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Abstract 

During the Southwest monsoon (SWM), aeolian dust is mainly supplied via wet deposition 

over the north-eastern Arabian Sea (NEAS). To understand their impact on the biogeochemistry of the 

Arabian Sea, it is important to identify their sources and characteristics. In this context, wet deposit 

particulate (WDP) samples were collected at a coastal station (Goa; 15.4̊ N, 73.8̊ E) in the NEAS 

during the SWM for three years. These samples were used to characterize and identify mineral dust 

sources using mineralogical, elemental, and isotopic (Sr and Nd) signatures. The WDP samples were 

classified as Beginning of Monsoon (BM, June samples), Mid Monsoon (MM, July- August samples) 

and End of Monsoon (EM, September samples). Clay mineralogical composition indicate high 

palygorskite content during BM, which subsequently found to decrease in MM, and almost negligible 

in EM. However, smectite is highest during MM, with moderate presence of palygorskite during this 

period. The considerable variation in the relative percentages of clay minerals suggest significant 

temporal variability in dust sources which is further corroborated by the radiogenic isotopic 

composition. A strong seasonality in the isotopic composition is observed with 87Sr/86Sr ratio being 

relatively less radiogenic during MM than the BM and highly radiogenic at the EM. Whereas ƐNd 

values show an opposite trend to 87Sr/86Sr ratios throughout the monsoon, with more radiogenic ƐNd in 

the MM, and less radiogenic at the EM. End member mixing plot indicate dominant contribution of 

dust from the Arabian Peninsula (ARB) and Northeast African (NEA) sources during BM and MM, 

while a shift towards the Thar desert and Southwest Asian (SWA) sources at the EM. Trace elements 

associated with different sources were quantified and suggest high Fe concentration is associated with 

NEA dust sources, despite of ARB is the major supplier of aeolian dust to the Arabian Sea. 
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1. Introduction 

The Arabian Sea (western part of the North Indian Ocean) receive significant amount of aeolian 

dust from surrounding arid/semi-arid desert regions (Kumar et al., 2020; Suresh et al., 2021a; Aswini 

et al., 2022; Ramaswamy et al., 2017; Suresh et al., 2021b). The large scale transport of mineral dust, 

in this basin, is strongly dependent on the prevailing meteorology (Ramaswamy et al., 2017; Aswini 

et al., 2022) as well as emissions of dust from the surrounding source region (Goudie and Middleton, 

2006). During southwest monsoon (SWM) months, dust transport occurs either via higher altitude 

pathways (between 2-5 Km; Ramaswamy et al., 2017) or carried by episodic wind systems over the 

Arabian Sea (Suresh et al., 2021a). In addition to predominant SWM winds, regional wind systems 

such as Shamal wind, Levar wind (Rashki et al., 2019) and Red Sea wind (Patzert et al., 1974) also 

contribute to dust transport. Summer Shamal and Red Sea winds are northwesterly wind which flow 

at higher altitude over the Arabian and Nubian desert, respectively, whereas, Levar wind is northerly 

wind (Alizadeh Choobari et al., 2014) and blows over the southwest Asian region. These regional 

winds being dry and hot, blow over the dusty areas at a very high speed (15-20 ms-1) which is strong 

enough to raise the dust and override the moist and near surface SWM wind in the western Arabian 

Sea (Ramaswamy et al., 2017). 

While the aeolian dust follow high altitude pathways, they get efficiently scavenged via wet 

deposition (Suresh et al., 2021a). Studies in recent year have emphasized on removal of dust from the 

troposphere by wet deposition process and highlighted the dominance of wet deposition flux during 

SWM in contrast to the dry deposition fluxes over the NEAS (Ramaswamy et al., 2017; Suresh et al., 

2022). Mineral dust arriving at receptor site (NEAS in this case) are derived from various source 

regions, get mixed during transport and thus, possibly have varying elemental as well as mineralogical 

composition (Pease et al., 1998, Usher et al., 2003). This results into different concentration of macro 

and micro nutrients associated with dust derived from various sources and can impact surface oceanic 

productivity differently depending on their source region (Guieu et al., 2019). Therefore, 

characterization of the mineral dust, identification of their sources and concentration of associated 

nutrients, particularly trace metals, are very crucial to assess their role in impacting surface water 

biogeochemical processes and improve our understanding of dust-climate interactions. 

Considering this, efforts have been made to characterize the mineral dust reaching to the NEAS 

using geochemical proxies and subsequently used to pin point their sources. Furthermore, attempts 

have been made to quantify relative contribution of mineral dust from different sources (Kumar et al., 

2020; Suresh et al, 2021a). In particular, Suresh et al., 2021b collected wet and dry dust deposits 
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samples during 2013 and 2012-15 respectively and reported clay mineralogical signatures of dust, its 

temporal variation and fluxes over the NEAS. The wet deposition fluxes during SWM were observed 

significantly high in contrast to dry deposition fluxes during rest of the year. However, it is difficult to 

ascertain the seasonal variability in their source contribution just based on single year data (Suresh et 

al., 2021a). Moreover, information of trace metal composition and their fluxes associated with aeolian 

dust transported over the Arabian Sea are limited in the literature. Nair et al. (2006) have reported that 

western Arabian Sea receives high fluxes of particulates Al, Fe, Mg and Ti through dust bearing north 

westerlies during SWM. However, the fluxes were found to be peaked in the northern Arabian Sea 

during both Northeast (NE) and SWM 

In addition to dust transport, strong winds during SWM are responsible for coastal (Oman and 

Somali) (Banse 1987) as well as open ocean upwelling (central Arabian Sea) in the Arabian Sea (Bauer 

et al. 1991; Kumar et al., 2000; Chowdhury et al., 2021). This results into bringing cold and nutrient 

rich subsurface water to the coastal surface which further gets advected offshore towards the central 

Arabian Sea (Morrison et al., 1998) and thus enhances primary productivity in this region (Lee et al., 

2000; Barber et al., 2001). However, when advected water towards offshore is not drawn from nutrient 

rich sub oxic-layers, it always requires an external source of Fe (and other co-limiting nutrients) which 

can be supplied via aeolian pathway and can significantly modulate primary productivity (Measures 

and Vink 1999). Several studies over the Arabian Sea, have highlighted role of macro and micro 

nutrient supply to the surface ocean that can enhance phytoplankton productivity through coastal 

upwelling during SWM (Rixen et. al., 2000; Barber et. al., 2001) and convective mixing during NE 

monsoon (Madhupratap et. al., 1996; Prasanna Kumar et. al., 2001). In addition to the supply of 

nutrients from upwelled water, various studies have emphasized on the significance of nutrients supply 

to the Arabian Sea via dust deposition (Measure and Vink 1999; Patra et al.,2007; Singh et. al., 2008; 

Banerjee and Prasanna Kumar, 2014; Guieu et al., 2019). Prasanna Kumar et al. 2010, have reported 

an annual increase in the chlorophyll a (Ch1 a) due to increase in mineral dust supply in the Arabian 

Sea. It was reported that although eastern Arabian Sea receives high supply of oceanic nutrients during 

winter monsoon but high chl a was observed during SWM period and dust input was hypothesized as 

an important driver (Patra et. al., 2007). Although, role of nutrient rich upwelled water in the Arabian 

Sea have been discussed in various studies (Brock and McClain, 1992; Naqvi et al., 2010; Prasanna 

Kumar et al., 2010) but less emphasis was given on the quantification and role of nutrients supplied 

through aeolian input during SWM., making it difficult to distinguish that which process (upwelled 

water versus atmospheric input) is potential supplier of nutrients during SWM. Thus, the estimation 

of trace metal concentrations associated with aeolian dust derived from various sources particularly 
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during SWM is very essential to constrain and better understand the surface water biogeochemical 

processes. 

In this study, we present Sr and Nd isotopic ratios along with clay minerals as well as major and 

trace element concentrations measured in the particulate matter collected from wet deposition during 

SWM months (June, July, August and September) of 2014, 2015 and 2019 over a coastal site in the 

NEAS. The aim of this study is to provide robust assessment of the seasonality in dust transport and 

their sources during SWM. Using multiple end-member mixing model, we have attempted to pin point 

relative contribution of mineral dust from different sources. We have also quantified trace element 

(TE) concentrations (in particular bioactive TE, e.g. Fe, Cu and Mn) associated with particulates 

(and/or dust) from different sources.  

