3 Major elements, REEs and Sr-Nd isotopic analyses

Approximately 50 mg of filtered WDP were rinsed with Milli-Q (Merck Millipore) water to
remove sea salt associated with it. Being collected from a location near to coastal region, it is
expected to have a significant amount of sea-salt Sr, which can potentially imprint on mineral dust Sr
composition (Kumar et al., 2020). Subsequently, the carbonate fraction was removed using an
ammonium acetate buffered acetic-acid solution (pH = 5) by shaking for two hours (Kumar et al.,
2020). The leaching step was repeated to assure that the samples were carbonate free. Subsequently,
the supernatant residue was washed repetitively with deionized water and dried at 90 °C. The dried
sample was further digested completely using a mixture of concentrated (Savillex double distilled)
HF and HNO3 acids in Savillex® PFA vials. This dried residue represents a pure silicate fraction of
mineral dust. The digestion procedure was performed under a clean laminar flow bench at 110 °C for
24 hours and subsequently allowed to dryness. The HF-HNO3z acid treatment was repeated once
more to ensure complete digestion of particulate matter. Subsequent to dryness, all samples were re-
dissolved using 2% supra-pure HNOs and stored in acid pre-cleaned polypropylene bottles for major
and trace element analysis. Major elements were measured on ICP-OES (Agilent 710), while REE
concentrations were measured using HR-ICP-MS (NU/ATTOM ES) at the National Institute of
Oceanography, Goa. Few samples were analyzed repeatedly to determine the precision of analysis;
these replicate measurements show analytical reproducibility of 5 % and 8 % for the major elements
and REEs, respectively. To assess the accuracy of these measurements, international standards NIST
(SRM 2710a Montana soil) was used as certified reference materials and the accuracy was found to
be better than 8 % RSD for all trace elements. 1°Rh was used as an internal standard for performing

the analysis.

In the silicate fractions of the WDP, pure form of Sr and Nd were extracted from the digested
sample, and their isotopic compositions were measured following the protocol described in Kumar et
al., (2020). In brief, approximately 50 mg of samples were taken and then leached with 1M
ammonium acetate—acetic acid buffer solution at pH = 5 to remove the carbonate content.
Subsequently, the samples were repeatedly washed with MQ water and then digested the silicate
fractions completely using supra-pure conc. HF-HNO3z acid mixture in PFA vials. Using the BioRad
AG 50W-X8, (200-400 mesh) resin, Sr and REEs were separated. Eichrome ® LN resin (50-100 pum)
was used to separate Nd isotopes from REEs fraction under the laminar flow bench (Kumar et al.,
2020). Measurements of Sr and Nd isotopes were carried out using MC-ICP-MS (NU Plasma I11), at
National Institute of Oceanography, Goa. The obtained isotopic ratios were corrected for the
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instrumental mass fractionation by normalizing the Sr and Nd isotopic data with 8Sr/%Sr (= 0.1194)
and SNd/**Nd (= 0.7219) respectively. During the interval of these sample analysis, the isotopic
composition of Sr and Nd of known international standards were also carried out. The average
87Sr/83r ratio of standard SRM 987 during these measurements was 0.710247+0.000021 (2o, n = 22)
and “3Nd/***Nd for Jndil standard solution was 0.512095+0.000016 (26, n=20) were obtained and
which are consistent with their certified values (Peketi et al., 2020). Reagent blanks were also
processed along with samples following the same procedure. The total procedural blanks for Sr and
Nd were found to be negligible compared to the amount of these elements processed through the
column chemistry. Therefore, no blank correction was done. Nd isotopic compositions were
expressed as the deviation of the measured 1*3Nd/***Nd of the Chondrite Uniform Reservoir (CHUR)
ratio of 0.512638 (Jacobsen and Wasserburg, 1980) in parts per 10,000, defined as end =
[((A*NdM*Nd)sampte/ C*3Nd/A*Nd)chur)) - 1] x 104,

2.4 Back trajectory and satellite data.

Seven-day back trajectories ending at our sampling site were computed using HYSPLIT model
(Draxler and Rolph, 2003) with the Global Data Assimilation System (GDAS) data, at different
altitudes (i) 500-1500m (lower altitudes), (ii) 1500-3000m (mid altitude), and (iii) 3000-4500m (high
altitude). These trajectories provide a synoptic picture of wind regimes during the study period. We
retrieved UV-Aerosol Index data (https://giovanni.gsfc.nasa.gov/giovanni/) for the entire study
region (including ARB, NEA, and SWA) to identify the active dust source regions during the
sampling days. Also, we investigated CALIPSO (Cloud Aerosol Lidar Infrared Pathfinder Satellite
Observations) profiles to specifically identify the presence of dust in the region (available online

https://www-calipso.larc.nasa.gov/) for the satellite passing over or near the sampling site.