2. Materials and Methods  

2.1 Rainwater particulate sampling  

WDP samples were collected on the rooftop of a building located within campus of the National 

Institute of Oceanography (CSIR-NIO), Goa, (15º 45′ N, 73º 80′ E) during the southwest monsoon 

(June-September) period of 2014, 2015 and 2019. The sampling site is located at an altitude of 20 m 

from sea level and approximately 500 m away from the Arabian Sea. Rain water was collected in a 

plastic tray (area of 0.81m2) which was placed on the rooftop with no interference (tree or building) in 

near proximity (~ 4 m radius). Collected rainwater was filtered using polycarbonate filter (0.2 μm pore 

size) to get WDP/dust aerosols. The collected particulates were further dried at room temperature to 

remove water content from filter. Details of sample collection dates for three years are provided in 

Table 1. A total of 44 WDP samples were collected and processed (discussed in next section) during 

the three year of study period. The WDP samples were subjected to analyses of clay minerals, major 

and trace elements concentration, as well as Sr-Nd isotopic composition. 

2.2 Analytical methods 

WDP samples were used to prepare oriented glass slides for X-ray diffraction analysis by taking 

an aliquot of sample collected on polycarbonate filter. Details of sample processing is discussed in 

Suresh et al., 2021b. Relative composition of clay mineral was quantified by scanning the glass slides 

using Rigaku® Ultima IV X-Ray Diffractometer with Cu Kα radiation at 40kV and 20mA between 3º 

- 30º 2Ɵ at 0.02º 2Ɵ/s. The relative percentage of clay minerals are determined semi-quantitatively 

mainly focusing on major clay minerals which include Illite, smectite, kaolinite, chlorite, and 
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palygorskite. Weighted peak area of various clay minerals were calculated using correction factors 

provided by Biscaye [1965].                                                                                                                                                                                

 Approximately 50 mg of WDP samples were taken and leached with deionized water to remove 

sea salt Sr. The carbonate content in WDP samples were removed using sodium acetate buffered acetic-

acid solution (pH = 5) to get silicate fraction. Supernatant fraction kept separately and residue was 

washed with deionized water twice to remove any excess buffer solution. The remaining residues 

which were silicate fraction of samples kept for drying at a temperature of 90 ºC and acid digested 

using a mixture of HF-HNO3 (detailed procedure can be found in Suresh et al, 2021a). Following the 

same procedure reagent blanks were also processed along with the samples. An aliquot of acid digested 

samples was kept for major and trace element analyses using ICP-OES and HR-ICPMS respectively 

(Suresh et al., 2021a). The remaining samples were diluted with 2N HCl and further used to extract 

pure Sr and Nd using cation exchange column chromatography under clean laboratory condition. The 

protocol followed for extraction of pure Sr and Nd is detailed in Kumar et al, (2020). Measurement of 

Sr and Nd isotopic ratios were carried out using multi-collector ICP-MS (Neptune Plus; Thermo 

Scientific) facility at National Centre for Polar and Ocean Research (NCPOR), Goa, India. While 

analyzing samples, isotopic composition of known internal standard (NIST SRM987 for Sr and JNdi-

1 for Nd) were also measured several times. During these measurement, the average 87Sr/86Sr ratio of 

internal standard SRM 987 was 0.710263 ± 0.000042 (2σ, n = 10) and JNdi 1 internal standard was 

0.512119 ± 0.0000056 (2σ, n=14). Reagent blanks were also analsed along with the samples. Total Sr 

and Nd blanks were found to be three order of magnitude lower than those present in the WDP samples. 

Thus, blank correction was not required. The 143Nd/144Nd ratios are expressed in terms of ƐNd, which 

is expressed as relative deviation from the Chondrite uniform reservoir (CHUR) ratio of 0.512638 in 

parts per ten thousand (Jacobsen and Wasserburg, 1980). During trace metal analyses, Rhodium was 

used as internal standard and a reference material SRM 2711a Montana soil (a certified NIST standard) 

was also processed and analysed. The recoveries for the reference material was found to be 13% for 

Cu, 1% for Co, 7% for Mn, 17% for V, 1% for Rb, 18% for Sr, 7% for Cd, 11% for Sm, 13% for Nd, 

9% for U and negligible for Th.  

2.3 Air mass back trajectory analyses and satellite observations 

Winds carrying mineral dust, originating from the source regions during SWM months, take 

around 5-7 days to reach our sampling site (Suresh et al 2021a), passing over the Arabian Sea, which 

is also evident from previous studies (Aswini et al., 2020). Thus, the dust fluxes and associated TEs 

measured at our sampling site can be considered as lower limit of dust concentration. In this study, 
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HYBRID Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used along with 

the GDAS meteorological dataset to calculate 7-days air mass back trajectories (AMBT) ending at the 

sampling site. The HYSPLIT model was run for 168 hours at various altitudes (500-1500 m, 2000-

3000 m, and 3000-4500 m) above ground level for the date of sampling. It provides a synoptic picture 

of dust loaded air mass originating from its source region and its transport towards the sampling 

location. To spot the active dust source region around the Arabian Sea, Aerosol optical depth (AOD) 

data (https://giovanni.gsfc.nasa.gov/giovanni/) was retrieved over the study area (desert regions and 

the Arabian Sea) during the sampling period. In addition, CALIPSO (Cloud Aerosol Lidar Infrared 

Pathfinder Satellite Observations)  profiles were also assessed to detect the vertical profile of dust and 

its presence (available online https://www-calipso.larc.nasa.gov/) with the help of satellite passing 

above or close to the sampling location. 

3 Results 

3.1 Dust transport identification using AMBT and satellite data 

During SWM, seven days’ back trajectories were calculated to track the dust-laden air masses at 

various altitude along with AOD data and CALIPSO profile, which indicate the presence of the dust. 

The back trajectories suggest that most of the lower altitude (500-1500 m) wind mass typically 

represent SWM winds, whereas, at higher altitude (3000-4500m) air masses were mainly arising from 

the Arabian Peninsula and the Red sea region which represents the summer Shamal wind and Red sea 

wind at the beginning and the mid- of the monsoon (June to August), respectively (Fig. 1a, 1b, and 1c) 

(Yu et al., 2017; Ramaswamy et al., 2017; Kumar et al., 2020). At the end of the monsoon (September), 

the back trajectories were mostly originating from the central Asia/ southwest Asia (SWA) region as 

well as Thar Desert, representing the Levar winds or the 120 days’ wind and thus indicating the 

changing wind regime (Rashki et al., 2019; Suresh et al., 2021a). Based on analysis of trajectories, all 

samples collected during SWM have been classified as beginning of monsoon (BM; June), mid of 

monsoon (MM; July-August) and end of monsoon (EM; September) periods. A representative figure 

of AOD for the Arabian Sea and dust source region overlaid by AMBTs along with the CALIPSO 

aerosol sub-type for BM, MM and EM of each sampling year i.e., 2014, 2015 and 2019, are shown in 

Fig. 1a, 1b and 1c respectively (refer supplementary material S1 for all the other sampling days). AOD 

images show presence of aerosols over the source region while CALIPSO profiles indicate different 

aerosol types including mineral dust at different altitudes, above marine atmospheric boundary layer. 

During BM period of 2014 and 2015, high AOD was observed over the Arabian Peninsula particularly 

over Oman and Yemen region (Fig. 1a (WDP-14-2) and 1b (WDP-15-4)). The trajectories at higher 

https://giovanni.gsfc.nasa.gov/giovanni/
https://www-calipso.larc.nasa.gov/
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altitude were observed to pass over these emission regions with high dust activities and thus, 

potentially transport the dust to the receptor region i.e. NEAS.  

Very high AOD values (higher than 0.8) were seen over the Arabian desert as well as Red Sea 

coast region during MM period of all study years (Fig. 1a (WDP-14-8), 1b (WDP-15-9) and 1c (WDP-

19-5). Back trajectories at mid and higher altitude also indicate transport of active parcels of air masses 

(summer Shamal wind and Red sea wind) over these dusty regions and thus may result into higher 

fluxes of dust reaching to the NEAS during this period. During EM month, the dust sources vary from 

SWA, northeast Africa (NEA) and the Arabian Peninsula (ARB) region, and large variability is 

observed in terms of sources impacting dust fluxes over the NEAS. High AOD value was observed 

over the ARB (Fig 1a. WDP-14-14) which was also complimented with the trajectories at higher 

altitude originating from this source region. However, during EM period of 2015, AOD profile indicate 

high dust activity over the ARB as well as over the Thar region (Fig 1b. WDP-15-15) and the wind 

trajectories were seen to originate from both the emission sources, albeit, at different altitudes. 