3. Results
3.1 Variation in back trajectories and dust profiles during SW Monsoon

We computed seven day back trajectories and retrieved aerosol index data to broadly assess
the source areas of the mineral dust which are active and can potentially contribute to dust collected
at our sampling site during the study period. Back-trajectories (BT) along with aerosol index (Al)
map for three wet deposition collection (WDP-1, 10, and 15) are shown in Fig. 2 (BT and Al for the
rest of sampling days are detailed in Supplementary Material S1). We observed, from June to August
2013 of the study period, low-level trajectories originating from the Indian Ocean, which typically
represents the SW monsoon winds (Fig. 2d). However, trajectories at higher altitudes are observed to
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derive mainly from the north eastern Arabian Peninsula (Tigris-Euphrates floodplains and other
deserts like Al-Nafud), which followed the Summer Shamal wind pathway and overrides the SW
monsoon winds over the Gulf of Aden. For six sampling days (WDP-3, 4, 6, 9, 10, and 13), during
June to August, the mid-altitude trajectories were also observed to originate from the northern Red
Sea region, possibly indicating dust contribution from the coastal Red Sea sources. During
September 2013, most trajectories (Fig. 2f) were found to originate from the northern and
northeastern side of our sampling location, thus bringing dust mainly from the SW Asian sources
including the Thar desert. Based on the wind pattern observed during the study period, we classified
our samples in three categories namely (a) beginning of monsoon (BM): those collected in June-
2013; (b) mid of monsoon (MM): those samples collected during July-August, 2013 and (c) end of
the monsoon (EM): those collected during September 2013. Now onwards, we will discuss and

interpret variability in dust sources based on this classification.

The Aerosol Index (Al) for all sampling days was examined over the different dust source
regions, which complement our preliminary identification procedure. We observed high Al over the
Gulf of Aden and the coastal regions of the ARB during sampling days of BM and MM (Fig. 2a and
b). The back trajectories at higher altitudes passes over these regions may bring dust to our sampling
site at the NEAS. At the EM (during September), back trajectories are mainly from the northern
Arabian Sea region, indicating the change in the wind direction as there is a change in the wind
system (retreating ITCZ). The Al for the EM samples shows high aerosol concentrations over the
SWA, the northern Arabian Sea as well as ARB; however, wind regime suggests dust could be
derived from SWA. The available CALIPSO images were also examined during the study period,
along with Al. The vertical profiles show, dust transport mostly occurring at higher altitudes (2-5
Km) (Fig. 2g and h) during the SW monsoon, which is carried by the Shamal winds at the higher
altitudes. The CALIPSO profiles, at the EM, shows mineral dust is mostly present in the NEAS since
the dust in the EM is mainly from the SWA region by the retreating SW monsoon and Levar winds
(Supplementary Material S1). The aerosol distribution from the closest overpass of CALIPSO
profiles for the sampling days indicates the presence of a thick dust layer over the Arabian Sea upto 5
km height.

3.2 Mineralogy

Major clay minerals observed in WDP samples are smectite (15-56%), illite (11-53%), and
palygorskite (8-37 %) with moderate contribution from chlorite (10-29 %) and Kaolinite (10-22 %).
A gradual increase in illite and chlorite concentration is observed with the highest contribution
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during EM (average of illite = 49 % and chlorite = 25 %). However, no significant increase or
decrease is found for kaolinite (Table-1). High illite and chlorite concentration are comparable with
those observed for sources in the SWA, and moderate ones were similar to ARB sources (Sirocko
and Lange, 1991; Kumar et al., 2020). A very high palygorskite (average = 33 %) content was
observed for BM samples, which subsequently found to decrease in MM (19 %) and almost
negligible in EM samples (Table-1). However, smectite is found to be highest during MM (average =
34 %) and low during BM and EM periods. The smectite content was found to be inversely
correlated with palygorskite for all BM and MM samples (Fig. 4a). This considerable variation in
relative percentage of clay minerals suggests significant temporal variability in dust composition and

their sources impacting at the NEAS during the SW monsoon.
3.3 Major elements and REE patterns

The major element and REEs concentrations of WDP of the year 2013 are summarized in
Table-1 and Table-2. The relative abundances of major elements measured in decreasing order are
Al>Fe>Mg>Ca>K>Ti>Mn. Al is the most abundant element (average of 6 %) varying from 3.9 to
7.5 %, followed by Fe (average of 4.5 %), which varied between 3.3 and 5.5 %. Mg and Ca were
found to be varying from 1.4 to 3.2 % and 0.3 to 5.4 %, respectively. Al and other major element
concentrations have been reported for potential dust sources of the Arabian Sea region (ARB;
Kuwait, U.A.E, SWA,; Iranian coast, Thar Desert) by Kumar et al., (2020), which were comparable
(Al, Fe and Ca concentrations were 4.2%, 1.9%, and 10% respectively) with this study. Kumar et al.
(2020), have also reported elemental composition for the soil samples collected from Kuwait and
UAE., which are lower than those found in the BM samples (mainly derived from the ARB). This
variation between the major elements in soil samples and the wet deposited dust may be due to the
mixing of the dust from the other sources of the ARB during the mid-tropospheric transport in the
SW monsoon months. In this study, major elements (Fe and Ti) were found to correlate significantly
(r? = 0.75; 0.66 respectively; see supplementary material S2) with Al (considered as a tracer for
crustal sources; Kumar and Sarin, 2009) indicating their crustal origin. However, relatively poor
correlation is found for Ca and Mg, similar to those observed for aerosols samples derived from the
desert region as well as soil samples from source regions (Kumar et al., 2020).

The Post Archean Australian Shale (PAAS) normalized REE patterns of monthly averaged
values for the wet deposition samples is given in Fig. 3, PAAS normalized patterns show the middle
REE enrichment typically with a distinct positive Eu anomaly. The total REE values show an
increasing trend from BM to MM and subsequently decreases towards the EM.
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3.4.  Sr-Nd isotopic compositions:

87Sr/®8Sr ratios and eng Values of the silicate fraction of the dust measured are presented in
Table 1. The 7Sr/®Sr ratios of WDP range from 0.7091 to 0.7193 during the study period. Relatively
highly radiogenic 8'Sr/%Sr ratios (range: 0.7105-0.7131) were found for samples collected during
BM (June) , which tend to decrease towards MM (July and August) (range: 0.7091-0.7127) (Fig. 4c
and Table-1). However, EM samples shows an increasing trend in Sr ratios with values reaching up
to 0.7193 (Fig. 4c). end values of WDP silicate fraction found to vary from -2.3 to -9.1 during this
study period. Relatively more radiogenic Nd has been observed in MM (average= -4.3) samples,
however, relatively more negative eng is found in BM (average= -6.0) and EM samples (average= -
8.6). The eng values show an opposite trend to that of the 8/Sr/®8Sr ratios throughout the study period
(Fig. 4c).

4. Discussion
4.1 Characterization and temporal variability of wet deposited dust over the NEAS

Elemental and mineralogical composition, particularly their ratios, are used to characterize
dust from the source region (Usher et al., 2003; Kumar et al., 2020). These ratios are further used, in
conjunction with the meteorological pattern, to trace sources of dust which undergo long-range
transport to the remote oceanic and continental locations (Kumar and Sarin, 2009; Kumar et al.,
2020). We used Fe/Al and Ti/Al ratios for characterization of collected WDP, which were found to
vary from 0.65 to 1.08 and 0.06 to 0.10, respectively. A relatively homogeneous Fe/Al ratio is
observed for BM (0.80+0.12), MM (0.74+0.05), and EM (0.81+0.24) samples, although enriched
from the upper continental crustal (UCC) value (0.44; McLennan, 2001), indicating no significant
temporal variability in deposited dust. Similarly, Ti/Al ratios did not exhibit any significant temporal
variability (ratio for BM: 0.09+£0.01; MM: 0.08+0.01 and EM: 0.08+0.02). These observations
suggest that elemental composition is not sufficient to decouple variation in sources and/or temporal

variability as homogeneous ratios are observed for all collected dust particulates.

We investigated the composition of clay assemblage, including their ratios, extracted from
the WDP, which are detailed in Table-1 and Supplementary Material S2 (Table-ST-1), respectively.
The illite and chlorite abundance shows a steady increase from BM till EM, with insignificant
variation in kaolinite content (Table 1). We used mineralogical ratios viz. illite/kaolinite (I/K),
kaolinite/chlorite (K/C), and palygorskite/illite (P/1) (Supplementary Material S2; Table-ST-1) to

characterize long-range transported dust (Kumar et al.; 2020). An increase in the I/K ratio, from BM



(1.23 £0.28) to MM (1.44 + 0.48) with highest in EM (3.22 + 1.16), is observed during the SW
monsoon period of 2013. This increase, possibly, hints to change in dust sources from the ARB to
the SWA sources. A similar signature of I/K ratio have been reported by Kumar et al. (2020),
wherein, higher I/K values (range: 1.8-7.3) were observed for aerosol samples sourced from the
SWA compared to those sourced from ARB (Range: 1.0-1.3). In contrast, K/C values show the
opposite trend, having the highest ratio (1.34 + 0.24) during BM with gradual decease in MM (1.04 +
0.28) and EM (0.67 + 0.12) (Fig. 4a and Table-ST-1). This contrast variation, between I/K and K/C
ratios, have been observed by Kumar et al., (2020). A lower value of the K/C ratio indicates a
contribution from SWA sources, which is also supported by ratios observed for Pakistan sediment
sample (0.73; Svensson et al., (2000).