However, CALIPSO profiles clearly provide evidence of dust (Fig. 1b) at different altitudes during 

2015. Also, WDP-19-13 (Fig 1c) indicate high AOD value over the ARB as well as over the NEA 

(coastal Red sea region) and air masses were found to traverse over these regions. Significant amount 

of dust is evident from the CALIPSO profiles (Fig. 1c) during the EM period of 2019. The dust 

suspension at various altitude were seen from CALIPSO profile along with their potential sources, 

however, their relative contribution from different source cannot be decoupled based on the satellite 

images.  

3.2 Clay mineralogy  

The clay mineral composition of WDP samples were quantified and their relative percentages as 

well as ratios are given in Table 1 and their temporal variability is shown in Fig. 2. Mineralogical ratios 

i.e., illite/kaolinite (I/K), kaolinite/chlorite (K/C), and relative abundance of palygorskite and smectite 

have been successfully used to characterize atmospheric mineral dust (Claquin et al., 1999; Skonieczny 

et al., 2013; Kumar et al.; 2020, Suresh et al 2021a).  The relative abundance of clay minerals observed 

in WDP samples were dominated by Iliite (17-62%) followed by Smectite (6-42%), Chlorite (9-40%), 

Palygorskite (8-38%) and Kaolinite (6-20%). An inverse relationship is observed between the 

abundance of palygorskite and smectite during BM and MM period, excluding the samples collected 

during EM month (September) for all three years. The average palygorskite content was found 

relatively high (20 ± 11 %) for BM samples, which slightly decreases in MM (18 ± 8%) and found 

almost negligible in EM samples (Table 1). However, average smectite is found to be highest during 
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MM (25 ± 8 %) and relatively low during BM (17 ± 8%) and EM (14 ± 6 %) period. This is similar to 

that observed by Suresh et al (2021a) for the WDP samples collected during 2013 SWM period. The 

I/K values were found to be less than 2 for majority of samples, however, tend to increase during EM 

samples (ranges between 2.9 to 3.1). In contrast to I/K, no significant variations were observed for K/C 

ratio during the study period. 

3.3 Major and trace elements  

The concentration of major elements (Al, Fe, Ca, Mg and Ti) in WDP samples collected during 

SWM period of 2014, 2015 and 2019 are given in Table 2b, 2c and 2d respectively. Al is dominant 

among major elements ranging from 4 to 9% (average 6.6%), followed by Fe (range: 3.4 to 6.5%; 

average 4.8%). Mg, Ca and Ti ranges between 1 to 4.3%, 0.3 to 1.5%, and 0.4 to 0.7% respectively, 

similar to dust source region composition reported by Kumar et al. (2020). In this study, Al was used 

as a tracer of dust for crustal sources (Kumar and Sarin, 2009) and it was found to correlate 

significantly with Fe and Ti in WDP samples of 2014 (r2 = 0.70; 0.61,), and 2015 (r2 = 0.66; 0.63) 

(Suresh et al., 2022). However, no such significant correlation is observed during 2019 (Supplementary 

material S2).  

During SWM, trace elements (including Fe) associated with dust get deposited in the NEAS which 

can act as micro-nutrients to the surface waters and thus can impact surface ocean productivity (Jickells 

et. al. 2005: Guieu et. al., 2019; Aswini et al., 2022). The composition and concentration of these trace 

elements (TE) are dependent on the contributions from different active dust sources during various 

seasons. The trace element (Cu, Co, Mn, V, Rb, Sr, Th, U, Sm, Nd, Cd) composition of WDP for the 

years 2013 (major elements data is published in Suresh et al., 2021a), 2014, 2015 and 2019 are given 

in Table 2a, 2b, 2c and 2d respectively. Most of the TEs are correlating well with the Al and Ti except 

Cu, Co, Rb and Cd for 2014 and 2015 (refer supplementary material S3). However, relatively weak 

correlation is found for 2019. A very similar correlation was observed for surface soil samples from 

the source region reported by Kumar et al., (2020). Using the trace metal and Nd isotopic composition, 

we have attempted to estimate source based TEs contribution over the NEAS and discussed in later 

section.  

3.4 Radiogenic Sr and Nd isotopic composition of WDP 

The 87Sr/86Sr ratios in silicate fraction of the WDP dust show large variability with less radiogenic 

values during MM period for all three years (Fig. 3 and Table 1). The average 87Sr/86Sr ratios during 

BM, MM and EM periods for three years are around 0.7124, 0.7113 and 0.7141 (2014), 0.7136, 0.7100 
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and 0.7177 (2015), 0.7106 and 0.7126 (2019; no samples collected during BM), respectively. The ƐNd 

values also show large variability during three different periods of SWM season for all three years. 

MM samples display relatively more radiogenic Nd composition (average = -4.5, -3.5 and -4.1 in 2014, 

2015 and 2019 respectively) in contrast to BM and EM samples except during 2019 wherein the EM 

samples have similar signature as of MM period. These isotopic signatures are comparable to that 

reported by Suresh et al (2021a) (also shown in Fig. 3) revealing a characteristic significant temporal 

variability during the SWM in the Arabian Sea vis-à-vis at the NEAS. 

4. Discussion 

4.1 Geochemical Characteristics and temporal variability of WDP during SWM        

To characterize dust transported from various emission sources, clay mineralogical and elemental 

composition (particularly their ratios) have been successfully used in several studies (Stuut et al., 2005; 

Scheuvens et. al., 2013; Abouchami et al., 2013; Seo et al., 2014; Xu et al., 2015; Zhao et al., 2015; 

Kumar et al. 2020, Suresh et al., 2021). The Fe/Al and Ti/Al ratios varied from 0.62-0.79 and 0.07-

0.09 (WDP 2014), 0.60-1 and 0.06-0.09 (WDP 2015) and 0.7-1.1 and 0.09-0.12 (WDP 2019) 

respectively. The Fe/Al ratio of these samples are (range: 0.6-1) enriched in comparison to the UCC 

value of 0.44 as reported by McLennan, 2001. The observed value for 2014, 2015 and 2019 were 

comparable to the WDP samples collected at the NEAS during the SWM season of 2013 (Suresh et. 

al., 2021b) (Fe/Al 0.65-1.08 and Ti/Al 0.06-0.10). While, large range is observed in these ratio, no 

characteristic signature is found for BM, MM and EM samples. The average value of these ratios 

(Fe/Al and Ti/Al; for all three years) in each period i.e. BM, MM and EM is found to be (0.68± 0.03; 

0.07±0), (0.77±0.1; 0.09± 0.02) and (0.76± 0.15; 0.08± 0.02), respectively. Chiapello et al. 1997 and 

Zhang et al. 1996, used similar approach to characterize dust source regions in Africa and Asia, 

respectively. Also, Kumar and Sarin 2009 and Gaonkar et al., 2020 characterize dust over Indian region 

using major elements ratio. However, no significant temporal variability is observed in our data and 

thus, these ratios have limitations to characterize a particular signature of dust sources and/or cannot 

be used as a tracer for source identification, although similar approaches have been successful 

elsewhere.  

 Clay minerals relative abundance and their ratios have been used to characterize the mineral dust 

and their corresponding sources, which are basically weathered material of pre-existing minerals from 

parent rock and their origin and evolution largely depends on various climatic, geological and 

weathering environments (Galan et. al., 2006, Chamley et. al., 1989). The average I/K (for three years) 

ratio shows almost similar values for BM (1.85±0.68) and MM (1.80±0.65) samples, however, 

https://www.sciencedirect.com/science/article/pii/S0277379122003602#bib2
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relatively higher values were observed for those samples collected in the EM (3.2±1.01) months. 

Majority of samples (around 60 %) in BM and MM months show low I/K values (less than 1.5; Fig. 

2a), similar to those reported by Suresh et al. (2021a). The I/K ratio for the ARB ranges from 1.0-1.3, 

whereas it was observed to be higher for SWA (1.8 – 7.3) and Thar desert (1.0 – 8.2) (Kumar et. al., 

2020). Thus, an increase in the I/K ratio suggest change in dust sources from the ARB to SWA and 

the Thar Desert. Similar to I/K, no significant change is found in average K/C values for BM 

(0.81±0.19) and MM (0.87±0.25) samples (Fig. 2a). However, relatively lower values were seen for 

EM (0.70±0.10) samples which is similar to those reported for SWA (0.67±0.12 and 0.70) by Suresh 

et al (2021a) and Svensson et al. (2000), respectively.    