The BM and MM samples show significant palygorskite content with P/l ratio > 1 (average
BM: 1.77 £ 0.48 and MM: 1.04 £0.28), with the negligible contribution in EM sample (except one
sample WDP-14 showing P/l = 0.3). Palygorskite minerals are commonly found in sabkha
(supratidal, forming along arid coastlines that are characterised mainly by evaporite and carbonate
deposits; Alharbi et al., 2016) and wadi (dry river beds rich in palygorskite in the Arabian Peninsula;
Mackenzie et al., 1984) deposits in the ARB region as well as in the NEA (Debrabant et al., 1991,
and references therein). A higher P/l ratio has been reported for surface sediments off the ARB and
Horn of Africa-Gulf of Aden, significantly different from other regions in the Arabian Sea (Kolla et
al., 1981). Also, Kumar et al., (2020), have used P/I ratio to distinguish ARB (range: 1.3-2.5) versus
SWA sources for dust collected over the NEAS. Smectite percentages were observed high (range:
20-56%) during the MM period with the moderate presence in BM samples (range: 15-30 %) and
negligible in EM samples (except in WDP-14). Various studies have shown the abundance of
smectite in the NE African region due to the weathering of the Afar volcanic basalts (Sirocko and
Lange 1991; Singer et al., 1998; Van Den Eeckhaut et al., 2009). The average of smectite in the
sediments collected off the Horn of Africa is 40%, with palygorskite of 5-20%, which resemble the
composition of our MM samples. In a recent study based on the marine sediments in the Gulf of
Aden, Rojas, et al., (2019) have shown that the smectite and palygorskite are the major clay minerals
present in the sediments, and are the mixture of sediments mainly derived from the Afar triangle and
the ARB. The high smectite, moderate palygorskite, and illite in the MM samples possibly indicate
mixed dust contributed from the NEA and ARB.

We further investigated the temporal variation of PAAS normalized REE pattern (Fig. 3), and
we observed significant differences in Lan/Yb, ratio and Eu/Eu* anomaly displayed in Fig. 4b.
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Typically, Lan/Ybn ratio represents the abundance of light REE (LREE) versus heavy REE (HREE),
wherein lower the Lan/Ybn indicates enrichment of HREE in the samples. Enrichment in LREE and
HREE is commonly derived from acidic and alkaline rocks, respectively (McLennan, 1989). Lan/Ybn
ratio for the samples collected at the BM is more than one and this tends to decrease towards MM
samples (July and August). Subsequently, we observe an increased value in EM samples
(September), reaching up to 1.3. This shows an abundance of aeolian dust enriched in HREE within
MM samples. Similar HREEs enrichment is found for basic rocks from the NE African region
(McLennan 1989), suggesting their possible contribution to MM samples. However, LREE
enrichment is observed for BM and EM samples reflecting the contribution from different sources
other than NEA. One of the REE fractionations, due to geological processes, is also expressed in
terms of Eu/Eu* anomaly, which mainly depends on the type of parent rocks (Bau, 1991). Relatively
high Eu anomaly (Average: 1.126; Range: 1.090-1.170) is observed in MM samples compared to
BM (Average: 1.109; Range: 1.081-1.139) and EM (Average: 1.101; Range: 1.043-1.181) samples.
This further highlights different sources impacting WDP abundance in the three sets of samples. The
scatter plot between Eu/Eu* and Lan/Ybn (See supplementary material S3) provides the difference in
the source rock of the dust, which is helpful for source characterization (Nakai et al., 1993; Sun
2002; Muhs et al., 2007). We observed two different clusters having July and August samples in one
and June and September samples in other. We did observe June end samples overlapping with MM

cluster, possibly indicating inherent similarity in Eu anomaly of dust samples.

Temporal variation in the Sr-Nd isotopic composition shows the least radiogenic 8'Sr/®°Sr
(average: 0.7112+0.0011) and highly radiogenic eng (average: -4.3+0.9) during MM (Table-1). In
contrast, relatively high radiogenic 8Sr/®Sr is found for BM (average: 0.7118+0.0012) and EM
(average: 0.7156+0.0034) samples. Similarly, end Shows a very distinct signature for BM (average: -
6.0£1.25) and EM samples (average: -8.6+0.7), clearly highlighting the role of distinct source
impacting the WDP collected in the year 2013. BM samples, except WDP-4, are showing
characteristic isotopic signature similar to those of dust sourced from ARB (87Sr/Sr = 0.709-0.714
and end = -7.8 to -6.0) reported by Kumar et al., (2020) and Sirocko (1995). These samples also have
high Palygorskite content supporting their origin from ARB. The characteristic isotopic composition
of MM samples shows relatively large variability in eng values, with highly radiogenic eng (-2.7) and
tends to decrease towards EM. The isotopic signature of some of the MM samples (WDP-7, 8,9, 10,
and 11) are different than those reported for the ARB and SWA by Kumar et al. (2020), suggesting
the contribution from a different source impacting to the Arabian Sea during SW Monsoon. The