Palygorskite and Smectite are important clay minerals prominently found in the ARB and NEA 

sources regions. Smectite is reported to be high with moderate to less palygorskite in the NEA region 

(Gulf of Aden) due to weathering of basalts in the Afar volcanic region and also from the Arabian 

Nubian shield granitoids (Red Sea region) (Rojas et al., 2019). Palygorskite is a fibrous clay mineral 

which is formed in the semi-arid and saline environment such as in sabkha and wadi deposits in the 

Arabia and also found in NEA desert (Debrabant et al., 1991). Their relative abundance has been 

successfully used to identify sources of mineral dust over the Arabian Sea (Kumar et al., 2020; Suresh 

et al., 2021a). During BM (of 2014 and 2015), palygorskite content is relatively high, which 

subsequently found to decrease in MM, including 2019 samples and almost negligible in EM samples 

(Fig. 2b). The P/I value averaged around 0.85 for all three periods (BM: 0.87±0.66; MM: 0.82±0.47 

and EM:0.86) with insignificant variation, particularly during 2014 and 2019. However, relatively 

higher values were shown by 2015 samples wherein, BM samples have average P/I of 1.27± 0.65 

falling in the range of P/I value reported for dust samples sourced from the ARB (Kumar et al., 2020). 

While there were no significant variations in P/I ratios, we witnessed an enhanced contribution of 

Smectite abundance in MM (9 to 42 %) in contrast to BM (range: 9 to 29 %) with negligible 

contribution during EM for all three years. This is also evident from higher S/P ratio during MM 

(1.85±1.24) in comparison to BM (1.03±0.62). These observations suggest an increased contribution 

of dust from the NEA sources during the peak monsoon period in SWM.  Rojas et. al., (2018) have 

reported higher smectite content (50-70%) with lesser quantity of palygorskite (5-20%) in the clay size 

fraction of the core collected from the Gulf of Aden (near Horn of Africa). Similarly, high smectite 

(55-80%) with less palygorskite content (5-10%) was observed from another core from Red sea region 

(Rojas et. al., 2019). These studies indicate that Horn of Africa and Gulf of Aden could provide 

relatively higher smectite than palygorskite which is also observed in our WDP samples particularly 

during MM. 
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Radiogenic Sr and Nd isotopic composition measured in the WDP samples have been used for 

characterization to further asses their temporal variability and identify potential dust sources 

contributing to the NEAS vis-à-vis the Arabian Sea. Highly radiogenic Sr isotopic composition is 

displayed by BM samples which tend to decrease during MM period and subsequently found to 

increase in the EM period. This trend is seen in all three years of the study period. Average 87Sr/86Sr 

during BM period of 2014 and 2015 were observed to be 0.7124 ± 0.0009, and 0.7136 ± 0.0031 

respectively. However, during MM period of 2014, 2015 and 2019, the 87Sr/86Sr ratios were seen to 

average around 0.7113 ± 0.0011, 0.7122 ± 0.0010 and 0.7116 ± 0.0006., respectively. Although, the 

number of samples collected in the EM period was less, but the average 87Sr/86Sr value found to be 

0.7141± 0.0008, 0.7185 ± 0.0011 and 0.7126 ± 0.0001 respectively. The ƐNd values shows an opposite 

trend with highly radiogenic values during MM period and relatively lower values in the BM and EM 

periods. The ƐNd values during MM period of 2014, 2015 and 2019 were found to vary from –3.0 to –

5.7, –0.6 to –5.2 and –2.5 to -5.3, respectively. However, the average Nd isotopic composition show 

less radiogenic signatures during BM and EM periods (Table-1 and Fig. 3). The isotopic signature of 

majority of the MM samples (See Table 1) are significantly different than those reported for the ARB 

and SWA by Kumar et al. (2020), suggesting potential contribution from a completely different dust 

source contributing to the Arabian Sea during the SWM. The arid/semi-arid region in the NEA could 

be a potential source for dust supply which possibly gets carried along with Findlater Jet, augmented 

by Red sea winds during SWM (Ramaswamy et al., 2017). The NEA desert region is mainly composed 

of Cenozoic alkali basalts, acting as major source of the sediments in the Afar region (located in the 

parts of Ethiopia, Eritria and Djibouti) with a relatively more radiogenic ƐNd values (0 to +10) and 

lower 87Sr/86Sr ratios (0.703 to 0.705) (Betton and Civetta, 1984; Teklay et al., 2009; Ayalew et al., 

2018). The characteristic isotopic signature of WDP dust collected from a coastal site in the NEAS 

indicates a similar type of dust transported over the Arabian Sea during SWM period. Based on the 

three-year data, a significant temporal variability can be seen in the dust characteristics. This variability 

is majorly governed by the dust emission activity as well as conducive meteorological factors, which 

include wind pattern, over the Arabian Sea. 

4.2   Identifying potential sources of dust using multi proxy approach 

The limited availability of Sr and Nd isotope database of soil or sediments from the surrounding arid 

and semi-arid sources makes it difficult to exactly pinpoint the provenance of dust reaching to the 

Arabian Sea. Though studies have been attempted to characterize the dust provenance over the western 

Arabian Sea using Sr and Nd isotopic composition (Jung et. al., 2004; Palchan et. al., 2013; Rojas et. 
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al., 2019) yet the data are very limited particularly over the NEAS (Kumar et al., 2020; Suresh et. al., 

2021a). In this study, we used published Sr and Nd isotopic data (Sirocko 1995; Tripathi et al., 2004; 

Ferrat et. al., 2011; Ayalew et. al., 2018) from the possible source regions to trace the provenance of 

the WDP collected during SWM period. The transport of dust and its deposition to the surface water 

of the Arabian Sea is largely controlled by the prevailing wind system over the source region. Recent 

studies have discussed about major sources supplying dust to the NEAS which include ARB, NEA, 

SWA and Thar desert (Ramaswamy et. al., 2017; Kumar et. al., 2020; Suresh et. al., 2021a). During 

SWM, the dominant wind system over the north Indian ocean are SWM winds, however the dust from 

the sources are mainly uplifted by strong regional wind systems active over these dry or semi-arid 

regions such as Summer Shamal, Levar and Red sea winds which override SWM wind and thus result 

in transport of dust to the Arabian Sea (as discussed previously). The WDP (three years’ data along 

with published 2013 data from Suresh et al., 2021a) Nd and Sr isotopic datasets are plotted in Fig. 4 

along with four end members (ARB, NEA, SWA, and Thar desert) characterizing the main potential 

source areas. The end member isotopic composition (Sr and Nd) and concentration are provided in 

Table 3 which are based on the data available in literature (Sirocko, 1995; Tripathi et al., 2004; Ferrat 

et al., 2011; Ayalew et al., 2018; Kumar et al., 2020). As the samples were classified as BM, MM, and 

EM (mentioned in section 3.1), the source apportionment of the WDP samples are discussed based on 

this classification. 

 It was observed that during BM period, majority of the samples lie on or the edge of ARB end 

member (Fig. 4) with more radiogenic 87Sr/86Sr (average: 0.7125 ± 0.0019) and less radiogenic ƐNd 

(average: –5.4 ± 1.0). However, few samples found to lie towards NEA field and based on mixing 

equation (Faure and Mensing 2005), ~10-20% contribution from NEA sources were observed. This 

result was also supported by mineralogy data where we observed that the samples which are falling in 

the ARB region have high palygorskite (average: 29% ± 12%) and less smectite content (average: 15% 

± 7%) whereas those samples having ~10-20% contribution from NEA sources have approximately 

the same palygorskite (average: 20% ± 11%) and smectite (average: 21% ± 9%) abundance. The AOD 

profile also suggest high aerosol activity over ARB region particularly during BM period and its 

transport to the NEAS is corroborated with back-trajectory analysis which indicate transport of dust at 

higher altitude (2500 m). The retrieved CALIPSO profiles (closest overpass to the sampling site) 

available during the sampling period also indicate the presence of mineral dust over the NEAS. 