arid/semi-arid region in the NEA may be a potential source for dust that possibly gets carried along
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with Findlater Jet, augmented by Red sea winds during SW monsoon (Ramaswamy et al., 2017). The
NEA desert region is mainly composed of Cenozoic alkali basalts, which are the major source of the
sediments in the Afar region (located in the parts of Ethiopia, Eritria and Djibouti) with the high
radiogenic eng Values (0 to +10) and relatively low 8/Sr/®Sr ratios (0.703 to 0.705) (Betton and
Civetta, 1984; Teklay et al., 2009; Ayalew et al., 2018). It is important to state here, ARB source is
active during this period and can contribute significantly, which is also supported by air-mass back
trajectories deriving from ARB. A mixed isotopic signature is thus, observed for WDP-5, 6, 7, 12,
and 13 (Fig. 4c), which is also supported by relatively low palygorskite content compared to BM
samples (Table-1). Towards the EM, we observed highly radiogenic 8’Sr/2®Sr (value goes up to
0.7194) and relatively lower eng values (-9.1). The isotopic signature for EM samples compare with
those dust derived from the SWA region (87Sr/%®Sr = 0.714-0.720 and eng = -20.1 to -7.4) reported by
Kumar et al., (2020). Almost negligible palygorskite and smectite, along with an increase in illite and

chlorite content in EM samples, supports dust sourced from the SWA region.

Overall, based on isotopic, mineralogical, and REEs characteristics, we observed significant
temporal variability in WDP over the NEAS during SW monsoon. These dust particles are found to
be derived from three major sources i) ARB ii) NEA and iii) SWA. It is important to mention here,
the temporal variability reported here, is based on one year data. The robustness of this temporal
variability can be further ascertained by analyzing long-term (4-5 years) geochemical proxies of

mineral dust at coastal locations over the NEAS.
4.2 Provenances of dust over the NEAS during the SW monsoon

The mineral dust is the weathered product of the bedrocks in the arid and semi-arid (source)
region, and their isotopic signatures are mostly contributed by the bedrocks (Grouseet et al., 2005).
So different geological settings in bedrocks of source region contribute to the distinct isotopic
signatures, which can be used to characterize and identify the provenance of dust from various
sources. The Sr and Nd isotopic composition of WDP collected in 2013 are plotted in Fig. 5, along
with the fields (characterized by their average composition) of four different potential sources, which
can contribute to dust over the Arabian Sea. The average Sr-Nd composition and their concentration
are based on the data available in the literature (Sirocko, 1995; Tripathi et al., 2004; Ferrat et al.,
2011; Ayelew et al., 2018; Kumar et al., 2020) are summarized in Table-3. Samples collected at the
BM (WDP-1, 2, and 3) show highly radiogenic 8Sr/%Sr and less radiogenic eng, which are found to

cluster in the ARB field. These compositions found in the range of isotopic composition of aerosol
sourced from the dust storms over the ARB (87Sr/®®Sr = 0.7175; eng= -7.5) reported by Kumar et al.,

12



(2020). However, WDP-4 is found to lie away from this field and towards the NEA field indicating
contribution from the NEA sources. We also observed high palygorskite (with moderate smectite)
abundance in BM samples, which supports to their source from ARB (Sirocko et al., 19913, b),
without ambiguity. However, relatively lower palygorskite content is found for WDP-4, with
simultaneous increase in smectite abundance indicate contribution from the NEA source region. The
strong north-northwesterly Summer Shamal winds which blow over the Arabian Peninsula towards
the Gulf of Aden, from the end of May to mid-August plays a major role in transporting the dust
towards the Arabian Sea (Ramaswamy et al., 2017; Yu et al., 2016) (Fig. 1). Considering ARB as
one of the end members (Table-3) and NEA as other (Table-3), a mixing model representing
fractional contribution from each end member can be drawn (Fig. 5), following mixing equations by
Faure and Mensing, (2005). We observed, most of the BM samples are falling near and/or on this
mixing line, and a dominant contribution (more than 80 %) can be apportioned to ARB sources (Fig.
5).

Similar to BM samples, we observed the majority of MM samples (except WDP-8 and 10),
tend to fall in or on the edge of ARB space (Fig. 5), however, tending towards the NEA end-member.
These samples have relatively high smectite with moderate palygorskite content, which is distinct
from BM samples. Yet, being near the mixing line between ARB and NEA, a dominant contribution
from ARB can be ascertained to most of the MM samples. This interpretation is also supported by
inferences drawn from back trajectory analyses and CALIPSO retrievals (see section 3.1 and
Supplementary Material 1), which both highlight intense dust activity over ARB during the MM
period of 2013, during which winds will be carrying dust from ARB and overriding on SW monsoon
winds. In contrast, WDP-8 and 10, fall away from the ARB source, although on or near the NEA-
ARB mixing line (Fig. 5), and are therefore not exclusively sourced from the ARB. These two
samples show a gradual increase in eng associated with a small decrease in 8Sr/%®Sr and tend to plot
towards the NEA source. In addition, we observed high smectite followed by palygorskite content,
which indicates the increased contribution from the NEA sources (Sirocko et al., 1991a, b; Rojas et
al., 2019). Similarly high smectite is found for few MM samples, which is identified to be
dominantly contributed by the NEA based on Sr-Nd isotopic composition. Thus a mixed contribution
from ARB and NEA can be attributed to MM samples collected during the southwest monsoon. Back
trajectories for the samples collected in the MM, shows the air masses passing over the NEA sources
as well as the ARB sources. The end member mixing curve between NEA and ARB (shown in Fig.
5) suggests 30-50 % of dust contribution from NEA sources for the MM samples, which have highly