During MM period, majority of data falls near and/ or on the mixing line between ARB and NEA 

(Fig. 4) with less radiogenic 87Sr/86Sr (average: 0.7116 ± 0.0010) and more radiogenic ƐNd (average: –
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4.1 ± 1.1). Though majority of the samples during this period, found to be close to NEA end member 

yet few samples falls in ARB field (WDP 14- 5, 9 10, 13; WDP 15-8, 14, and WDP 19-3). Based on 

the end member mixing equation between ARB and NEA, we observed that during MM period the 

contribution from NEA sources vary considerably and increases as much as 30-40% (WDP 14-8 and 

11, WDP 15-6) to 50-60% (WDP 15-10). This increase in the contribution from NEA is also well 

documented with highly radiogenic ƐNd value of –3.0 (WDP 14-8), –3.4 (WDP 14-11), –1.9 (WDP 15-

6), and –0.6 (WDP 15-10) indicating dust reaching to the NEAS consist of mix contribution of sources 

located in the ARB as well as NEA. Also, the smectite content in the samples tending towards NEA 

end member was observed to have relatively higher smectite (average:28% ± 10%) with moderately 

low palygorskite content (average: 18% ± 7%) than those samples falling particularly in ARB field 

with less smectite content (21% ± 6%) and high palygorskite abundance (average: 24 ± 8%). These 

isotopic and mineralogical data indicate that, although ARB is a major contributor of dust to the 

Arabian Sea yet contribution from NEA increases significantly during MM period. Similar results were 

observed by Suresh et al., (2021a) during SWM months of 2013. This interpretation is also well 

supported with the satellite retrieved CALIPSO and AOD profile indicating high dust activity over 

ARB as well as Red sea region. The back trajectory analysis during this period indicate active air 

masses at different altitude (between 2000 and 4500 m) which may result into mixing of dust while its 

transport from the ARB and NEA to the NEAS.  

The data for EM period falls near SWA and Thar desert isotopic field as well as ARB and NEA 

end members (Fig. 4), indicating large variability in the dust sources during EM period. As compared 

to BM and MM, a gradual increase in 87Sr/86Sr ratio (average: 0.7153 ± 0.0028) was observed with a 

decrease in ƐNd value (average: -6.4 ± 2.4) during this period. Three of these EM samples (WDP 14-

14, WDP  19-14 and WDP 15-15) fall on or near ARB field with one of the samples having relatively 

high palygorskite content (~25% in WDP 19-14). Whereas out of the two samples (WDP 14-15 and 

WDP 19-13) which lie towards NEA region, WDP 19-13 contains high smectite (~ 21%), indicating 

their occurrence from the horn of Africa. Though high AOD was observed over ARB as well as NEA 

for WDP 19-13 (Fig. 1c) yet air-masses were found to traverse over the NEA supporting dust transport 

from this region. Few WDP samples (WDP 15-16, WDP 13- 15 and WDP 13- 16) collected during 

EM lie close to the mixing line between ARB and Thar desert with one of the samples falling in the 

SWA field (WDP 13-14). The sample falling in SWA source has high Illite (~46%) and chlorite 

(~17%) content with less palygorskite (~13%) and smectite (~16%) abundance. Whereas the samples 

falling towards Thar desert source have high illite (average: 53% ± 3%) and chlorite (average: 32% ± 

7%) abundance with negligible contribution of palygorskite and smectite similar to those reported by 
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Tripathi et al., (1997). This suggest the contribution of SWA and the Thar increases towards the EM 

with episodic contributions from the ARB.  

We have further investigated variability in dust sources using ƐNd values with relative smectite 

content (Fig. 5) which tend to correlate significantly (r = 0.63; p<0.005). It was observed that during 

MM, ƐNd value tends to become more radiogenic (ranges from -0.6 to -5.7) which is supported with a 

continuous increase in smectite percentages (ranges from 9 to 56 %). Whereas during BM, the ƐNd 

value became less radiogenic (ranges from -4.3 to -7.2) with a decrease in smectite percentages (ranges 

from 9-32%). We observed almost negligible contribution of smectite during EM samples (except few 

samples which have more radiogenic ƐNd value) with unradiogenic ƐNd value (ranges from -7.1 to -

9.0). Smectite is basically a weathering product of volcanic rocks and its abundance during MM 

indicates a basaltic origin probably transported from Afar region (Van Den Eeckhaut et al., 2009). 

Also, reduction in smectite percentage and the associated less radiogenic ƐNd value indicate the source 

from ARB which is well supported with the increase palygorskite percentage during BM (Fig. 2b). 

Rojas et al, 2018 have also reported high smectite abundance (ranges from 50-80%) from the cores 

sampled in Gulf of Aden and Red Sea region where they observed a positive correlation between ƐNd. 

values and Smectite content. This observation supports our inference of increased contribution of the 

NEA sources during MM period over the Arabian Sea. 

4.3   Variation in micronutrients associated with different dust sources 

We have attempted to assess the variation of micronutrients (TEs particularly Cu, Mn and Fe) 

concentration in relation to different dust sources identified using Nd isotopic composition (being more 

robust tracer; Kumar et al., 2020). These bioactive nutrients (Cu, Mn and Fe) can be utilized by 

phytoplankton in various biological processes which can modulate the productivity and hence the 

biogeochemical cycle (Panda et al., 2022). Average micronutrients concentration (in ppm) against 

average ƐNd values for four identified dust source regions which include ARB, mix of ARB and NEA, 

the Thar desert and SWA (only one sample identified for SWA source) are shown in Fig. 6. Since the 

trace element concentration was measured in silicate fraction therefore the concentration of these 

elements are assumed to be sourced primarily from mineral dust. We observed large variability in TEs 

concentrations, which may be due to limited set of data available from each source. The variation in 

Cu concentration (in ppm) is found to be comparatively higher in the ARB (average: 102 ± 44) than 

mix of ARB and NEA (average; 92 ± 22) and Thar desert region (average; 98 ± 7), however, extremely 

high for the SWA (236 ppm) derived dust (Fig 6 a). This is very high in contrast to the soil/sediment 

samples collected over Iran region (54 ± 18 ppm) reported by Kumar et., al (2020). The observed Cu 
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concentration in ARB, NEA and Thar desert sources were almost twice of data reported from the 

surface sediment of core sample near Oman (53 ppm), and Gulf of Aden (51 ppm) (Sirocko et. al., 

2000) and soil samples from the Thar region (average: 70 ± 34 ppm) (Kumar et. al., 2020). 

Mn is observed to be relatively higher in samples sourced from ARB (average: 743 ± 167 ppm) 

and mix of ARB and NEA (average: 806 ± 138 ppm) than those derived from the Thar desert (586 ± 

85 ppm) and SWA sources (511 ppm) (Fig. 6 b). The observed Mn concentration in ARB is comparable 

to the data reported by Sirocko et. al., 2000 over a surface sediment of core sample (650 ppm). 

However, the reported Mn concentration is much higher over the Gulf of Aden (1880 ppm) and main 

Ethiopian rift (average: 2112 ± 1389) (Sirocko et. al., 2000; Ayalew et. al., 2018) than those observed 

for the mix of ARB and NEA source, suggesting the dilution in Mn concentration due to contribution 

from Mn depleted ARB source.  A large variability in Mn concentration is also reported by Kumar et. 

al., (2020) in silicate fraction of soil samples (ranges from 688 to 1639) and Yadav and Rajamani, 

(2003) in free fall samples (775 ppm) collected over the Thar desert region, indicating contribution 

from various local sources within Thar region. The average Fe concentration is shown (Fig. 6 c) to be 

relatively high in mix source of ARB and NEA (average: 49116 ± 8315) than ARB (average: 45091 ± 

7326 ppm) and Thar desert (average:  44968 ± 4572 ppm) sources. However, a comparatively high Fe 

concentration (55000 ppm) was observed from the SWA source. Based on mean value we can interpret 

that the concentration of Fe relatively increases when the dust derives from the NEA sources which 

are dominated by basaltic rock rich in Fe content (Ayalew et. al., 2018). These observations imply that 

different sources supply varied amounts of micronutrients during the SWM, which eventually reaches 

to the Arabian Sea and can impact surface ocean biogeochemistry.  

4.4 Implication for micronutrient supply to the Arabian Sea 

The nutrient supply to the Arabian Sea during SWM is associated with upwelling as well as 

atmospheric deposition of mineral dust. Although, both processes play a significant role impacting 

surface ocean biogeochemistry yet upwelling driven nutrient supply is largely limited to the coastal 

region. However, supply of nutrients via dust deposition reaches to the remote ocean as well, 

suggesting atmospheric deposition as a major contributor of nutrients particularly in the open ocean 

region. A very recent study on a sediment core offshore Saurashtra, delineate an enhanced aeolian 

contribution from ARB and NEA due to weakening of SWM throughout mid and late Holocene 

contrary to high fluvial supply due to stronger monsoon during early Holocene. Additionally, 

elemental (major and trace elements) concentration remained low throughout the early Holocene, 

however, an increasing trend in the elemental composition of sediment core was observed during mid 
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Holocene which became stable at the late Holocene indicating high nutrients flux associated with 

enhanced dust supply during this period. which could impact palaeo-productivity and thus 

biogeochemical cycle (Rahaman et al., 2023).  

Various studies have highlighted that atmospheric deposition of mineral dust provide essential 

macro and micro-nutrient to the Arabian Sea during SWM (Wiggert and Murtugudde, 2007; 

Ramaswamy et al., 2017; Panda et al., 2022) yet it is difficult to assess which source is particularly 

important in terms of nutrients supply during this period. Here we quantified the relative proportion of 

nutrients associated with individual dust sources using mixing model (supplementary material S4). 

Our data indicate that Cu, Mn and Fe are being supplied continuously throughout the monsoon from 

various identified dust sources (ARB, mix of ARB and NEA, and the Thar desert), but the 

concentration of Fe was observed to be particularly high when the dust derived from ARB as well as 

NEA. Through mixing plot, it has been observed that both the dust sources i.e. ARB and NEA are 

active during MM period. High dust flux attributed to the heavy precipitation and strong dust laden 

Summer Shamal and Levar wind was also reported by Suresh et al., (2022) during MM. The increase 

input of Fe concentration associated with high dust flux during MM can modulate the primary 

productivity in the Arabian Sea. Based on the satellite data and modeling studies, an increase in 

phytoplankton productivity was observed with the passage of dust storm over the central Arabian Sea 

(Banerjee and Prasanna Kumar, 2014). Also, Guieu et al., (2019) have observed that P and Fe 

deposition peaks during June and July over the Arabian Sea demonstrating that atmospheric deposition 

plays a significant role in carbon fixation over this region. They have also reported that, although 

upwelled water near ARB coast is rich in nutrients yet the limitation of Fe could reduce the primary 

productivity by > 50%. Therefore, the atmospheric deposition of Fe is required to fuel the biological 

productivity in this region. Thus our study emphasized, though ARB act as a major supplier of 

atmospheric dust to the Arabian Sea yet NEA is playing a key role through increase supply of Fe 

associated with increase dust deposition during MM which can ultimately impact the surface ocean 

biogeochemistry of the Arabian Sea. The TEs dataset associated with dust sources reported in this 

study is a step forward to constrain supply of these key micro-nutrients to the Arabian Sea. 

5. Summary and Conclusion 

 In his study, we present the geochemical characteristics of wet deposited dust particles 

collected from a coastal site in the NEAS to understand provenance of aeolian dust and quantify 

bioactive trace element concentration associated with mineral dust during the SWM. Major outcome 

of this study are: 
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1. Palygorskite, Smectite, Kaolinite (K), Illite (I) and Chlorite (C) are the major clay minerals 

identified during the study period. I/K ratios show a gradual increase from BM to MM, with 

highest values at the EM suggesting contribution form SWA and Thar desert. However, no 

significant variation was observed for K/C ratios.   

2. Palygorskite content is high during BM, which subsequently found to decrease in MM and 

almost negligible in EM samples, whereas, smectite is found to be highest during MM except 

for few samples collected during the SWM period with moderate presence of palygorskite.  

3. A very significant variability is observed in Sr-Nd isotopic composition of aeolian dust with 

relatively more radiogenic 87Sr/86Sr ratios during BM and EM and less radiogenic during MM. 

Whereas, the ƐNd values show an opposite trend to that of the 87Sr/86Sr ratios throughout the 

monsoon, with more radiogenic ƐNd in the MM, and less radiogenic at the EM.  

4. End member mixing plot indicate dominant contribution from ARB and NEA during BM and 

MM, while a shift towards SWA and Thar dust sources were seen at the EM period. 

5. These inferences from clay mineralogy and radiogenic isotope tracers were corroborated by 

satellite images (CALIPSO and AOD) as well as back-trajectory analyses 

6. Higher concentration of Fe was found to be associated with the NEA sourced dust, however, 

ARB is found to be major supplier of mineral dust to the Arabian Sea during the SWM months. 

This 3-year geochemical data set on dust characteristics and their sources via wet deposition is 

filling a large research gap in the understanding of dust and trace element cycling over the Arabian 

Sea. Furthermore, the geochemical data will be useful for the assessment of marine sedimentary 

records to better infer mineral dust related processes in the past and its role in the paleo-productivity. 
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Table 1: Sample ID, date of collection, 87Sr/86Sr, 143Nd/144Nd and ƐNd values, relative percentages (%) of smectite (S), palygorskite (P), illite (I), 

chrorite (C) and kaolinite (K) as well as I/K and K/C. 

       Weighted peak area percentage I/K K/C 

Sample id Date of collection 87Sr/86 Sr ±2σ 143Nd/144Nd ±2σ ƐNd S P I K C   

WDP 14-1 2-3 JUN2014 0.713631 9 0.512318 16 -6.4 9 8 42 16 24 2.6 0.7 

WDP 14-2 14-15 JUN 2014 0.712043 10 0.512399 34 -4.8 9 12 44 15 20 2.9 0.8 

WDP 14-3 16-17 JUN 2014 0.711522 9 0.512406 16 -4.7 16 12 28 19 24 1.5 0.8 

WDP 14-4 21-26 JUN 2014 0.712595 8 0.512335 14 -6.1 9 31 22 15 22 1.4 0.7 

WDP 14-5 8-9 JUL 2014 0.711478 9 0.512361 16 -5.5 16 37 18 15 15 1.2 1 

WDP 14-6 13-14 JUL 2014 0.71115 9 0.512441 13 -4 16 39 17 13 16 1.3 0.8 

WDP 14-7 19-20 JUL 2014 0.710853 10 0.512434 18 -4.1 29 14 18 18 21 1 0.8 

WDP 14-8 22-23 JUL 2014 0.709916 9 0.512490 15 -3 27 16 26 14 19 1.9 0.7 

WDP 14-9 30-31 JUL 2014 0.71313 8 0.512358 16 -5.6 20 20 31 15 15 2.1 1 

WDP 14-10 4-5 AUG 2014 0.711182 9 0.512382 17 -5.1 27 20 25 12 28 2 0.4 

WDP 14-11 7-8 AUG 2014 0.710107 10 0.512470 20 -3.4 27 11 22 18 22 1.2 0.8 

WDP 14-12 11-12 AUG 2014 0.711107 9 0.512425 13 -4.2 26 13 18 20 24 0.9 0.9 

WDP 14-13 26-27 AUG 2014 0.713142 10 0.512351 31 -5.7 16 ND 37 18 29 2 0.6 

WDP 14-14 4-5 SEP 2014 0.714679 10 0.512343 20 -5.8 *ND ND ND ND ND ND ND 

WDP 14-15 13-14 SEP 2014 0.713534 8 0.512419 27 -4.3 ND ND ND ND ND ND ND 

              

WDP 15-2 8-9 JUN 2015 0.718262 25 ND  ND ND ND ND ND ND ND ND 

WDP 15-3 21-22 JUN 2015 0.712513 17 ND  ND 23 25 19 14 16 1.3 0.9 

WDP 15-4 25-26 JUN 2015 0.712406 9 0.512415 29 -4.4 21 36 19 9 14 2.1 0.6 

WDP 15-5 30 JUN-2 JUL 2015 0.71131 11 0.512419 27 -4.3 29 13 22 18 16 1.2 1.2 

WDP 15-6 8-9 JUL 2015 0.71318 12 0.512546 22 -1.9 23 19 29 8 19 3.6 0.4 

WDP 15-7 15-16 JUL 2015 0.711422 13 0.512453 26 -3.7 34 20 25 11 9 2.2 1.3 

WDP 15-8 21-22 JUL 2015 0.713092 15 0.512366 36 -5.2 24 ND 51 ND 24 ND ND 

WDP 15-9 26-27 JUL 2015 0.713035 16 0.512473 40 -3.4 19 26 29 9 15 3.3 0.6 
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WDP 15-10 31 JUL - 1 AUG 2015 0.711297 12 0.512617 29 -0.6 32 16 22 15 14 1.4 1.1 