radiogenic end (WDP-8 and 10).
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WDP samples (WDP-14, 15 and 16) collected in September, 2013 exhibit relatively highly
radiogenic 8Sr/®Sr (average &’Sr/®°Sr = 0.7156) and relatively less radiogenic eng (average eng =
—8.6), tend to plot away from ARB source and towards the SWA (WDP-14) and Thar Desert (WDP-
15 and 16) source (Fig. 5). We also observed insignificant palygorskite and smectite (except WDP-
14) in the EM samples, suggesting a decreased and/or negligible contribution from ARB source. In
addition, we found a high abundance of illite and chlorite, a characteristic feature of SWA (Alizai et
al., 2012) and Thar Desert (Kumar et al., 2020). During EM (September), the wind blows from north
to south as the ITCZ starts migrating towards the south, and the Shamal winds cease to exist (Yu et
al., 2016). In contrast, the Levar winds blow through the Sistan basin, Makran coast in the Northern
Arabian Sea till September (Alizadeh Choobari et al., 2014). The northern Levar winds are strong
enough to raise the dust from the SW Asian dust sources and transport it to the Arabian Sea. Using
the end-member mixing equation for ARB and SWA, more than 60 % contribution from SWA can
be attributed to WDP-14. However, the absence of palygorskite and smectite in WDP- 15 and 16
infer to insignificant contribution from ARB and mainly dominated by Thar Desert source. Our
interpretation of source identification is based on the geochemical characteristic data available for
aerosols samples and soil samples; however, to make more robust conclusions for dust provenance,
the isotopic composition of soil samples from the source region, particularly from SWA source is

crucial.
5. Summary and implications

We report geochemical (major element, REEs, clay mineralogy, and Sr-Nd isotopic ratio)
composition of wet deposited particles, collected at a costal station located in the NEAS during
southwest monsoon period of 2013. During SW Monsoon, majority of dust reaches the Eastern
Arabian Sea via mid-tropospheric transport and undergoes wet deposition, which can significantly
impact on surface ocean biogeochemical processes. Based on changing wind regime, collected
samples are classified into the beginning of Monsoon (BM; June); mid of Monsoon (MM; July and
August) and end of Monsoon (EM; September). The elemental composition and their ratios
(particularly Fe/Al and Ti/Al) did not show any significant temporal variability during this study
period. In contrast, significant temporal variability is observed for clay mineralogical composition
with an increasing value of illite and chlorite starting from BM till EM samples. The temporal
variability is also observed in palygorskite and smectite abundance suggesting variation in dust
sources impacting the NEAS during SW Monsoon. High palygorskite and moderate smectite are

found in BM and the majority of MM samples. However, few MM samples show high smectite and
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moderate palygorskite abundance, and the absence of both palygorskite and smectite, in EM samples
highlights the change in the provenance of dust during SW Monsoon. In addition to clay minerals,
we also observed significant difference in Lan/Ybn ratio with lower values found for MM samples
compared to those for BM and EM samples (more than 1). Relatively high Eu/Eu* is observed for
MM samples compared to BM and EM samples, inferring to change in dust sources during the study
period.

In addition to clay mineralogy and REEs pattern, we assessed varaiation in radiogenic
istotopic (Sr and Nd) composition for wet deposited dust and a significant temporal variation is
observed for isotopic ratios with less radiogenic 8/Sr/®Sr and relatively more radiogenic end
signature are shown by MM samples compared to BM and EM samples.These varations clearly
highlights the role of source region activation and subsequent emission impact the dust
characteristics and composition at the receptor region. We further attempted to assess the relative
contribution from different sources using endmember mixing calculations by defining several end-
members (ARB, NEA, SWA, and the Thar Desert). The End-member mixing calculations indicate
more than 80 % contribution of ARB to BM and majority of MM samples, the mixed contribution
from NEA and ARB towards a few of MM samples and SWA and Thar Desert contribution to EM
samples. These source attributions are also supported by clay mineralogical composition as well as
back trajectories and satellite data.