WDP 15-11 6-7 AUG 2015 0.71099 16 0.512494 45 -2.9 42 10 18 12 16 1.4 0.8 

WDP 15-12 12-13 AUG 2015 0.711563 11 0.512400 14 -4.9 28 8 35 16 12 2.1 1.3 

WDP 15-13 16-17 AUG 2015 0.711646 9 0.512452 25 -3.8 32 17 21 13 15 1.6 0.9 

WDP 15-14 28-30 AUG 2015 0.713337 9 0.512390 21 -5.1 15 26 29 11 18 2.8 0.6 

WDP 15-15 12-14 SEP 2015 0.717726 11 0.512337 27 -6.1 9 ND 52 14 22 3.8 0.6 

WDP 15-16 18-20 SEP 2015 0.719305 9 0.512203 27 -8.7 ND ND 56 ND 40 ND ND 

              

WDP 19-1 12-18 JUL 2019 0.710641 11 0.512472 13 -3.4 33 22 17 13 14 1.3 0.9 

WDP 19-2 18-19 JUL 2019 0.711009 9 0.512444 34 -3.9 32 21 18 15 13 1.2 1.1 

WDP 19-3 19-24 JUL 2019 0.71249 8 0.512373 18 -5.3 29 16 21 18 13 1.2 1.4 

WDP 19-4 26-29 JUL 2019 0.711596 8 0.512446 17 -3.8 32 16 25 13 13 1.9 1 

WDP 19-5 29-31 JUL 2019 0.711821 9 0.512505 17 -2.5 27 17 25 12 16 2.1 0.8 

WDP 19-6 31 JUL - 6 AUG 2019 0.711851 11 0.512412 38 -4.4 11 16 31 19 21 1.7 0.9 

WDP 19-7 6-9 AUG 2019 0.71163 10 0.512394 15 -4.7 9 17 32 13 27 2.4 0.5 

WDP 19-8 9-13 AUG 2019 0.71099 10 0.512414 21 -4.3 11 32 21 15 18 1.4 0.8 

WDP 19-9 13-19 AUG 2020 0.711586 10 0.512394 26 -4.7 28 16 24 13 17 1.8 0.8 

WDP 19-10 19-23 AUG 2019 0.712041 11 0.512414 21 -4.3 28 15 28 12 15 2.3 0.8 

WDP 19-11 23-29 AUG 2019 0.711618 9 0.512408 14 -4.4 29 12 27 17 13 1.5 1.3 

WDP 19-12 29 AUG-3 SEP 2019 0.712489 8 ND  ND 31 5 25 19 19 1.3 1 

WDP 19-13 3-6 SEP 2019 0.712583 10 0.512529 20 -2.1 21 ND 49 13 16 3.9 0.8 

WDP 19-14 6-12 SEP 2019 0.71271 9 0.512387 18 -4.9 11 25 29 14 19 2.1 0.7 

 

*ND: not detected 
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Table 2a: Trace metals concentration (Major elements data mentioned in Suresh et. al., 2021a) of the wet deposited dust samples collected during 

the SWM period of 2013. 

Sample 

ID 

WDP 

13-1 

WDP 

13-2 

WDP 

13-3 

WDP 

13-4 

WDP 

13-5 

WDP13-

6 

WDP 

13-7 

WDP 

13-8 

WDP 

13-9 

WDP 

13-10 

WDP 

13-11 

WDP 

13-12 

WDP 

13-13 

WDP 

13-14 

WDP 

13-15 

WDP 

13-16 

ppm                 

Cu 68.5 50.8 85.7 71.2 101.1 90.2 101.8 91.7 76.1 78.2 69.6 129.2 139.3 236.4 105.3 97.4 

Co 31.7 26.6 27.0 28.3 31.2 36.2 35.2 35.5 28.7 33.5 27.0 39.6 33.9 17.6 21.4 24.4 

Mn 726.0 760.9 602.2 706.0 848.6 861.1 878.7 1077.7 675.9 846.7 731.6 1194.8 981.1 511.1 488.2 625.2 

V 168.4 122.1 168.7 160.7 172.8 205.0 203.0 201.5 174.3 174.0 153.5 237.5 230.7 153.0 160.7 159.8 

Rb 15.7 12.5 18.7 11.2 39.7 17.6 62.4 10.9 11.1 7.9 10.2 25.4 26.2 63.5 32.7 11.7 

Sr 87.1 79.1 88.6 90.8 121.8 85.8 142.2 101.2 58.5 86.2 78.2 149.0 138.1 92.1 82.6 88.7 

Th 3.7 3.5 3.4 2.2 5.8 3.5 7.7 3.0 2.5 1.6 1.9 3.2 4.8 10.0 4.2 3.3 

U 2.7 2.9 2.8 2.4 2.8 2.9 3.2 2.1 2.1 2.3 2.1 3.7 3.5 4.7 3.1 2.6 

Cd 1.0 0.6 1.1 0.9 0.8 0.9 1.0 0.7 0.6 0.7 0.8 1.3 0.9 3.6 1.4 1.3 

Nd 11.7 11.0 9.0 8.0 19.6 10.9 24.9 11.5 7.5 6.5 5.5 12.3 12.2 28.2 8.4 8.4 

Sm 2.6 2.5 1.6 1.7 4.0 2.4 4.8 2.7 1.7 1.4 1.1 2.3 2.5 3.1 1.5 1.8 
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Table 2b: Major elements and trace metals concentration of the wet deposited dust samples collected during the SWM period of 2014. 

Sample 

ID 

WDP 

14-1 

WDP 

14-2 

WDP 

14-3 

WDP 

14-4 

WDP 

14-5 

WDP 

14-6 

WDP 

14-7 

WDP 

14-8 

WDP 

14-9 

WDP 

14-10 

WDP 

14-11 

WDP 

14-12 

WDP 

14-13 

WDP 

14-14 

WDP 

14-15 

%                

Al 7.9 8.2 8.3 5.9 5.1 7.6 7.6 7.6 8 7.1 7.3 7.2 7.3 7.6 7.3 

Ca 0.6 0.7 0.7 1.1 1.3 0.7 0.8 0.9 0.6 0.7 0.7 0.7 0.5 0.7 0.7 

Mg 2.6 2.9 2.5 2.9 3.4 2.4 2.6 2.7 2.5 2.2 2.2 2.2 2.7 1.7 3.5 

Fe 5.5 5.5 5.7 4.1 3.4 5.5 5.9 6 5 5.4 5 5.2 4.9 4.8 4.9 

Ti 0.6 0.6 0.6 0.4 0.4 0.6 0.7 0.7 0.6 0.6 0.6 0.5 0.5 0.5 0.5 

                

ppm                

Cu 104.2 95.0 93.0 74.1 62.8 111.7 112.4 91.3 90.4 93.7 86.4 114.2 227.7 101.9 131.8 

Co 23.6 30.4 26.7 22.9 21.4 27.6 37.5 31.5 26.1 26.9 26.3 27.3 23.0 22.9 26.4 

Mn 813.0 846.7 823.2 782.0 625.5 925.4 902.3 880.8 922.4 868.3 839.8 877.7 633.6 651.6 953.2 

V 171.1 181.4 166.1 129.6 108.4 171.3 212.7 180.2 170.7 163.8 154.6 158.9 154.2 153.8 159.3 

Rb 64.3 52.4 56.3 42.2 27.8 54.3 25.1 23.3 63.1 23.2 40.0 46.9 77.3 85.2 87.6 

Sr 118.0 152.2 126.5 98.9 90.0 132.8 156.9 128.3 122.9 109.3 117.5 117.6 95.9 108.3 118.7 

Th 10.6 10.4 10.1 7.3 5.6 9.6 8.8 7.3 10.6 7.7 7.9 9.6 10.2 12.0 11.4 

U 3.0 3.3 2.9 2.6 2.3 2.9 3.2 2.5 3.0 2.4 2.3 2.8 3.0 2.8 3.1 

Cd 0.7 0.7 0.6 0.6 0.6 1.5 0.8 0.7 0.7 0.6 0.6 0.8 1.3 1.0 1.2 

Nd 31.0 30.7 33.9 21.1 19.2 32.3 33.7 29.7 29.0 27.6 29.3 33.0 29.1 31.2 30.9 

Sm 6.5 6.6 7.3 4.3 4.1 6.6 7.7 6.6 6.2 6.2 6.5 7.1 5.6 6.4 6.3 
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Table 2c: Major elements and trace metals concentration of the wet deposited dust samples collected during the SWM period of 2015. 