This reported data set on the geochemical composition of WDP is the first one from this region,
fulfilling a major gap in understanding the impact of dust deposition to surface water biogeochemical
processes in the Arabian Sea. Most of the precipitation over the Indian sub-continent occurs during
the SW monsoon and is very significant from the socio-economical perspective. Several studies have
highlighted the vital role of long-range transported dust on the SW monsoon intensity and their
outbreak (Vinoj et al., 2014; Das et al., 2015). Any changes in the dust emission from the source
regions may modulate the rainfall intensity and pattern over the Indian sub-continent. In order to
understand the changing pattern of dust emission from the source region, it is important to
characterize dust and identify their sources, which makes this study very crucial. We have clearly
shown significant temporal variability in the dust characteristics, which is dependent on the wind
pattern as well as dust activity/emission in the source region. The dust particles which are getting
removed via wet/dry deposition can significantly impact continental (Ramaswamy et al., 2017 and
reference therein) and oceanic ecosystem (Swap et al., 1992; Prospero 1999, Mahowald, et al., 2011,
Guieu et al., 2019). The deposition flux and their impact depends on the type of dust which
eventually depend on the emitting sources, thus, making this study relevant. The information on dust
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characteristics and their sources via wet deposition is relevant for the data interpretation of marine
sedimentary records to better understand mineral dust cycle in the past and its role in the paleo-

productivity
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Figures:

SW Monsoon (June to August)
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Fig. 1: Map showing the sampling site at Goa (Red circle), as well as the possible sources of
mineral dust to the Arabian Sea (Black fonts). Major prevailing wind system during the SW

monsoon season is highlighted in magenta fonts (climatology of average wind observed during

June to August months ).
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Fig. 2: Map showing average UV-aerosol index over source region during the sampling period
for WDP samples (a) WDP-1 (b) WDP-10 and (c) WDP-15 collected at beginning, mid and end
of the SW monsoon respectively. Air mass back trajectory for 7 days from the sample collection
day (d), (e) and (f) shows that the air mass at different altitudes are originating from different
source regions. In (d and e) the trajectory at 500 m represents the SW monsoon winds which
travels at lower altitudes (500-1500m), whereas the trajectories of higher altitude (>1500m)
follows the Shamal wind pathways. At the end of the monsoon (f) the wind trajectories are
mainly originates from the SW Asian region showing the change in the dust source. CALIPSO
pass available two days before the sampling are shown in (g) WDP-1, (h) WDP-10 and (i) WDP-
15, which shows the presence of dust (marked in the orange box, yellow color ‘note no.3 in

profile legend’)over the Arabian sea region.
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Fig. 3: The PAAS normalized REEs pattern of monthly averaged value for the wet deposition

particulate samples collected during the SW Monsoon period of 2013.
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Fig. 4: Temporal variation in (a) abundance of palygorskite and smectite as well as illite/
kaolinite and kaolinite/chlorite ratio (b) Eu/Eu* anomaly and Lan/Ybn (c) 8’Sr/%®Sr and eng for the

samples collected during the SW monsoon period of 2013 at our sampling location in Goa.

26



4
. @ Beginning of Monsoon (BM)
NE Africa (NEA) @ Mid of Monsoon (MM)
@ End of Monsoon (EM)
20%
0 —
40%
.\:so%
& = .'\L‘am/

‘@ o,  Arabian Peninsula (ARB)
Py @

)

OJZ @
80% @
-8 F
® 40
12 - Thar Desert
SW Asia (SWA)
-16 T T T T
0.700 0.710 0.720 0.730 0.740

¥’sr®®sr
Fig. 5: Nd vs. Sr isotopic compositions of the WDP samples plotted along with potential source
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correspond to relative contribution of Arabian Peninsula end-member to the mixture.
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Tables:

Table 1: Sample name, date of collection, &Sr/%Sr, *3Nd/***Nd and eng values, as well as

relative percentages (%) of smectite (S), palygorskite (P), illite (I), chrorite (C) and kaolinite

(K)).