Sample 

ID 

WDP 

15-3 

WDP 

15-4 

WDP 

15-5 

WDP 

15-6 

WDP 

15-7 

WDP 

15-8 

WDP 

15-9 

WDP 

15-10 

WDP 

15-11 

WDP 

15-12 

WDP 

15-13 

WDP 

15-14 

WDP 

15-15 

WDP 

15-16 

%               

Al 7.6 7 9 8 8.1 8.6 8.5 8.5 8.5 8.3 8.4 7.9 4.5 7.5 

Ca 0.6 1.5 1 0.6 0.8 0.6 0.6 0.8 0.8 0.7 0.8 0.6 0.5 0.5 

Mg 3.2 4.3 3.2 2.8 2.8 2.8 2.9 2.6 2.9 2.7 2.7 2.4 1 2.1 

Fe 4.8 4.6 6.5 5.2 5.9 5.5 5.7 5.9 6 5.6 6 5.3 4.3 4.6 

Ti 0.5 0.4 0.7 0.6 0.6 0.5 0.6 0.7 0.7 0.6 0.7 0.6 0.4 0.5 

               

ppm               

Cu 86.5 96.7 117.1 94.2 98.0 87.9 94.9 105.0 108.9 95.3 98.9 99.4 170.4 91.2 

Co 25.7 28.0 32.2 27.2 30.8 26.2 26.4 28.0 30.6 30.1 29.6 23.1 16.7 23.0 

Mn 685.9 903.2 922.5 790.8 888.5 794.4 833.2 888.2 892.0 1038.1 920.2 698.9 451.6 643.4 

V 142.2 142.3 185.0 161.8 175.2 161.8 167.6 172.3 181.5 173.7 171.5 154.5 131.7 154.7 

Rb 78.3 67.0 48.9 52.1 40.2 77.4 64.9 45.1 42.8 66.3 55.8 56.8 48.2 86.7 

Sr 107.1 110.1 148.2 112.0 118.0 120.2 113.1 118.2 120.2 125.0 116.5 98.9 83.6 100.4 

Th 9.8 8.7 10.8 10.2 8.8 10.5 10.9 9.7 10.0 10.5 10.5 10.1 7.3 10.4 

U 2.8 2.7 3.2 3.0 2.7 2.8 3.0 2.8 2.9 3.0 2.9 2.8 4.5 3.0 

Cd 0.8 1.1 0.9 0.7 0.9 0.7 0.7 0.8 0.8 0.8 0.8 1.0 1.2 2.0 

Nd 30.4 24.7 39.0 30.2 32.4 29.8 33.3 34.3 35.0 33.7 36.2 31.8 20.9 26.4 

Sm 6.4 5.4 8.3 6.5 7.0 6.4 6.8 7.2 7.6 7.1 7.7 6.6 4.2 5.3 
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Table 2d: Major elements and trace metals concentration of the wet deposited dust samples collected during the SWM period of 2019. 

Sample 

ID 

WDP 

19-1 

WDP 

19-2 

WDP 

19-3 

WDP 

19-4 

WDP 

19-5 

WDP 

19-6 

WDP 

19-7 

WDP 

19-8 

WDP 

19-9 

WDP 

19-10 

WDP 

19-11 

WDP 

19-12 

WDP 

19-13 

WDP 

19-14 

%               

Al 4.3 4.6 4 4.5 4.2 5.5 4.9 4.8 4.8 4.6 4.9 4.7 5.2 4.2 

Ca 0.5 0.5 0.3 0.4 0.3 0.5 0.6 0.6 0.5 0.4 0.5 0.3 0.4 0.3 

Mg 1.5 1.4 1.1 1.4 1.1 1.7 1.9 2 1.8 1.4 1.3 1.2 1.5 1.2 

Fe 4 4.8 3.8 4 3.8 4.2 4 3.9 4 4.1 3.7 3.8 3.8 3.9 

Ti 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 

               

ppm               

Cu 75.9 161.4 132.6 75.2 66.4 63.6 67.7 57.4 85.5 69.5 78.8 63.8 81.4 65.6 

Co 20.9 21.4 21.5 22.3 17.8 19.7 25.7 22.5 29.1 22.7 22.6 20.4 24.7 20.4 

Mn 607.2 562.1 598.5 608.4 502.0 546.7 697.9 696.5 863.9 675.2 825.7 649.5 704.1 651.0 

V 127.3 150.3 150.8 138.0 120.2 129.6 149.8 128.2 163.4 140.7 134.5 127.9 163.3 137.4 

Rb 11.0 12.8 13.3 12.3 14.1 23.9 21.6 20.0 19.6 19.1 18.9 17.9 29.4 18.7 

Sr 82.9 89.5 93.5 84.8 79.0 92.3 108.6 101.3 113.2 87.1 100.8 80.8 109.4 73.8 

Th 3.4 2.6 3.7 3.7 2.7 5.0 4.6 5.1 5.0 3.6 4.9 4.0 7.3 3.1 

U 1.8 1.9 2.3 2.1 1.9 2.2 2.5 2.4 2.7 2.3 2.7 2.2 2.9 2.3 

Cd 0.7 0.5 0.6 0.6 0.6 0.5 0.6 0.5 0.6 0.6 1.0 0.6 0.6 0.7 

Nd 12.6 9.2 12.7 10.4 8.7 14.6 13.2 17.2 14.3 10.7 13.9 10.1 19.2 9.9 

Sm 2.8 1.9 2.5 2.3 1.7 3.2 2.8 3.7 3.1 2.2 3.1 2.2 4.2 2.1 
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Table 3: Sr and Nd isotopic composition and concentration of four end-members defined as the Arabian Peninsula, SW Asia, the NE Africa and Thar desert. 

End members 87Sr/86Sr Std. dev. Sr conc. (ppm) ƐNd Std dev. Nd conc. (ppm) References 

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 Ayalew et al. (2018) 

Thar desert 0.7350 0.006 300 − 13.9 1.4 35 Tripathi et al. (2004), Ferrat et al. (2011) 
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Figure 1a: Map showing CALIPSO profile, air mass back trajectories, and average UV-aerosol index over source region during the sampling period of 2014 

for WDP samples (i) WDP 14-2 (ii) WDP 14-8 and (iii) WDP 14-14 collected at beginning, mid and end of the SWM respectively 
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Figure 1b: Map showing CALIPSO profile, air mass back trajectories, and average UV-aerosol index over source region during the sampling period of 

2015for WDP samples (i) WDP 15-4 (ii) WDP 15-9 and (iii) WDP 15-16 collected at beginning, mid and end of the SWM respectively. 
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Figure 1c: Map showing CALIPSO profile, air mass back trajectories, and average UV-aerosol index 

over source region during the sampling period of 2019 for WDP samples (i) WDP 19-5 and (ii) WDP 

19-13 collected at mid and end of the SWM respectively. 
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Figure 2: Temporal variation in abundance of palygorskite and smectite as well as illite/ 

kaolinite and kaolinite/chlorite ratio. 
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Figure 3: Variation in the isotopic composition (Sr and Nd) of dust reaching to the NEAS 

during SWM period of 2013 (published, Suresh et al., 2013), 2014, 2015 and 2019. 
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Figure 4: Sr vs. Nd isotopic compositions of the WDP samples (2013-15 and 2019, altogether 

characterized as BM, MM, EM) plotted along with potential source region isotopic fields 

inferred from the literature data (Table 3). Mixing line between ARB and NEA, SWA, and 

Thar Desert are also shown. 
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Figure 5: Variation in the Smectite content with ƐNd value in the samples collected during BM, 

MM and EM period of 2013-15 and 2019 (refer text for more detail on source nomenclature). 
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Figure 6: Variation of trace metals (Cu, Fe and Mn) concentrations in WDP samples with εNd 

for identified dust sources viz. Arabian Peninsula, mix of Arabian Peninsula and NE Africa, 

Southwest Asia and Thar desert.

 