*ND: not detected

Sample ID Date of collection 87Sr/88Sr +2¢ | “SNd/™*Nd | +20 | ena | S P I K C
WDP-1 7-10 June 2013 0.713105 13 0.512270 6 -7.2 | 16 37 | 28| 19 | ND*
WDP-2 11-12 June 2013 0.711142 11 0.512342 5 58| 15 | 34 | 21| 17 13
WDP-3 18-19 June 2013 0.712552 16 0.512293 6 -6.7 | 27 33 [ 14| 16 10
WDP-4 25-26 June 2013 0.710539 10 0.512415 5 441 30 | 29 | 17 | 13 11
WDP-5 29-30 June 2013 0.711477 17 0.512409 5 -4.5 | 33 19 | 23| 11 13
WDP-6 3-4 July 2013 0.712120 14 0.512358 5 55| 23 28 | 23| 13 13
WDP-7 12-13 July 2013 0.711285 18 0.512415 5 -43 | 38 21 [ 16| 13 12
WDP-8 18-19 July 2013 0.709067 14 0.512522 6 -2.3 | 56 8 11| 15 10
WDP-9 23-24 July 2013 0.711352 12 0.512410 5 -4.5 | 43 18 | 17 | 12 10
WDP-10 31 July-1 Aug 2013 | 0.710323 11 0.512450 9 3.7 | 42 19 | 14 | 13 11
WDP-11 6-7 Aug 2013 0.710855 16 0.512405 7 46| 20 | 22 | 25| 18 15
WDP-12 12-13 Aug 2013 0.712749 17 0.512377 9 51| 22 18 | 29| 14 18
WDP-13 17-18 Aug 2013 0.711383 2 0.512396 8 47| 30 | 20 | 15| 13 22
WDP-14 10-11 Sep 2013 0.712616 9 0.512172 12 | 91| 16 13 | 44 | 10 17
WDP-15 19-20 Sep 2013 0.719377 15 0.512178 6 -90 | ND | ND | 50 | 22 28
WDP-16 28-30 Sep 2013 0.714931 12 0.512234 6 -79 | ND | ND | 53 | 18 29
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Table 2: The concentrations of major elements and REEs of the wet deposited dust samples collected during the SW monsoon of

2013.
Sﬁ;”nfée WDP-1 | WDP-2 | WDP-3 | WDP-4 | WDP-5 | WDP-6 | WDP-7 | WDP-8 | WDP-9 Wl%P Wﬁp ngp ngp Wlap ngp Wl%P
%
Al 6.0 3.9 5.8 6.3 6.6 7.4 75 6.5 5.5 6.1 5.6 4.1 6.2 5.1 7.5 5.9
Fe 4.2 3.8 42 5.0 5.0 5.2 5.2 5.1 4.0 4.9 4.2 3.3 41 5.5 49 4.0
Ca 0.5 5.4 0.6 17 1.1 0.9 1.0 0.9 0.7 2.0 1.0 0.4 0.5 0.3 0.7 0.8
Mg 2.7 3.2 25 3.1 2.7 3.0 2.7 2.0 2.0 3.0 2.2 1.8 2.0 1.4 23 25
Ti 0.4 0.4 0.4 0.6 05 0.6 0.6 05 0.5 0.5 0.5 0.3 0.5 05 0.5 0.4
ppm
La 282 | 216 | 242 | 248 | 278 | 309 | 313 | 253 | 245 | 233 | 247 | 244 | 251 | 246 | 371 | 247
Ce 634 | 473 | 530 | 529 | 619 | 678 | 710 | 574 | 564 | 543 | 580 | 517 | 542 | 522 | 729 | 528
Pr 6.6 5.3 5.6 6.0 6.8 7.4 7.5 6.4 5.9 6.1 6.0 5.7 5.9 5.8 7.9 5.8
Nd 253 | 207 | 215 | 232 | 266 | 288 | 288 | 260 | 236 | 245 | 239 | 220 | 230 | 231 | 303 | 222
Sm 4.9 41 43 47 5.3 5.6 5.7 5.4 48 5.0 47 42 45 45 5.9 44
Eu 1.1 1.0 0.9 1.1 1.2 1.2 13 1.3 1.1 1.2 11 1.0 1.0 11 12 0.9
Gd 4.4 37 37 43 4.7 5.0 5.2 5.0 43 45 4.3 3.9 3.9 4.1 5.1 3.9
Tb 0.6 0.5 0.5 0.6 07 0.7 0.7 0.7 0.6 0.7 0.6 0.6 0.6 0.6 0.7 0.5
Dy 3.7 3.1 3.1 3.6 4.0 42 4.4 4.2 37 3.8 3.6 3.3 3.3 35 42 3.2
Ho 0.7 0.6 0.6 0.7 0.8 0.8 0.9 0.8 0.7 0.7 0.7 0.6 0.6 0.7 0.8 0.6
Er 2.0 17 17 2.0 2.2 2.3 2.4 2.3 2.0 2.1 2.0 1.8 1.9 2.0 2.3 18
m 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Yb 1.9 15 16 18 2.0 22 22 2.1 1.9 1.9 1.9 17 18 1.8 2.2 17
Lu 0.3 0.2 0.2 03 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2
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Table 3 Sr and Nd isotopic composition and their concentration of the end-members defined as the Thar Desert, the Arabian
Peninsula, SW Asia and the NE Africa.

End members | #Sr/®Sr | St.dev | Sr(ppm) | &Nd | St.dev | Nd (ppm) References
Thar Desert 0.7350 0.006 300 -13.9 1.4 35 Tripathi et al. (2004), Ferrat et al. (2011).
Arabian
Peninsula 0.7122 0.003 750 -6.6 1.5 20 Kumar et al., (2020); Sirocko (1995)
SW Asia 0.7124 0.006 107 -11.9 3.8 12 Kumar et al., (2020)
NE Africa 0.7046 0.0004 574 1.7 1.1 32 Ayelew et al (2018)
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